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Abstract

Background: Aortic stiffness is a strong predictor of cardiovascular mortality in various clin-
ical conditions. The aim of this review is to focus on the arterial stiffness gradient, to discuss
the integrated role of medium-sized muscular conduit arteries in the regulation of pulsatile
pressure and organ perfusion and to provide a rationale for integrating their mechanical
properties into risk prediction. Summary: The physiological arterial stiffness gradient results
from a higher degree of vascular stiffness as the distance from the heart increases, creating
multiple reflective sites and attenuating the pulsatile nature of the forward pressure wave
along the arterial tree down to the microcirculation. The stiffness gradient hypothesis simul-
taneously explains its physiological beneficial effects from both cardiac and peripheral micro-
circulatory points of view. The loss or reversal of stiffness gradient leads to the transmission
of a highly pulsatile pressure wave into the microcirculation. This suggests that a higher de-
gree of stiffness of medium-sized conduit arteries may play a role in protecting the microcir-
culation from a highly pulsatile forward pressure wave. Using the ratio of carotid-femoral
pulse wave velocity (PWV) to carotid-radial PWV, referred to as PWV ratio, a recent study in
a dialysis cohort has shown that the PWV ratio is a better predictor of mortality than the clas-
sical carotid-femoral PWV. Key Messages: Theoretically, the use of the PWV ratio seems more
logical for risk determination than aortic stiffness as it provides a better estimation of the loss
of stiffness gradient, which is the unifying hypothesis that explains the impact of aortic stiff-
ness both on the myocardium and on peripheral organs. © 2015 S. Karger AG, Basel
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Introduction

Aortic stiffness, measured by carotid-femoral pulse wave velocity (cf-PWV), is now a
well-established predictor of cardiovascular events and mortality in the general population
and in pathological conditions such as hypertension, diabetes and chronic kidney disease
(CKD) [1-4]. In contrast, the lack of a clear relationship between stiffness of peripheral
medium-sized conduit arteries and mortality and cardiovascular outcomes may have over-
shadowed their physiological importance in the regulation of pulsatile blood pressure for the
microcirculation [5, 6]. The purpose of this review is to underline the importance of medium-
sized muscular conduit vessels, to discuss their integrated role in the regulation of pulsatile
pressure and organ perfusion and to provide a rationale for integrating their mechanical
properties into risk prediction.

Aortic Elasticity and Myocardium

In physiological conditions, the compliant aorta dampens the pulsatile oscillation of
blood pressure and flow during left ventricular cyclic contraction. The elastic aortic recoil
during the diastolic phase is essential to maintain a continuous peripheral perfusion. Aortic
elasticity is also beneficial for coronary artery perfusion during diastole since the forward
pressure waves travel at a reduced speed and return to the proximal aorta in end-systole and
diastole [7]. During aging or in pathological conditions, the aorta becomes stiffer and resists
accepting the incoming blood flow following left ventricular contraction. As the aorta stiffens,
pressure waves travel faster (higher PWV), and reflected waves return earlier to the ascending
aorta, increasing the central augmentation index and pulse pressure, which lead to greater
cardiac workload. Moreover, since the bulk of reflected waves occur during systole, its impact
on maintaining a diastolic blood pressure diminishes, resulting in enhanced diastolic decay.
Hence, the impact of aortic stiffness on the myocardium can be explained by an increase in
cardiac workload combined with a decrease in myocardial perfusion. This traditional view
was forwarded to explain the association between aortic stiffness, hypertension, left
ventricular hypertrophy and heart failure. However, our better understanding of the arterial
system has evolved into the concept of arterial stiffness gradient so as to explain the impact
of aortic stiffness on the heart and peripheral organs such as the brain and the kidneys.

Stiffness Gradient Hypothesis: From Heart to Peripheral Microcirculation

The distinct function, diameter and structure of arterial segments of the macrocircu-
lation are the foundation of the heterogeneity of the arterial tree. The loss of elastin content
and the decrease in vessel diameter as the distance from the heart increases result in a
constant increase in stiffness from the aorta to the periphery, which is referred to as stiffness
gradient. Therefore, as the forward wave travels along the arterial tree, a part of the energy
is returned upstream by reflection sites that are created by the changes in arterial structure,
diameter and stiffness [8]. These reflection sites combined with the elastic aorta are therefore
beneficial for coronary perfusion pressure without further increase of myocardial workload
as explained in the previous section. Figure 1a, reproduced from Briet et al. [9], elegantly
demonstrates the physiological stiffness gradient. The forward pressure wave is gradually
attenuated throughout its passage along the arterial tree down to the microcirculation, where
the pulsatility is minimal. The stiffness gradient hypothesis simultaneously explains its bene-
ficial effects from both a cardiac and a peripheral microcirculatory point of view.
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Fig. 1. Hemodynamic impact of ar-
terial stiffness gradient. a In nor-
mal condition, aortic stiffness is
lower than that of medium-sized
conduitarteries, creating wave re-
flections and therefore attenuat-
ing pulse pressure transmission
to the circulation. b When aortic
stiffness increases with minimal
changes of stiffness in medium-
sized conduit arteries, the for-
ward pressure wave is less atten-
uated (i.e. there is less reflection),
therefore the forward pulse wave
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Loss or Reversal of Stiffness Gradient

