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Abstract

A healthy aorta exerts a powerful cushioning function, which limits arterial pulsatility and protects 

the microvasculature from potentially harmful fluctuations in pressure and blood flow. Large 

artery (aortic) stiffening, which occurs with aging and various pathologic states, impairs this 

cushioning function and has important consequences on cardiovascular health, including isolated 

systolic hypertension, excessive penetration of pulsatile energy into the microvasculature of target 

organs that operate at low vascular resistance, and abnormal ventricular-arterial interactions that 

promote left ventricular remodeling, dysfunction and failure. Large artery stiffness independently 

predicts cardiovascular risk and represents a high-priority therapeutic target to ameliorate the 

global burden of cardiovascular disease. We provide an overview of key physiologic and 

biophysical principles related to arterial stiffness, the impact of aortic stiffening on target organs, 

non-invasive methods for the measurement of arterial stiffness, mechanisms leading to aortic 

stiffening, therapeutic approaches to reduce it, and clinical applications of arterial stiffness 

measurements.
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Condensed Abstract:

Large artery (aortic) stiffening occurs with aging and various disease states and has profound 

consequences on cardiovascular health. Aortic stiffening causes isolated systolic hypertension, 

abnormal ventricular-arterial interactions that contribute to heart failure, and target organ 

microvascular damage due to excessive pulsatility. Aortic stiffness independently predicts 

cardiovascular risk and represents a high-priority therapeutic target to ameliorate the global burden 

of cardiovascular disease. We review physiologic principles related to arterial stiffness, the impact 

of aortic stiffening on target organs, methods measurements of arterial stiffness, mechanisms of 

aortic stiffening, therapeutic approaches to reduce it, and applications of arterial stiffness 

measurements in the clinic.
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Introduction

Systemic conduit arteries normally exert a powerful cushioning function, which delivers 

nearly steady flow in the microvasculature despite the intermittent left ventricular (LV) 

ejection. This cushioning function becomes impaired with large artery stiffening (LAS), 

leading to multiple consequences that have a major impact on cardiovascular health. First, 

LAS causes isolated systolic hypertension,(1) an endemic condition responsible for a large 

proportion of the global burden of cardiovascular morbidity and mortality, which is 

characterized by increased systolic blood pressure with normal or low diastolic blood 

pressure (i.e., increased pulse pressure). Second, LAS reduces coronary perfusion pressure 

and increases LV afterload, promoting LV remodeling, dysfunction and failure, even in the 

absence of coronary artery disease.(2) Third, given its impact on pressure and flow 

pulsatility, LAS promotes increased penetration of pulsatile energy into the microvasculature 

of target organs, particularly those that require high blood flow and therefore must operate at 

low arteriolar resistance.(3) Interestingly, although arterial wall stiffening precedes isolated 

systolic hypertension(1) and causally contributes to target organ damage, the arterial wall 

itself is a target organ, which is profoundly affected by aging and various pathologic states, 

including diabetes, obesity, smoking, hypercholesterolemia and chronic kidney disease 

(CKD).(4) Therefore, LAS plays a central role in a vicious cycle of hemodynamic 

dysfunction characterized by excess pulsatility that ultimately contributes to heart failure 

(HF), impaired coronary perfusion, CKD, cerebrovascular disease, and other chronic 

conditions. Consistent with the central role of arterial stiffness in cardiovascular function, 

measures of LAS independently predict the risk of incident cardiovascular events in both 

clinical and community-based cohorts (5,6).

In this review, we discuss: (1) basic principles and definitions related to arterial stiffness; (2) 

The general hemodynamic consequences of LAS; (3) Specific consequences of LAS on 

various organ systems; (4) Important non-invasive methods currently available for 
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measurements of LAS in the clinic; (5) Mechanisms of LAS and potential therapeutic 

targets; (6) Clinical applications of LAS measurements (Central Illustration).

Because it would be impossible to comprehensively reference all important contributions in 

this rapidly growing field, a limited number of original research publications are cited in this 

review. More extensive references to original research contributions can be found in other 

recent publications (7–12).

Basic principles and definitions related to arterial stiffness

Stiffness is the resistance offered by an elastic body to deformation. Although wall stiffness 

cannot be measured directly in vivo, indices of arterial stiffness can be obtained via: (1) 

Assessment of the relation between changes in arterial pressure and changes in arterial 

volume, cross-sectional area or diameter; (2) Assessment of arterial pulse wave velocity 

(PWV), a functional parameter influenced by arterial wall stiffness.

Quantification of arterial stiffness from changes in pressure vs. volume, cross-sectional 
area or diameter

The overall buffer (cushioning) capacity of the arterial tree can be quantified by the total 

arterial compliance, which is the change in volume of the entire arterial tree for a given 

change in pressure (Table 1). Compliance can be approximated as the ratio of stroke volume 

to arterial pulse pressure (PP), or more properly estimated from the diastolic pressure decay, 

or by fitting windkessel models to pressure and flow waveforms.(2) It is, however, not often 

used in clinical research, as it requires measurement of aortic pressure and flow, and the 

absolute value is highly dependent on body size.

While total arterial compliance integrates the cushioning function of the entire arterial tree, 

the local mechanical properties of an artery can be quantified from the relation between 

intra-arterial pressure and cross-sectional area (A), with the tangent to the pressure-area 

curve defined as the area compliance (CA=dA/dP, where dA is the change in cross-sectional 

area associated with a change in pressure, dP; Figure-1A). When pressure is varied over a 

large enough pressure range, the pressure-area relation exhibits a non-linear shape, with 

maximal CA reached in the low-pressure range, rapidly declining at higher pressures. This 

non-linear pressure-dependent behavior is a consequence of the composition of arterial wall, 

with the load taken by elastin in the artery at low pressure (stretch), and stiffer collagen 

fibers being progressively recruited as pressure increases (Figure-1A). In practice, within 

single heartbeats, the non-linearity of the pressure-area relation is often ignored, because it is 

measured over a relatively narrow pressure range (i.e., between diastolic and systolic blood 

pressure). Thus, for area compliance computations, dP is substituted by the arterial PP, and 

dA is substituted by the diastolic-to-systolic increase in lumen cross-sectional area. Area 

compliance can be normalized to the size of the vessel, yielding the distensibility coefficient 

(Table 1). The distensibility coefficient is most often calculated from cyclic changes in 

arterial diameter, assuming a circular cross-sectional area. Of note, in all these computations, 

PP needs to be known at the site of arterial area measurement. This is an important 

consideration, given that PP varies along the arterial tree due to the phenomenon of PP 
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amplification.(2,7,8) Key definitions, formulas and concepts for commonly used parameters 

of arterial stiffness are summarized in Table 1.

Quantification of arterial wall stiffness from the speed of wave travel

Because of the distensibility of the arteries, the pulse generated by the ejecting heart 

propagates as a wave through the arterial wall, with a given speed, the PWV. For a uniform 

and infinitely long tube, the Bramwell-Hill equation provides the theoretical link between 

the distensibility of the tube and the propagation speed of the pulse (Figure-1B). Similarly, 

as demonstrated by the Moens-Korteweg equation, PWV is a mathematical function of the 

stiffness (elastic modulus) of the arterial wall material (Figure-1B). As such, PWV provides 

a straightforward and tangible way to quantify arterial stiffness in vivo: the stiffer the artery, 

the higher PWV.

