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ORIGINAL ARTICLE

Clinical Applications Measuring Arterial Stiffness: An Expert
Consensus for the Application of Cardio-Ankle Vascular

Index

Matthew J. Budoff," Bruce Alpert,? Julio A. Chirinos,® Bo Fernhall,* Naomi Hamburg,> Kazuomi Kario,®
Iftikhar Kullo,” Kunihiro Matsushita,® Toru Miyoshi,® Hirofumi Tanaka,'® Ray Townsend,® and

Paul Valensi''

BACKGROUND:

The purpose of this document is to provide clinicians with guidance,
using expert consensus, to help summarize evidence and offer prac-
tical recommendations.

METHODS

Expert Consensus Documents are intended to provide guidance for
clinicians in areas in which there are no clinical practice guidelines,
especially for new and evolving tests such as arterial stiffness
measurements, until any formal guidelines are released.

RESULTS

This expert consensus document is intended as a source of informa-
tion for decision-making and to guide clinician—patient discussions in
various clinical scenarios.

CONCLUSIONS
The goal is to help clinicians and patients make a more informed de-
cision together.

GRAPHICAL ABSTRACT
Progress from arterial stiffness to diastolic and systolic dysfunction
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Prior to understanding the potential clinical utility of vas-
cular measures, it is imperative to understand the basis and
definition of arterial stiffness. The concept of stiffness in a
flexible conduit is derived from the physical relationships
between stress and strain. There are extensive reviews of
these components.!~* Briefly, stress is the result of an appli-
cation of force to a unit of area, and strain is a measurement
of the deformation due to the stress. In the arterial circula-
tion, stiffness measures are usually presented in 1 of 2 ways.
One method uses the change in diameter of an arterial vessel
at a certain pressure. This is represented mathematically as a
fractional change in diameter (AD/D) at a certain pressure
(P), for example as reflected in Peterson’s elastic modulus:
E, = P/( A D/D).* The other, and more commonly used
method, of defining arterial stiffness utilizes the velocity at
which the arterial pressure wave travels in large vessels (pulse
wave velocity, PWV).5 Stiffer arteries conduct the pulse wave
at a higher velocity. Much of the research establishing the
role of arterial stiffness in circulatory pathophysiology has
been generated through measurement of the velocity of
pulse wave travel, particularly in the aorta.®”

BRIEF HISTORY

The idea of “hardening” of the pulse is a concept shrouded
in antiquity. The palpation of the wrist, a time honored tradi-
tion in medicine, and symbolized by the picture/logo of the
Royal College of Physicians, was used for centuries to esti-
mate the health of the circulation. In the 19th century, a se-
ries of ingenious devices were invented and used to describe
more fully the contour of the pulse.® This gave rise to the
science of sphygmomanometry (sphygmo = beat or throb;
manometry = measurement). Along with the study of pulse
contours, the science of fluid dynamics also advanced rapidly
in the 19th century, allowing for the pursuit of mechanisms
to understand the nature of fluid travel in tubes. Despite
this beginning, the field of sphygmomanometry seemed
to pause for nearly a century with the introduction of the
measurement of brachial blood pressure (BP). During this
time, some investigators continued to study basic and clin-
ical aspects of arterial function, but the clinical integration of
such findings needed a clarion call. With the reemergence of
the importance of systolic BP in the late 1990s,’ the field
of arterial stiffness measurement was reinvigorated. In the
past several decades, there has been a proliferation of the
number of devices used clinically to estimate arterial stiffness
in humans, which incorporate tonometric, oscillometric,
combined phonocardiographic and oscillometric, ultrason-
ographic and nuclear magnetic resonance imaging methods.
These have resulted in a robust literature on this topic, as
well as societies devoted to arterial function measurement in
Europe (Artery Society), the United States/Canada (North
American Artery), and Asia (Pulse of Asia).”10!!

TECHNIQUES TO MEASURE ARTERIAL STIFFNESS

Arterial stiffness data can be obtained through a multitude
of different noninvasive procedures that could potentially be
performed in the clinic. The most common procedure pro-
viding a measure of aortic stiffness is the determination of
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PWV.# Although PWV can be accurately determined using
magnetic resonance imaging, this is an expensive method
that is not available in-house in most clinics. Instead, PWV is
commonly measured through tonometry of the carotid and
femoral arteries (namely carotid-femoral PWV [cfPWV]),
often with ECG as a timing marker, though other validated
pulse transit routes are also used.