Cross-sectional studies have shown that the slope of the relationship between aortic
stiffness and age was clearly more pronounced as compared to the slope of the relationship
between the stiffness of peripheral muscular arteries and age [10-12]. Furthermore, not only
is brachial stiffness associated with a smaller increase with passing years, but it can even
slightly decrease after the fifth decade [13, 14]. This differential vascular stiffness response
to aging or pathological conditions will inevitably lead to a reduction, equalization and even-
tually a reversal of the stiffness gradient. Attenuation or reversal of the stiffness gradient has
a significant influence on the central pulse wave profile through a distal shift in major
reflection sites, resulting in a dissociation between aortic stiffness and augmentation index
[15, 16].

The loss of stiffness gradient has also been proposed to be the pathophysiological basis
of cardiovascular events and target organ damage that is associated with aortic stiffness
(fig. 1b). Indeed, the loss of stiffness gradient is responsible for the transmission of excessive
forward pressure into the microcirculation, potentiallyleadingto increased vascular myogenic
response, endothelial dysfunction, reduced organ perfusion and ultimately organ dysfunction
[17]. Obligate high-flow organs such as the kidneys and the brain may be more susceptible to
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the adverse effects of the loss of stiffness gradient. Indeed, increased pulse pressure, aortic
stiffness and pulsatile forward pressure wave have been shown to be associated with
increased renal blood flow pulsatility, thus explaining the association between pulse pressure,
microalbuminuria and kidney injury [18]. Tarumi et al. [19] showed a negative relationship
between aortic stiffness and perfusion of various regions of the brain, which remained statis-
tically significant even after adjustments for age, sex, race, heart rate, blood pressure and
cardiovascular medication. In addition, Mitchell et al. [20] reported that aortic stiffness and
reduced wave reflection at the carotid-aorta interface were associated with excessive flow
pulsatility, which can damage the cerebral microcirculation and results in reduced brain
volume with clinical consequences such as increased risk of silent subcortical infarcts and
lower scores in various cognitive domains. Finally, Hashimoto and Ito [21] showed that the
ratio of cf-PWV /carotid-radial PWV (cr-PWV) remained a significant determinant of reverse/
forward flow ratio in the descending aorta, even after adjustment for potential confounders.
Taken together, these studies support the concept that the loss or reversal of arterial stiffness
gradient along the arterial tree leads to alterations of blood flow regulation and end-organ
damage by the transmission of a higher pulsatile pressure into the microcirculation.

Arterial Stiffness and Stiffness Gradient in CKD

The mechanisms of aortic stiffness in CKD are complex and still poorly understood. The
progression of stiffness may be related to a combination of factors such as premature
mechanical fatigue of the elastin lamella due to hypertension, vascular calcification asso-
ciated with CKD-related mineral disorder, modification of extracellular matrix by advanced
glycation end-products (uremic toxins) and endothelial dysfunction [22-24]. In CKD patients
in need of hemodialysis, London’s group [5] was the first to demonstrate the clinical impact
of aortic stiffness on cardiovascular and total mortality. In their population, they showed no
clear relationship between brachial and femoral stiffness and mortality.

To determine the rate of progression of aortic stiffness in a longitudinal study, our
research team performed repeated measures of aortic stiffness in 109 hemodialysis patients
after a mean follow-up of 1.2 years [25]. In this cohort, we showed that cf-PWV increased by
an average of 0.84 m/s/year after adjusting for changes in mean blood pressure. However,
despite the enhanced progression of aortic stiffness, we observed a mean blood pressure-
adjusted reduction in cr-PWV by 0.66 m/s/year. Moreover, a higher baseline aortic stiffness
was associated with a greater decline in brachial stiffness. Our work along with that of others
[13, 15] led us to propose that muscular conduit vessels may adapt to the increased central
aortic stiffness by becoming more compliant in order to accept the incoming blood volume.
Although the brachial artery does not per se contribute significantly to the total arterial
compliance, because of the large number of medium-sized muscular conduit arteries, it is
conceivable that these arteries may contribute significantly to the total arterial compliance,
especially in the presence of a highly stiff aorta. From the myocardial perspective, a decline
in brachial stiffness could be beneficial as it further reduces wave reflections and therefore
limits the early arrival of reflecting waves during systole by increasing their transit time. On
the other hand, regression of brachial stiffness in conjunction with progression of aortic
stiffness may not be desirable as it leads to reversal of the stiffness gradient and a higher
forward pressure wave transmission into the microcirculation.