PWV (usually expressed in m/s) is in principle calculated as the ratio of the distance (Δx) 

between two arterial sites, and the time delay (Δt) of the pulse between these sites, as shown 

in Figure 1B. The timing of the pulse in key arterial locations can be inferred from the 

timing of the pressure upstroke (measured with, for instance, non-invasive arterial 

tonometry) or from the timing of the flow upstroke (measured with, for instance, Doppler 

ultrasound).

The primary target for clinically-relevant arterial stiffness measurements is the aorta, 

because it is the largest and most distensible artery in the body, and also the most prone to 

abnormal stiffening in response to the cumulative exposure to hemodynamic loading and 

risk factors. Accordingly, LAS, but not medium-sized (i.e., muscular artery) stiffness is a 

strong independent predictor of cardiovascular risk (7).

Hemodynamic Consequences of LAS

LAS has complex hemodynamic effects, mediated via: (1) Effects on the early aortic systolic 

pressure rise; (2) The speed at which the cardiac pulse travels in the arterial wall;(2,13) (3) 

Effects on wave reflections at first-order bifurcations.

Effect on the early-systolic aortic pulse pressure rise

At the beginning of each cardiac cycle, the heart generates a forward-traveling pulse that 

increases pressure and flow in the proximal aorta. The amount of pressure increase required 

to push the pulse flow through the aortic root in early systole depends on the local 

impedance offered by the proximal aorta. This local impedance, called the characteristic 
impedance (Zc), increases due to aortic root wall stiffness, a small aortic caliber, or both.(2) 

Interestingly, Zc is much more sensitive to size than to stiffness. Therefore, aortic dilation 

can partially overcome the hemodynamic consequences of aortic root stiffening, and 

conversely, wall stiffening in the absence of eccentric remodeling of the root can have 

particularly pronounced effects on pulse pressure. However, excessive aortic dilation with 

aneurysm formation is clearly deleterious and associated with a risk of aortic rupture.

For general reference, it is worth clarifying the difference between arterial characteristic 

impedance and resistance. Resistance (the ratio of mean pressure to mean flow) occurs due 
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to the friction that blood flow experiences from shear near the vascular wall and is mainly 

determined by vessel size: resistance is negligible in vessels larger than ~0.3–0.4 mm and is 

thus a microvascular property. In contrast, characteristic impedance pertains to pulsatile 

pressure and flow and is a macrovascular property.

Effect on forward and backward wave speed (Figure 2)

The energy wave generated by the LV (incident wave) is transmitted by conduit vessels and 

partially reflected at innumerable sites of impedance mismatch throughout the arterial tree, 

including points of change in wall diameter, change in material properties along the artery 

wall and points of branching. A myriad of scattered tiny reflections from individual 

reflection sites are conducted back to the proximal aorta and merge into a net reflected wave, 

which appears discrete (and is often mistakenly interpreted as arising from a single 

reflection site at the “effective” length of the arterial tree). As will be discussed further in 

this review, given the highly distributed nature of wave reflections, individual reflection sites 

have little importance relative to the bulk of reflections originating elsewhere (except for 

strong reflection sites in specific conditions, such as aortic coarctation or complete distal 

aortic occlusion).

The timing of arrival of reflected waves to the proximal aorta is highly dependent on the 

PWV of conduit vessels, particularly the aorta, which transmits both forward and backward 

traveling waves. Stiffer aortas conduct waves at greater PWV, and therefore promote an 

earlier arrival of the reflected waves for any given distance to reflection sites.

In the presence of a slow PWV, as occurs in young, healthy adults, wave reflections arrive at 

the aorta predominantly during diastole, augmenting diastolic pressure. When PWV 

increases due to wall stiffening, however, reflections arrive at the aorta in mid-to-late 

systole, producing systolic pressure augmentation, with loss of diastolic pressure 

augmentation and widening of the aortic PP (Figure 2). This phenomenon may be totally 

missed or underestimated by PP measurements in the brachial artery, due to 2 reasons: (1) 

the reflected wave tends to augment central systolic pressure to a greater degree than 

brachial pressure; (2) The reflected wave not only increases central peak pressure, but is has 

a predominant effect on the morphology of the pressure waveform, with a pronounced mid-

to-late systolic component relative to early systolic and diastolic pressure. For any given 

absolute blood pressure level, this time pattern is a key determinant of abnormal ventricular-

vascular interactions,(8,14,15) as will be discussed further in this review. It is noteworthy 

that individuals with identical central PP values can have markedly different central pressure 

profiles.

Interestingly, just like the amplitude of the reflected wave is partially dependent on the 

amplitude of the forward wave, wave reflections can re-reflect at the LV, becoming rectified 

and thus contributing to the forward wave.(16) In the presence of very high PWV, as occurs 

with advanced age and/or disease, multiple reflections and re-reflections occur in a single 

cardiac cycle, and forward and backward waves are highly dependent on each other. Finally, 

it is important to note that wave reflections and arterial stiffness do not necessarily vary in 

the same direction. In general, arterial stiffness modulates the effects of wave reflections on 

the central pressure profile by affecting the timing of their arrival to the proximal aorta. 
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However, wave reflections can vary independently of arterial stiffness, due to modulation of 

muscular artery (17) and microvascular tone. Finally, although the timing of wave reflections 

is correlated with LAS, there is also great variability in the distance to reflection sites, such 

that this relationship is not perfect. Moreover, the variability in the distance to reflection 

sites can become the dominant determinant of the timing of wave reflections within patient 

populations that in general exhibit stiff aortas (such as older, diseased populations) or in the 

setting of hypertension.

Effect of aortic stiffness on wave reflections in first-order bifurcations?

In young adults, aortic PWV is much lower than the PWV of intermediate-sized muscular 

arteries. With aging, aortic PWV increases and matches the PWV of these more distal 

segments. This has led to the proposition that increased PWV with aging produces 

impedance matching with the stiffer muscular arterial segments, reducing wave reflections at 

first order bifurcations (18). This principle has been extended to a controversial proposition 

of a protective reflection at first-order branches of target organs such as the brain and the 

kidney. This theory has been met with relatively little critical analysis and has often been 

misinterpreted in the literature. Several aspects of this model are inconsistent with 

physiologic considerations. First, wave reflections at the inlet of target organs amplify the 

PP, and thus increase it in daughter branches to a much greater degree than they prevent 

energy penetration. This is because PP amplification into the branches is linearly related to 

the local reflection coefficient, whereas prevention of energy penetration is related to its 

square root; for example, a local reflection coefficient at the aortic-carotid interface of 0.10 

would prevent only 1% of energy penetration but would increase carotid pulse pressure by 

10%. Second, impedance matching does not equal PWV matching between parent and 

daughter vessels, but largely depends on vessel size (specifically, the ratio of the area of the 

parent vessels to the sum of the areas of the daughter vessels). This is due to the fact that, as 

discussed earlier in this review, the characteristic impedance of a vessel is much more 

dependent on its caliber than on its stiffness. The geometry of vessels at first-order 

bifurcations tends to be already optimized for forward energy transmission (19), such that 

impedances are relatively well-matched even before the aorta stiffens with age. Third, due to 

this matched geometry, reflections at single bifurcations are rather small relative to the 

composite reflected wave arising from the sum of innumerable tiny reflections elsewhere. 