The distance (L) between the measuring sites is assessed
with a measuring tape, a caliper, or a segmometer, and ve-
locity is calculated (PWV = L/At).* Sometimes subject
height may provide an estimate of “L” The instruments re-
quired are portable and can easily be used in most standard
clinic exam rooms. Tonometry, however, requires substan-
tial training for accurate measurements, and the equipment
can be expensive. This has led to the development of cuff-
based (oscillometric) methods that require much less oper-
ator skill. Some manufacturers also provide a combination of
cuff- and tonometry-based measures.*

Most cuff-based methods measure brachial-ankle PWV
(baPWV), which incorporates several arterial segments, in-
cluding elastic large arteries such as the descending aorta,
and stiffer peripheral arteries in a combined value. There
is a substantial amount of evidence that baPWYV is of clin-
ical value>® but to date, most of research data are from
Asian countries.*® A relatively new method, Cardio-Ankle
Vascular Index (CAVI”®), is measured using cuffs on all 4
limbs, coupled with a microphone on the chest. Measuring
CAVI using peripheral cuffs and a chest microphone
provides several logistical advantages that are beneficial for
clinical use. It is primarily operator independent, does not
require exposure of the groin area (which some tonometric
methods use for femoral pulse reference points), is a very
reliable measure, and automated for greater ease-of-use and
reproducibility. In addition to including the more peripheral
arteries of the legs, the entire aorta is represented in the CAVI
measurement, whereas other measurements omit significant
portions of the aorta, particularly the ascending aorta, where
the earliest aging-related changes are seen. The pulse transit
of CAVI is from the heart (aortic valve) to the ankle. CAVI
is also less dependent on BP at the time of measurement,
compared with other PWV-based methods, because CAVI
incorporates the stiffness parameter “B? In addition, CAVI
does not require a cumbersome distance measurement, as
its algorithm can make use of patient’s height as a substi-
tute. This simplifies measurements in the clinic. CAVI is a
measure that can be easily tracked between clinic visits as a
measure of arterial health. The main limitation of CAVI is
that it incorporates long muscular arterial segments, there-
fore not being a pure index of large artery stiffness.

SIGNIFICANCE OF ARTERIAL STIFFNESS

Arterial stiffness measurements have been incorpo-
rated into a number of longitudinal cohort studies in the
United States, Europe, and Asia. Generally speaking, meas-
ures of arterial stiffness complement routine office brachial
BPs, showing an independent prediction of future cardi-
ovascular and renal events.!>!* The following are selected
examples highlighting the clinical value of arterial stiffness
measurements:
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« Predicting the onset of hypertension!#!>

o Predicting cardiovascular morbidity and mortality in oth-
erwise healthy older adults'®

o Predicting mortality in patients with hypertension'”

o Predicting death and kidney disease progression in
patients with chronic kidney disease!®

o Predicting incident cognitive decline and dementia'®

« Predicting cardiovascular and total mortality in patients
with diabetes and glucose intolerance®

o Predicting coronary artery disease (CAD) in patients with
and without diabetes

Although much of the epidemiology of arterial stiffness
has been studied using cfPWV,!* data supporting the pre-
dictive value of arterial stiffness have also been obtained
through baPWV,** CAVL,* and arterial distensibility using
either ultrasound® or magnetic resonance imaging.?

ASSOCIATION BETWEEN CAVI AND OTHER ARTERIAL
STIFFNESS MEASURES

A variety of arterial stiffness measures have been proposed
and used in the research settings. How well is CAVTI related to
other measures of arterial stiffness? CAVI is significantly asso-
ciated with cfPWV (r = 0.74) and baPWV (r = 0.82).%* Similar
to other segmental measures of arterial stiffness (cfPWV),
associations of CAVI with local measures of arterial stiffness
derived from ultrasound-based assessment (e.g., arterial com-
pliance) are weak.>* CAVT has been introduced as a BP inde-
pendent measure of arterial stiffness as CAVI has been derived
from the concept of f3-stiffness index.”® Several studies have
verified the BP independence of CAVI?*% and have reported
a strong association between CAVI and the stiffness param-
eter 5 obtained with transesophageal echocardiography®” al-
though a conflicting finding has been reported.?*8