We therefore proposed to study the impact of arterial stiffness gradient by exploring the
ratio of cf-PWV/cr-PWV (PWV ratio) on mortality in a cohort of 310 prevalent CKD patients
in need of dialysis [26]. After a median follow-up of 29 months, 146 (47%) deaths occurred.
In a Cox proportional hazard model, the risks associated with 1 standardized deviation
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increase in cf-PWV and cr-PWV were 1.29 [95% confidence interval (CI) 1.11-1.50,p =0.001]
and 0.80 (95% C1 0.67-0.95, p = 0.009) suggesting an association between higher cf-PWV and
lower cr-PWV with increased risk of mortality. Interestingly, the PWV ratio showed the
strongest impact on mortality [hazard ratio (HR) = 1.43, 95% CI 1.24-1.64, p < 0.001].
Moreover, only the PWV ratio remained a significant hemodynamic risk factor after adjust-
ments for confounding factors such as age, dialysis vintage, gender, cardiovascular disease,
diabetes, smoking status and weight (HR = 1.23, 95% CI 1.02-1.49). Figure 2 shows the
divergent relationships of cf-PWV and cr-PWV with age in our CKD cohort, which is respon-
sible for an increase in PWV ratio.

Lessons, Perspectives and Future Directions

Theoretically, the use of the PWV ratio is a more logical choice for risk determination than
aortic stiffness as it provides a better estimation of the loss of stiffness gradient, which is a
unifyinghypothesis explainingtheimpactofaorticstiffnessonboth myocardiumand peripheral
organs. At first sight, the PWV ratio might not provide an added value above and beyond that
of cf-PWV in the low-risk young-to-middle-age population, since the available evidence shows
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that brachial stiffness remains relatively stable until the fifth decade. Nevertheless, there are
still important variations in brachial stiffness within this cohort, and integration of brachial
stiffness into risk prediction may provide valuable information on an individual level.

The use of the PWV ratio as a parameter for risk prediction is still at its preliminary stages
of development. Further studies are required to assess its capacity to predict cardiovascular
events and mortality in dialysis populations as well as in lower-risk populations. One of the
limitations of the PWV ratio in our cohort remains the exploration of brachial stiffness as a
representative medium-sized muscular conduit vessel. Naturally, additional studies are
required to examine the integration of other medium-sized muscular conduit arteries into
risk prediction.

Unfortunately, our study was notdesigned to address the mechanisms of brachial stiffness
regression. To our knowledge, no data exist on the longitudinal changes in the structure of
the brachial artery, and this will remain an interesting field to explore for years to come.
According to the Moens-Korteweg equation (PWV? = E;,. x h/2rp), a decrease in brachial
stiffness will be expected by a reduction in incremental elastic modulus (E;;,c) or alower wall-
to-lumen ratio (h/2r). Data from the literature from the prevalent dialysis population show
a higher E;,. with a constant wall-to-lumen ratio [27]. However, these studies were conducted
in a relatively younger population in which the brachial stiffness was not associated with
mortality or cardiovascular events [5]. Therefore, a hypotrophic remodeling is required to
explain changes in PWV without affecting E;,. This is in keeping with the study by Briet et al.
[28], which showed a regression of carotid intima media thickness by 22 pm/year in a
repeated-measure study in a nondialysis CKD cohort. This hypothetical reasoning is further
contaminated by the probable violation of the assumptions of isotropic material which
ignores the heterogeneous nature of the vascular wall with longitudinal changes in extracel-
lular matrix or functional alterations due to changes in the vascular smooth muscle tone and
phenotype. Indeed, vascular smooth muscle cells have been shown to be heterogeneous in
terms of mechanical properties and expression/organization of cytoskeleton proteins along
the arterial tree. Their mechanical phenotype correlates with the composition of extracellular
matrix and can be modulated by cyclic stretching imposed on the cells [29]. Hence, the mech-
anism behind brachial stiffness regression is not only important from an academic point of
view butalso from a therapeutic point of view. One can also speculate on the acute and chronic
impact of various classes of antihypertensive medication on changes in brachial artery
stiffness and PWV ratio.

Finally, in order to overcome the technical difficulties related to the measurement of
aortic stiffness, especially in large multicenter studies, there has been a general move towards
the development of user friendly devices that evaluate general arterial stiffness, but which
also include information about brachial and femoral arteries. The discovery of a regression
in brachial stiffness, which may not be beneficial in the presence of increased aortic stiffness,
brings into light not only the heterogeneity of the arterial tree in physiological conditions, but
also the heterogeneity of response in pathological conditions.

Conclusion

In this review, we underlined the importance of the stiffness gradient hypothesis and its
beneficial physiological impact on both myocardium and peripheral organ perfusion. This
hypothesis constitutes the foundation for using the PWV ratio in risk assessment. Thus far,
the PWV ratio has been associated with overall mortality in dialysis populations by using the
ratio of cf-PWV/cr-PWV. Nevertheless, the validation of the PWV ratio for cardiovascular
events and mortality, both in CKD and lower-risk groups of patients, needs further studies.
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