For example, reflection coefficients as small as 0–0.15 have been reported for the aorta-

carotid interface,(18) which would prevent only up to ~2.25% of energy transmission into 

the carotid artery. This contrasts with systemic reflection coefficients of ~0.5 or higher, 

which in sum return as much as ~25% of the energy contained in the pulse. Fourth, the bulk 

of reflections originating outside the target organs (such as the brain and kidney) and 

returning to the aorta, penetrate these organs as forward waves. Furthermore, arteries 

upstream of the carotid appear to be more effective at attenuating high-frequency flow 

pulsations (such as those produced by the initial cardiac contraction) than low-frequency 

oscillations (contained in the reflected wave from the lower body),(20) suggesting that the 

latter wave more effectively penetrates the cerebral microvasculature. Therefore, a protective 

effect of wave reflections at the inlet of target organs is not substantiated from a theoretical 

standpoint, not demonstrated from a clinical standpoint, and its quantitative importance 

remains to be determined by rigorous studies that account for the complexity of whole-
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system hemodynamics. What is unquestionable is that increased pulsatile energy in central 

arteries can penetrate and damage the microvasculature, particularly when local arteriolar 

tone/resistance (which protects more distal microvessels) is low.

LAS and Target Organ Damage—LAS increases markedly with aging (particularly 

after age 50) and in the presence of various cardiovascular risk factors such as diabetes (7). 

LAS mediates increased central arterial pressure and flow pulsatility, which has ill-effects in 

various organs, including the left heart (which directly interacts with the pulsatile load 

imposed by aorta and downstream wave reflections) and organs that require “torrential” 

blood flow, and thus must operate at low levels of local microvascular resistance.

Systemic organs that exhibit richly-perfused low-resistance vascular beds include the kidney, 

the placenta, the brain, and to a lesser extent, the liver and testicles (Figure 3). Both 

increased pulsatile pressure (barotrauma) and pulsatile flow (with excessive shear forces 

from increased pulsatile flow velocity) can result in microvascular damage in these organs. 

Myocardial vessels also exhibit low resistance, but are protected during systole by the 

myocardial contraction, which extrinsically compresses intra-myocardial blood vessels. 

Therefore, it is useful to discuss the cardiac consequences of arterial stiffening separately 

from consequences in other target organs. A list of potential consequences of arterial 

stiffening on various target organs is shown in Figure 4.

Arterial stiffness and the Heart

The adverse consequences of LAS and abnormal pulsatile hemodynamics on the heart have 

been recently reviewed (8) The aorta affects ventricular-arterial interactions via: (1) Its 

impact on the early systolic pressure rise, which is a key determinant of peak myocardial 

wall stress; (2) Its impact on the timing of arrival of wave reflections to the LV, which affects 

LV remodeling, fibrosis, diastolic dysfunction and coronary perfusion pressure (Figure 5).

The aortic property that governs the aortic and LV pressure rise associated during early 

systolic ejection is the characteristic impedance of the proximal aorta, which as stated 

previously, is dependent on aortic root stiffness and caliber. Peak myocardial wall stress 

occurs in early systole, when systolic pressure coexists with quasi-diastolic LV geometry 

(thinner wall and larger cavity), consistent with Laplace’s law (21). In general, in the 

absence of ischemia, the LV myocardium seems to be able to adapt relatively well to 

increased load during this early period of contraction (22). However, peak myocardial wall 

stress is a key determinant of myocardial oxygen consumption (23), implying that a high 

aortic root characteristic impedance increases myocardial oxygen demand.

As stated previously, when PWV increases, reflected waves arrive at the heart during mid-to-

late systole rather than diastole, which has deleterious effects on the myocardium, including: 

(a) An increase in mid-to-late systolic load (relative to early systolic load); (b) A decrease in 

the area under the pressure curve in diastole, which is a key determinant of coronary blood 

flow (Figures 2 and 5).

A large body of evidence now indicates that pulsatile afterload during mid- and late-systole 

has adverse consequences on LV remodeling and function (8,24,25). Experimental studies in 
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animal models demonstrate that increased late systolic load leads to LV hypertrophy and 

fibrosis (24), and these findings are supported by human studies (26,27) Experimental 

studies also demonstrate that late systolic load impairs LV relaxation and systolic-diastolic 

coupling (28), and in support of these findings, late systolic load is independently associated 

with diastolic dysfunction in clinical and community-based cohorts (29–31) and strongly 

predicts HF in the general population.(32,33) Late systolic load is also associated with atrial 

dysfunction(34) and independently predicted the risk of atrial fibrillation in the Framingham 

Heart Study.(35) Interestingly, direct measures of LAS (carotid-femoral PWV) 

independently predicted incident heart failure in some studies (6,36), but this finding has 

been inconsistent.(37) Augmentation index (a rough measure of late systolic hypertension) 

was a more robust predictor of new-onset atrial fibrillation than CF-PWV in the 

Framingham Heart Study (35). These findings are consistent with our understanding of the 

effect of LAS on arterial load, which critically depend on its modulation of the timing of 

wave reflection, which is variable between individuals due to differences in the apparent 

distance to reflection sites. Therefore, direct measurements of LV pulsatile afterload and late 

systolic load (which can be accomplished with analyses of time-resolved aortic pressure and 

flow waveforms),(8) rather than measurements of LAS per se, appear to most informative 

for the prediction of HF and atrial fibrillation risk, and for the phenotypic characterization of 

patients with established HF.

Finally, a high PWV with premature arrival of wave reflections to the proximal aorta 

determines a loss of diastolic pressure augmentation by wave reflections (Figures 2 and 5). 

This, in addition to the reduction in aortic compliance, determines a steep diastolic pressure 

decay, reducing the area under the diastolic pressure curve, which is a key determinant of 

coronary perfusion.(38) Given that LAS increases systolic load and reduces coronary 

perfusion, it contributes to a reduction in the myocardial supply/demand ratio, and may 

partially exhaust the coronary perfusion reserve at rest, particularly in women,(39) who 

exhibit shorter distances to reflection sites and earlier arrival of wave reflections to the 

proximal aorta.

Arterial stiffness and the kidney

In the hypertension literature, the kidney has often been described as a villain and a victim, 

given its ability to both influence blood pressure regulation (villain) and its vulnerability to 

damage from hypertension over time (victim)(40). With respect to arterial stiffness, it is 

likely that the same labels apply, since declines in kidney function are associated with the 

factors known to increase LAS, which in turn promotes further kidney function loss.

The kidney exhibits the highest flow rate and lowest vascular resistance of any large organ. 

This low resistance/high blood flow state renders the kidneys highly susceptible to trauma 

from pulsatile pressure and blood flow, which can damage the glomeruli, leading to 

albuminuria and a reduced glomerular filtration rate (41).

Several studies demonstrate that in established CKD, carotid-femoral PWV increases, 

particularly as renal function declines, and much more so in age-matched diabetics with 

CKD compared to non-diabetics (42,43).
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CKD enhances LAS due to several mechanisms (Figure 6). Impaired kidney function results 

in dysregulation of bone and mineral metabolism. Serum concentrations of osteoprotegerin 

and fibroblast growth factor-23, which increase in CKD, are associated with greater LAS 

(44,45). Vascular calcification is more prevalent in patients with CKD and end-stage kidney 

disease, and is strongly associated with increased LAS.(46) Serum levels of inflammatory 

biomarkers such as transforming growth factor-beta, hsCRP, tumor necrosis factor-alpha, 

and interleukin-6, are elevated and CKD, and are significantly associated, in a cross-

sectional fashion, with LAS.(47) CKD is also characterized by a reduced ability to handle a 

sodium load (48), detrimental increases in the renin-angiotensin-aldosterone axis,(49) and 

sympathetic hyperactivity,(50) all of which also affect adversely LAS.

LAS independently predicts adverse cardiovascular outcomes in CKD. In the chronic renal 

insufficiency cohort (CRIC) study, a large longitudinal study of CKD patients in the USA, 

participants with higher carotid-femoral PWV were more likely to develop incident 

hospitalized HF,(6) progression to end-stage kidney disease, and all-cause death, 

independent of office blood pressure.(51) In a French study, patients with end-stage kidney 

disease on hemodialysis were far less likely to survive when their PWV remained elevated 

on antihypertensive treatment (52).

Arterial stiffness and the brain

The brain accounts for <2% of the average adult body weight, but utilizes ~25% of the 

body’s glucose and 20% of the body’s oxygen in order to meet metabolic demands.(53) The 

brain is densely vascularized and requires high-flow, low-resistance arterial hemodynamics, 

and is thus susceptible to pulsatile microvascular trauma on one hand, and associated 

regional hypoperfusion on the other.(3) The white matter is far less vascularized and receives 

less perfusion than the gray matter, making it more sensitive to hypoperfusion. Maintaining 

consistent and well-regulated cerebral perfusion is essential for proper cognitive and 

physical function, and abnormalities in regional perfusion may be key for the progression of 

cognitive impairment and dementia.

Normally, cerebral blood flow (CBF) is remarkably constant and is affected by cardiac 

output, LAS, pressure gradients along arteries, and cerebral autoregulation. 

Atherothrombotic arterial disease is a well-established determinant of CBF and the risk for 

stroke. Emerging data suggest that arterial stiffness also increases the risk for subclinical 

brain infarction and incident stroke (5).

As LAS increases, higher aortic pulsatility occurs, which is transmitted into the cerebral 

microcirculation, which may promote brain microvascular remodeling and impaired oxygen 

delivery. Excess pulsatile energy delivered to the cerebral microvasculature may also impair 

cerebral autoregulation, a multifactorial process of the cerebral circulation which regulates 

vascular resistance and perfusion through myogenic, autonomic, and metabolic mechanisms.

(54) While cerebral autoregulation remains incompletely understood in humans, it is often 

modeled by CBF (at rest) and its response to a functional challenge (such as exercise, 

hypercapnia or orthostatic changes), which is generally termed cerebrovascular reactivity 

(CVR). CVR is lower among individuals with hypertension and greater LAS.(55) Studies of 
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CVR and cognitive impairment are inconsistent, but favor reduced CVR among individuals 

with mild cognitive impairment, the prodromal phase of dementia.(55,56)

LAS, measured by carotid-femoral PWV, has been consistently associated with cognitive 

impairment, cognitive decline and incident dementia.(11,57,58) and with imaging evidence 

of regional brain atrophy and cerebral small vessel disease, including white matter 

hyperintensities, lacunar infarcts, cerebral microbleeds, and enlarged perivascular spaces 

(Figure 7).(59,60) LAS is also associated with subtle changes in the content of the white 

matter microstructure indicative of hypoperfusion and the future development of white 

matter hyperintensities.(61)

There are emerging relationships between vascular risk factors and pathologic hallmarks of 

Alzheimer’s disease, such as protein aggregation of fibrillar β-amyloid (Aβ) and 

phosphorylated tau that precede brain atrophy and cognitive impairment.(62) Aβ proteins 

begin to aggregate and deposit as fibrillar Aβ plaques in the neocortex, subcortex and 

vasculature. Tau protein deposits in the entorhinal region and progresses towards the cortex 

and more closely related to atrophy and cognitive impairment.(62) Arterial stiffness is 

associated with the extent and progression of cerebral Aβ plaque burden quantified by 

positron-emission tomography imaging among non-demented older adults.(63,64) Studies 

assessing the relationship between arterial stiffness and tau aggregation have not yet been 

performed.

Although LAS is associated with multiple aspects of pathology in Alzheimer’s disease and 

related dementias, it is important to note that such pathology rarely occurs in isolation. 

Neuropathology studies suggest that a majority of dementia cases are “mixed”, namely 

exhibiting vascular and Alzheimer’s disease features. LAS is associated with greater odds of 

concomitant cerebral small vessel disease and Aβ pathology in older adults.(63) Further, 

cerebral Aβ may contribute to impaired cerebrovascular functional responses. Aggregation 

of Aβ in the vessel wall, described clinically as cerebral amyloid angiopathy often co-occurs 

with classical parenchymal Aβ plaques in Alzheimer’s disease patients.(65) CAA is 

emerging as an important marker of risk for Alzheimer’s disease, microinfarction, brain 

microbleeds and macro-hemorrhage, and vascular cognitive impairment.

In conclusion, LAS is a key determinant of pulsatile hemodynamics and appears to lead to 

microvascular damage, CBF and hypoperfusion of the brain. Moreover, emerging data 

demonstrate associations between LAS and pathologic changes associated with Alzheimer’s 

disease and related dementias. Interventions targeting LAS could have the potential to 

prevent vascular dementia and pathologic changes associated with AD and related 

dementias.

Arterial Stiffness and the placental circulation

Given the fetal metabolic needs, the placenta must operate at very high-flow/low vascular 

resistance, and is second only to the kidney in regard to blood flow rates per unit of tissue 

mass (Figure 3). Pregnancy is associated with a pronounced increase in stroke volume, 

which must be met with low LAS to prevent large increases in PP. Indeed, normal pregnancy 
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is associated with a decrease in LAS throughout most of the gestational period, which 

increases towards the end of pregnancy.(66)

When compared with their healthy pregnant counterparts, women with established 

preeclampsia (a late pregnancy complication characterized by hypertension and proteinuria, 

sometimes also associated with damage to other organs such as the liver) exhibit increased 

LAS.(66) Interestingly, several studies now indicate that differences in LAS and pulsatile 

hemodynamics precede the development of late pregnancy complications. It has long been 

known that a high PP early in pregnancy is predictive of subsequent pre-eclampsia, but not 

of uncomplicated gestational hypertension.(67) More recent studies assessed the relationship 

between LAS and subsequent obstetric complications. A recent meta-analysis of such 

studies(68) demonstrated that carotid-femoral PWV is increased in women who 

subsequently develop preeclampsia or intrauterine growth retardation (a condition in which 

the fetus is smaller than expected for gestational age). It remains to be determined whether 

LAS causally contributes to late pregnancy complications (thus representing a target for 

treatment) and whether LAS measurements can be used as predictive tests for these 

complications to facilitate early interventions.

LAS, the Liver and Metabolic disease

The liver receives as much as ~25% of the cardiac output, and the hepatic artery provides 

approximately one-third of the liver blood flow (with the remainder being provided by the 

portal vein). The hepatic artery therefore exhibits high-flow (Figure 3) and Doppler 

characteristics of a low-resistance vascular bed. The microvasculature downstream of the 

hepatic artery constantly regulates arterial flow to maintain total blood flow to the liver 

constant, regardless of changes in portal vein flow. This regulatory process, termed the 

hepatic arterial buffer response, is recognized as an important mechanism to maintain 

metabolic homeostasis.(69)

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disease, 

affecting ~20% of the population worldwide. NAFLD is strongly associated with the 

metabolic syndrome and diabetes, and can progress to non-alcoholic steatohepatitis (NASH), 

which is characterized by liver fibrosis.

Accumulating evidence demonstrates complex interrelationships between diabetes, NAFLD 

and arterial stiffness. First, diabetic individuals exhibit much higher carotid-femoral PWV 

than their non-diabetic counterparts,(7) even in the setting of established CKD (42,43) or 

HFpEF.(70) This has been assumed to be due to effects of diabetes on the arterial wall. 

However, recent data suggest that LAS precedes diabetes and predicts its future 

development. Among 2,450 older adults without diabetes at baseline enrolled in a large 

cohort study in southern Sweden, carotid-femoral PWV was recently reported to predict the 

future development of diabetes over ~4.4 years, with roughly a doubling and tripling of risk 

in the mid and highest PWV tertiles, respectively, compared to the lowest tertile. This 

association was independent of potential confounders. This study confirms a previous large 

study that demonstrated that PP independently predicted new-onset diabetes among 2,685 

hypertensive patients enrolled in the Candesartan Antihypertensive Survival Evaluation in 

Japan (CASE-J) trial.
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Multiple studies have demonstrated an association between NAFLD and LAS.(71) 

Furthermore, among patients with NAFLD, LAS may be associated with liver fibrosis. In a 

recent longitudinal study among 291 diabetics with NAFLD, serial carotid-femoral-PWV 

measurements and liver fibrosis assessments via transient elastography were performed over 

~7 years. In this study, a high LAS and a steeper increase in LAS over time were associated 

with an increased likelihood of advanced liver fibrosis. These findings are consistent with a 

smaller study that examined histologic liver fibrosis among patients with NAFLD.(72)

Given the important intersection of hemodynamic arterial function and metabolic function in 

the liver, it is possible that LAS contributes to the progression of NAFLD and hepatic insulin 

resistance, but further studies are required to assess whether a causal relationship between 

LAS and liver fibrosis exists.

Arterial Stiffness and Testicular dysfunction

Several considerations also suggest a bidirectional relationship between testicular function 

and LAS. Androgen receptors can modulate vascular function and conversely, LAS with 

excess pulsatility may impact testicular microvascular function. Lower androgen levels are 

independently associated with greater LAS in older men.(73) The testicles exhibit Doppler 

features of a low-resistance vascular bed, suggesting that increased pulsatile energy in 

conduit vessels may damage the testicular microcirculation. An intact testicular 

microvascular network is essential to maintain oxygen delivery and uptake by testicular 

tissue.(74) Abnormal vasoactive responses and structural degeneration of the testicular 

microvasculature occurs with aging, which is thought to play an active role in promoting 

aging of the testis. In animal models, a reduced capacity to regulate testicular blood flow is 

sufficient to impact testosterone secretion, even in the presence of intact Leydig cell function 

(75). Although hemodynamic considerations and limited observational data suggest that 

LAS may contribute to microvascular damage in the testicles, further mechanistic research is 

required in this area.

Mechanisms of Arterial Stiffening and Therapeutic Approaches

The stiffness of an artery, and how stiffness changes with loading conditions (intraluminal 

pressure), is determined by the 3-dimensional architecture and interconnections of its major 

constituents. Large arteries have 3 main layers (Figure 8), and various processes in these 

layers can affect LAS. The medial layer is the main determinant of LAS, via its various 

constituents: the extracellular matrix proteins elastin and collagen, vascular smooth muscle 

cells (VSMCs), cell-matrix connections, and matrix constituents such as 

glycosaminoglycans interconnecting the extracellular matrix. In large arteries, these 

elements are organized in concentric elastin sheets, intertwined by smooth muscle cells and 

matrix material, along with collagen fibers running both in the axial and circumferential 

directions, providing mechanical strength to the artery. With progressive distance from the 

heart, arteries evolve from elastic (rich in elastin) to muscular (rich in VSMCs). The 

abdominal aorta in particular, exhibits transitional ultrastructure, with a significant amount 

of both elastic elements and VSMCs.
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Multiple pathologic processes related to elastin fragmentation/degradation, collagen 

deposition, collagen and elastin cross-linking by advanced glycation end-products, VSMC 

stiffening, medial calcification, endothelial dysfunction and inflammation, can impact LAS, 

as summarized in Figure 8 and Table 2. It should be noted that these processes do not occur 

in isolation, but often interact to promote LAS. For instance, elastin fragmentation is often 

followed by collagen accumulation, and the generation of elastin degradation products 

(elastin-related peptides) may activate signaling pathways that promote VSMC osteogenic 

differentiation and vascular calcification.(76) Similarly, inflammatory pathways can lead to 

endothelial cell dysfunction and activation, and to the release of bone morphogenetic 

protein-2 by endothelial cells, which in turn promotes VSMC osteogenic differentiation and 

vascular calcification. Given the complex interrelationships in various processes listed in 

Figure 8 and Table 2, it is not surprising that pleiotropic mediators, such as various micro-

RNAs (77) and Klotho (9) appear to exert a coordinated regulation of various processes 

involved in LAS, providing opportunities for therapeutic interventions.

Although a detailed description of potential therapeutic approaches to LAS is outside of the 

scope of this review, approaches under investigation include: (1) Anti-inflammatory 

therapies; (2) Direct inhibitors of vascular calcification (such as SNF472, a hydroxyapatite 

crystal growth inhibitor currently being tested to reduce vascular calcification in end-stage 

renal disease); (3) Agonists or activators of endogenous calcification inhibitory pathways, 

such as the Matrix Gla-Protein (MGP) pathway, discussed in more detail below; (4) 

Collagen cross-linking inhibitors or breakdown promoters; (5) Mineralocorticoid receptor 

antagonism (which has been shown to reduce carotid-femoral PWV independent of mean 

blood pressure in patients with CKD)(78); (6) Elastase inhibition; (7) Elastin-related 

peptide-signaling inhibition; (8) NO donors; (9) Micro-RNA therapy.

The MGP pathway represents a particularly attractive and clinically relevant therapeutic 

target. MGP is a small secretory protein produced by chondrocytes and VSMCs.(79) The 

inactive form of MGP (dephospho-uncarboxylated MGP, dp-ucMGP) undergoes serial post-

translational carboxylation and phosphorylation to form active MGP (Figure 9). The active 

form of MGP is a potent inhibitor of arterial calcification by inhibiting bone morphogenetic 

protein-2-induced osteogenic differentiation of VSMCs, and via calcium phosphate 

scavenging. Carboxylation of MGP is dependent upon the availability of vitamin K in the 

vascular wall.(79) Interestingly, vascular vitamin K deficiency appears to occur at lower 

thresholds of severity than those leading to coagulopathy and can be completely unapparent 

on standard clinical testing. Since dp-uc-MGP (inactive MGP) is secreted into the 

circulation, it represents an interesting circulating biomarker of vascular vitamin K 

availability. An increase in circulating dp-uc-MGP has been shown to be independently 

associated with increased LAS in various populations, including the general population,

(80,81) adults with diabetes,(82) hypertension,(83) chronic kidney disease(84), and HF with 

preserved or reduced ejection fraction.(85) Interestingly, warfarin, a vitamin K antagonist, 

inhibits MGP carboxylation/activation and is a potent promoter of vascular calcification in 

animal models. Warfarin use has been associated with LAS in HF(85) and with vascular and 

aortic valve calcification in various populations. Limited data suggest that vitamin K2 

supplementation can ameliorate or reduce age-related arterial stiffening,(86) and this 

intervention is currently being tested to reduce aortic valvular calcification in a randomized 
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trial. Further research is required before this approach can be recommended to reduce age-

related LAS.

Finally, it is worth noting that with the likely exception of renin-angiotensin-aldosterone 

system blockers, standard antihypertensive medications do not change the intrinsic material 

properties of the arterial wall and largely act through reductions in vascular resistance or 

cardiac output. Nevertheless, blood pressure reduction by standard antihypertensive 

medications can lead to a reduction in operating stiffness, given the non-linear arterial 

compliance curve (Figure 1A). Therapies to safely improve the material properties of the 

arterial wall represent the “next frontier” in cardiovascular prevention, and could lead to 

marked reductions in the global burden of age-related chronic conditions that will occur 

even in the absence of atherosclerotic cardiovascular disease.

Methods to measure LAS

Practical considerations and the relative ease of measurement in large populations have 

made carotid-femoral PWV the current reference method for LAS. Carotid-femoral PWV 

takes advantage of the superficial location of the common carotid and femoral arteries, 

which arise from 2 distant locations in the aorta, and can be interrogated with pressure 

sensors (such as applanation tonometers) or Doppler probes applied to the body surface 

(Figure 10A–B). Carotid and femoral signals can be simultaneously or consecutively 

acquired, in the latter case with an electrocardiographic tracing in which the R wave serves 

as a reference point to compute the time delay of the pulse between these locations. The 

arterial path length (distance traveled by the pulse) is usually computed as 80% of the 

directly measured distance between the carotid and femoral arteries or by subtracting the 

sternal notch-to-carotid distance from the notch-to-femoral distance.(7,87) For clinical 

purposes, the former method is recommended (preferably on the right side of the body), 

since it provides more accurate path length estimations,(88) and was the method utilized to 

derive normative data in a recent large study.(87) Measurements made with other methods 

can be transformed to the standard value (i.e., value corresponding to 80% of the direct 

carotid-femoral distance) using specific formulas and/or an online calculator, as recently 

described in detail.(88) Recent data strongly suggest that equations based on standard 

clinical and anthropometric variables can be used to estimate carotid-femoral distance 

without the need for direct carotid-femoral distance measurements,(89) but this approach 

requires further study.

Important drawbacks of carotid-femoral PWV include: (1) an unequivocal travel path does 

not really exist (while the pulse travels up into the carotids, it simultaneously travels down 

the descending aorta towards the femoral site); (2) the measurement bypasses the ascending 

aorta and part of the arch, neglecting the most distensible segment of the aorta, which also 

exhibits the earliest changes with aging; (3) the distance between measurement sites needs to 

be derived from surface measurements and thus represents only an approximation; (4) The 

acquisition of carotid and femoral pulse waveforms can be technically difficult with pressure 

sensors, particularly in obese individuals. More recent devices have replaced the common 

femoral artery tonometer with a blood pressure cuff applied to the proximal lower extremity 
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(Figure 10C); further research is required to determine to what extent this modification 

impacts the accuracy and predictive ability of LAS assessments.

Another commonly used method is the acquisition of phonocardiographic data along with 

brachial and ankle cuff waveforms (Figure 10D), as done with the VaSera device. In this 

method, the heart-to-arm pulse transit time is first computed as the time elapsed between the 

2nd heart sound (aortic valve closure) and the dicrotic notch (which marks end-systole) in the 

brachial waveform. Next, the time of pulse onset at the heart is computed via subtraction of 

the heart-to-arm transit time from the time of the upstroke in the brachial waveform. Finally, 

the heart-to-ankle transit time is computed as the time elapsed between the pulse onset at the 

heart and the upstroke of the ankle waveform. This method can estimate the heart-to-ankle 

PWV or a related parameter, the cardiac-ankle vascular index (CAVI), which is less blood 

pressure-dependent than PWV. CAVI has been shown to predict incident cardiovascular 

events in studies performed predominantly in Asian populations,(90) and has recently been 

incorporated into a large cohort study in the Multiethnic Study of Atherosclerosis (MESA). 

A potential disadvantage relative to carotid-femoral PWV is the inclusion of a long muscular 

arterial segment (femoral to ankle), which may confound LAS measurements. Therefore, the 

value of an alternative method using femoral cuffs instead of ankle cuffs is also being 

investigated in the MESA study.

Finally, brachial and ankle cuff waveforms can be utilized to compute the brachial-ankle 

PWV (baPWV). In this method, the delay between the brachial and ankle upstrokes is 

computed directly (Figure 10E), and the distance from the brachium to the ankle is 

calculated from body height. Although the simplicity of this method is attractive, there is not 

a true transit path between the brachial and the ankle locations, because the pulse 

simultaneously travels down to the arm as is it traveling down the arch and thoracic aorta. 

Similar to CAVI, the inclusion of long muscular arterial segments in the upper and lower 

extremities also represents a potential disadvantage of baPWV relative to carotid-femoral 

PWV. A recent meta-analysis that included 14,673 Japanese participants without 

cardiovascular disease at baseline (91) demonstrated an independent association between 

baPWV and incident of cardiovascular events.

Finally, it is worth mentioning some parameters that should not be considered reliable 

indicators of LAS. These include: (1) The effective arterial elastance (ratio of end-systolic 

pressure to stroke volume), which is not significantly influenced by LAS, but almost 

exclusively a function of heart rate and peripheral vascular resistance (a microvascular 

property)(92); (2) carotid-femoral PWV values estimated from pulse wave analysis of a 

single site (such as oscillometric brachial cuffs or finger sensors), which are highly 

confounded and not recommended by current guidelines(7). In particular, recent studies 

indicate that “PWV” values provided by 2 devices that utilize single-site brachial pressure 

waveforms are almost entirely a function of age and measured systolic blood pressure, rather 

than representing an incremental measure of LAS.(93,94) Whereas pulse wave analysis of a 

single arterial sites provides useful data for various hemodynamic analyses,(2,7,8,10,13) we 

strongly recommend against the use of such methods for the purposes of LAS estimations.
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Finally, methods that utilize cardiac imaging modalities commonly used in clinical practice 

may allow more widespread assessment of LAS by clinicians. A promising method is the 

echocardiographic assessment of thoracic aortic PWV. With echocardiography, the timing of 

the pulse at the LV outflow tract (aortic inlet), the proximal descending aorta and the 

proximal abdominal aorta are easily interrogated, and such interrogations are already part of 

comprehensive echocardiographic clinical scans. A straightforward method can be applied to 

standard echocardiographic DICOM images to compute the time delay between these 3 

locations (Figure-11). Methods to estimate the path length between these locations using 

anthropometric and echocardiographic parameters could be developed, opening the 

possibility to quantify aortic PWV with every clinical echocardiogram. Another method that 

is increasingly utilized is through-plane phase-contrast MRI, in which ascending and 

descending thoracic aortic flow can be simultaneously interrogated in cross-section, and the 

path length can be precisely measured from a 3D-reconstruction of the aorta (Figure-12). 

The main limitation of this method is its limited temporal resolution, which compromises its 

precision over the short path length interrogated, and is likely insufficient to adequately 

resolve fast PWVs in individuals with stiff aortas.

LAS, Cardiovascular Risk and Clinical Applications of LAS Measurements

As mentioned previously, a large body of evidence has demonstrated the prognostic value of 

LAS for the prediction of cardiovascular events, (5–7,90,91) particularly of carotid-femoral 

PWV, which is currently considered the reference method. It is interesting to note that 

although LAS and atherosclerosis are distinct processes from a mechanistic and pathologic 

standpoint, atherosclerotic risk factors and biologic processes overlap with those leading to 

LAS, such that LAS predicts multiple endpoints, including atherosclerotic and non-

atherosclerotic cardiovascular events.

A recent participant-level meta-analysis of prospective studies including 17,635 participants 

among whom 1,785 experienced a cardiovascular event, found that each standard-deviation 

change in carotid-femoral PWV is associated with a 35%, 54% and 45% increase in the risk 

of coronary heart disease, stroke and overall cardiovascular disease, respectively. Carotid-

femoral-PWV was an independent predictor of risk across multiple subpopulations (Figure 

13) although the effect was more pronounced among participants aged 60 or younger, among 

whom there was a doubling of risk for every standard deviation increase.

Age-specific reference values of carotid-femoral PWV have been well-established in several 

populations, with the largest sample provided by the European Reference Values for Arterial 

Stiffness’ Collaboration.(87) In this large sample, there was a marked increase in carotid-

femoral PWV with aging, and with blood pressure categories at any particular age (Figure 

14A). It should be noted that normative data in this study were generated using 80% of the 

direct carotid-femoral distance for path length estimations, and should be strictly applied 

using this method. Among subjects with optimal or normal BP values and no additional 

cardiovascular risk factors, 90th percentile values for carotid-femoral PWV were as follows: 

<30 years: 7.1 m/s; 30–39 years: 8 m/s; 40–49 years: 8.6 m/s; 50–59 years: 10 m/s; 60–69 

years: 13.1 m/s and ≥70 years: 14.6 m/s. These values can be practically used to assess 

values of carotid-femoral PWV across the adult lifespan and in turn, enhance cardiovascular 
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risk assessments. Furthermore, to the degree that LAS is a lifelong marker of vascular aging 

that precedes and predicts the development of hypertension,(1) it represents a simple, 

inexpensive and non-invasive marker that can be monitored across the lifespan. Age-specific 

values, which have been well defined, are best understood in the context of the lifetime 

course of the health-disease continuum, a concept emphasized in the report of the Lancet 

Commission on Hypertension.(95) In this model, the development of elevated blood 

pressure represents an avoidable threshold, which is preceded and subsequently 

accompanied by premature vascular aging.

To the degree that measurements of LAS predict cardiovascular risk independently of 

traditional risk factors, they can be used to enhance cardiovascular risk assessments in 

various clinical scenarios and can thus provide useful information for primary and 

primordial prevention strategies. Some suggested clinical applications are summarized in 

Table 3. In general, these include clinical scenarios in which a refinement of cardiovascular 

risk can guide clinician-patient discussions and/or enhance decision-making for 

intensification of lifestyle interventions, therapy initiation (such as statins or 

antihypertensive therapy) or frequency of cardiovascular risk assessments (particularly in 

younger individuals). LAS may also provide relevant information to evaluate younger 

individuals with a family history of isolated systolic hypertension, since a substantial 

proportion of the variability in LAS is inheritable (9). Finally, LAS measurements may be 

advantageous in special populations in which pulled cohort equations are unreliable; for 

instance, it is well know that equations derived from US populations can provide highly mis-

calibrated absolute risk estimates other populations, particular those at earlier stages of the 

epidemiologic transition. To the degree that LAS measurements directly characterize the 

accumulation of subclinical vascular damage over many years, they should in principle be 

more robust than pulled cohort equations across populations.

Other potential clinical application of LAS and/or pulsatile pulsatile hemodynamics 

measurements that require further research include: (1) The identification of individuals with 

favorable responses to specific interventions, such as specific first-line antihypertensive 

regimens; (2) The prediction of late pregnancy complications (such as pre-eclampsia), which 

could facilitate more aggressive clinical monitoring/management; (3) The prediction of 

thoracic aneurysm growth (early data suggests that LAS is related to the rate of growth of 

aortic aneurysms) (96); (4) The assessment of optimal timing of interventions for aortic 

valve stenosis, since arterial pulsatile load and valvular load are additive, and the former 

may enhance the impact of the latter on the heart (97).

Conclusions

LAS has profound consequences for cardiovascular health and is likely responsible for a 

large proportion of the global chronic cardiovascular disease burden. LAS can be readily 

measured in clinical practice and can enhance cardiovascular risk prediction. Given 

considerations regarding the hemodynamic role of LAS and excess pulsatility on target 

organs, a better understanding of molecular processes leading to LAS should be aggressively 

pursued, in order to design effective therapies. LAS represents an unmet, high-priority 

therapeutic target to ameliorate the global burden of cardiovascular disease. Such LAS-
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related disease burden will remain (and likely grow) as atherosclerotic disease and cancer-

related mortality is reduced, and represents the next frontier in cardiovascular disease 

prevention.
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Abbreviations:

LV Left Ventricle

LAS Large Artery Stiffening

CKD Chronic kidney disease

PWV Pulse wave velocity

PP Pulse Pressure

HF Heart failure

HFpEF Heart failure with preserved ejection fraction

Zc Characteristic Impedance

CBF Cerebral blood flow

CAVI Cardiac-ankle vascular index

baPWV brachial-ankle pulse wave velocity

CF-PWV carotid-femoral pulse wave velocity

VSMC vascular smooth muscle cells

CBF cerebral blood flow

CVR Cerebrovascular reactivity
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Highlights

• Large artery stiffness (LAS) is an important determinant of CV health and 

target organ damage.

• LAS is an independent predictor of CV risk and may aid in clinical decision-

making in various clinical scenarios.

• Multiple mechanisms can lead to LAS, but further research is required to 

identify key molecular determinants of LAS in humans.

• LAS represents a high-priority therapeutic target to ameliorate the global 

burden of CV disease.
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Figure 1. Compliance, distensibility and PWV.
A) Typical relationship between intra-arterial pressure and lumen area when varying the 

pressure over a sufficiently large range. The area compliance (red line) is the slope to the 

pressure-area relationship, which can be calculated at any pressure level. At low pressure, 

the load is mainly taken by elastin, and the artery has a high compliance. As pressure 

increases, the load is progressively shifted to stiffer collagen fibers, leading to a functionally 

lower compliance. Vascular smooth muscle tone also affects compliance, particularly in 

distal aortic segments and intermediate-sized arteries. Normalizing area compliance to the 

local radius yields the distensibility coefficient (see Table 1). B) For a homogenous tube, the 

distensibility coefficient (Dist coeff) is theoretically linked to the PWV via the Bramwell-

Hill equation (where ρ is the density of the blood) in an inverse, non-linear fashion; an 

increase in PWV by a factor 2 (which is about the change observed in humans from the age 

of 20 to the age of 70) implies a decrease in distensibility by a factor 4. An alternative 

formulation is the Moens-Korteweg equation, linking PWV to the stiffness of the wall 

material (incremental elastic modulus, Einc), the wall thickness (h) and lumen diameter (D).
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Figure 2. Consequences of increased aortic stiffness on the central pressure waveform.
The left side represents what occurs with a highly compliant aorta, as occurs in young 

healthy adults; the right side represents a very stiff aorta, as occurs in the elderly and/or in 

the presence of various disease states. A stiff aorta is associated with a high-ampitude 

forward wave and a faster PWV, determining a faster forward and backward (reflected) wave 

speeds. This determines an earlier arrival of wave reflections to the aorta, with progressive 

loss of diastolic pressure augmentation and increased late systolic augmentation. The figure 

illustrates 2 rather extreme situations, with most people falling “in between”. Moreover, it 

should be emphasized that the apparent distance to reflection sites is highly variable between 

individuals and may become a dominant determinant of the timing of wave reflections in 

populations that exhibit stiff aortas or in the setting of hypertension. The term “apparent” is 

used because reflection sites can modify the morphology of reflected waves making it 

appear “shifted” in time (i.e., a shift to the right appears as if a reflection site is further away 

from the heart, for any given PWV). FW=forward wave. BW=backward wave.
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Figure 3. Arterial blood flow per unit of tissue mass in various organs.
The kidney, placenta-fetal unit, heart, brain, liver and testicle are shown. Although liver 

blood flow is much higher than shown, most of it is from the portal vein (not accounted for 

in the graph, which represents only arterial flow).
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Figure 4. Potential consequences of LAS on target organs.
LAS can impact the heart through effects on afterload (particularly, modulation of the timing 

of wave reflections) and may damage low-resistance organs via excess arterial pulsatility. 

Importantly, not all these potential consequences are similarly well-established. In general, 

there is a large body of evidence supporting deleterious effects on the kidney and heart, 

moderate evidence for the brain and the placenta, and early/limited evidence for the liver and 

testicles (see text for details). ASH=Non-alcoholic steatohepatitis.

Chirinos et al. Page 29

J Am Coll Cardiol. Author manuscript; available in PMC 2020 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Cardiac Consequences of Arterial Stiffening.
Earlier arrival of wave reflections favor a loss of coronary perfusion pressure on one hand, 

and increased mid-to-late systolic load on the other, due to a shift of wave reflection arrival 

from diastole to systole. In populations with stiff aortas, muscular artery function may 

become a key determinant of the apparent distance to reflection sites and thus the effects of 

wave reflections on the central aorta, for any given PWV. PWV=pulse wave velocity. 

FW=forward wave. BW=backward wave.
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Figure 6. Impact of LAS on the kidney.
The kidney and the arterial wall exert important influences on each other and this interaction 

may lead to a vicious circle of arterial stiffening and the appearance/progression of chronic 

kidney disease and its complications. RAAS=renin-angiotensin-aldosterone system.
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Figure 7. Arterial stiffness and age-related changes in the brain commonly seen in Alzheimer’s 
disease and related dementias.
These changes include declines in cerebral perfusion to the gray matter, evidence of multiple 

forms of cerebral small vessel disease [lacunar infarcts (white circles), white matter 

hyperintensities (white streaks), cerebral microbleed (red triangles), enlarged perivascular 

(Virchow-Robin) spaces], loss of brain volume, and ß-amyloid deposition in the brain 

(brown plaques). Such changes are suspected to affect the integrity of the white matter and 

neurovascular unit.
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Figure 8. General Mechanisms of Arterial Stiffness.
Various mechanisms can increase the stiffness of the intima, media and adventitia. The 

media is however, the most important layer in large arteries. See text for details. NO=nitric 

oxide. AGE=advanced glycation end-products. RAAS=renin-angiotensin-aldosterone 

system. ERP=elastin-related peptides.
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Figure 9. Vitamin K-dependent Matrix Gla protein (MGP) maturation.
MGP maturation requires vitamin K, and leads to the formation of pc-MGP 

(phosphorylated, carboxylated MGP), which is a strong inhibitor of vascular calcification via 

inhibition of Bone morphogenetic protein 2 (BMP-2) signaling and VSMC osteogenic-

differentiation. Vitamin K deficiency in the vascular wall leads to the formation of 

uncarboxylated (uc-)MGP (which accumulates in the vessel wall) and dephosphorylated, 

uncarboxylated (dpuc-)MGP which can be measured in serum.
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Figure 10. Methods of measurement of carotid-femoral PWV (A–C), CAVI (D) and ba-PWV (E) 
by various devices.
Sensors and examples of recorded signals are shown. C=carotid signal; F=femoral signal; 

P=phonocardiographic signal; B=brachial signal; A=ankle signal. 1: FDA-approved; 2: the 

vicorder uses a neck cuff, rather than a tonometry sensor.
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Figure 11. Echocardiographic Assessment of Thoracic Aortic transit time.
ECG signals and digital flow traces are extracted from DICOM images of pulsed-wave 

Doppler interrogations from the left ventricular outflow tract (LVOT, 1), descending aorta 

(DA, 2) and proximal abdominal aorta (AA, 3). Beats at each location relate consistently to 

the QRS complex, which can be used as a time-reference. The top left panel shows the 

signal averaged pulses at the 3 locations, clearly demonstrating the transit time. The 

development of methods to estimate aortic path length (distance) between 2 points using 

anthropometric and echocardiographic imaging data is under development, and could 

facilitate a broad application of PWV measurements in clinical practice.
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Figure 12. Assessment of Thoracic Aortic PWV by through-plane phase-contrast MRI.
Magnitude and phase (top right panels) images of an aortic cross section are used to extract 

time-resolved flow curves. The path length can be directly measured from aortic images.
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Figure 13. Carotid-femoral PWV as a predictor of cardiovascular events in a recent meta-
analysis of prospective studies.
Carotid-femoral-PWV was an independent predictor of risk across multiple subpopulations 

although the effect was more pronounced among participants aged 60 or younger. 

Reproduced from (5)
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Figure 14. Normal values of carotid-femoral PWV by age and blood pressure status established 
by the European Arterial Stiffness Collaboration (A) and concept of life-course of vascular 
aging.
PWV increases with age and BP category (A, reproduced with permission from (87)); note 

that blood pressure categories correspond to European guidelines, rather than to recent 

AHA/ACC categories. Panel B demonstrates the concept of life-course of vascular aging and 

preventable thresholds for cardiovascular disease across the health-disease continuum 

(Partially reproduced from (95)). QOL=quality of life.
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Central Illustration.
Role of large artery stiffness in health and disease. In young healthy adults, a compliant 

aorta (left): (a) effectively buffers excess pulsatilty due to the intermittent left ventricular 

ejection; (b) exhibits a slow pulse wave velocity (PWV), which allows pulse wave 

reflections to arrive to the heart during diastole, increasing diastolic coronary perfusion 

pressure but not systolic ventricular load. A number of factors (aging, lifestyle, etc.) increase 

aortic wall stiffness, which leads to several adverse hemodynamic consequences. Aortic 

stiffening leads to increased aortic root characteristic impedance (Zc) and forward wave 

amplitude on one hand, and premature arrival of wave reflections to the heart on the other. 

These hemodynamic changes result in adverse patterns of pulsatile load to the left ventricle 

in systole and a reduced coronary perfusion pressure in diastole, ultimately promoting 

myocardial remodeling, dysfunction, failure and a reduced perfusion reserve (even in the 

absence of epicardial coronary disease). This adverse hemodynamic pattern also results in 

excessive pulsatility in the aorta, which is transmitted preferentially to low-resistance 

vascular beds (such as the kidney, placenta and brain), because in these organs, 

microvascular pressure is more directly coupled with aortic artery pressure fluctuations. 

PWV=pulse wave velocity; Zc=characteristic impedance; BP=blood pressure.
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