TESTING IN THE CLINIC

Currently, very few clinics in the United States perform
and/or offer arterial stiffness measurements. At the time of
this article, a major limitation is still the lack of insurance
reimbursement as the Centers for Medicare & Medicaid
Services has not yet recognized arterial stiffness testing as a re-
imbursable procedure. However, there are several efforts un-
derway to create a suitable and reimbursable procedure code
for arterial stiffness testing. There is a CPT code (93050) for
arterial waveform and central BP determination. However,
the reimbursement rate is low, and reimbursability of this
procedure varies across states. Thus, even this approved pro-
cedure (which is related to and often performed in conjunc-
tion with arterial stiffness measures in research settings) is
rarely performed in the clinic setting. However, mounting
evidence for the clinical importance of arterial stiffness may
lead to future reimbursement for this particular procedure,
thus increasing the probability that arterial stiffness meas-
urement will become more widely available.

With CAVI, information on the ankle-brachial index
(ABI) can be acquired simultaneously. ABI is a reimbursable
test procedure (CPT codes 93922 and 93924). Some expert
organizations recommend screening peripheral artery disease

with ABI in high-risk populations.”® Also, the American
Heart Association and the American College of Cardiology
2018 Cholesterol Management Guideline recognizes ABI <0.9
as a risk enhancing factor.*® Thus, in future (assuming arte-
rial stiffness will eventually be reimbursable), simultaneously
measuring CAVI and ABI could be an attractive, useful, and
time-saving clinic option in appropriate patient populations.

There are several practical and environmental factors that
should be controlled to obtain an accurate arterial stiffness
measurement.?>*'-% These include availability of a dimly lit
and quiet room, with stable temperature, regardless of cli-
mate and season. Patients also need to be adequately pre-
pared prior to attending the clinic. Avoidance of alcohol,
vasoactive medications, and vigorous exercise for 12 hours or
more is necessary, as is avoiding food, smoking, and caffeine-
containing beverages for at least 4 hours before testing. Ideally,
patients should be rested in a supine position for 10 minutes
before measures are obtained. All measurements should also
be obtained in the supine position, as body position affects
CAVI and PWYV substantially.?>*-37 Although it is not diffi-
cult to meet these requirements for accurate measurements in
controlled research settings, keeping these conditions may be
considerably more challenging in a clinic setting.

As arterial stiffness predicts cardiovascular risk independ-
ently of traditional risk factors, it has a significant impact on
decision-making in various clinical scenarios. Several studies
have reported the association between CAVTI and future car-
diovascular events.’*2 The participants in these studies were
at moderate- to high risk for cardiovascular disease, such
as having hypertension, diabetes, and obesity. In a study in-
cluding 626 patients with type 2 diabetes, a CAVI >9.0 was in-
dependently associated with increased cardiovascular events,
as compared with a CAVI <9.0 (heart rate [HR] 1.23).%¢ In an-
other study involving patients with cardiovascular risk factors,
a CAVI >10 was associated with a higher incidence of cardio-
vascular events (HR 2.25) than a CAVI <9.0.3° A CAVI >10.1
was also associated with more cardiovascular events in meta-
bolic syndrome.*! Recently, the Japanese Society for Vascular
Failure proposed the cutoff values for CAVI: <8 for normal,
>8 to <9 for borderline, and >9 for abnormal.®? Since these
criteria were based on data from studies mainly from Asian
countries, it is uncertain if these cutoff values may be appli-
cable to other racial/ethnic groups. Nevertheless, a number of
cross-sectional and longitudinal studies have indicated that
CAVI can be used to evaluate CAD and that it is a predictive
marker of future cardiovascular events.

In clinical practice, CAVI can be suitable as an early
screening tool. Patients with CAVI scores >9 can be
considered to be at high cardiovascular risk, and clinicians
and patients should take this information into account for
further risk stratification. Some clinical scenarios in which
arterial stiffness measurements can aid in risk stratification
have been discussed previously (Table 1).*

FACTORS ASSOCIATED WITH CAVI
Association with usual clinical factors

Age is the variable most strongly associated with CAVI,
and CAVTI is higher in men than in women.*>*¢ In 1 study,
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Table 1. Suggested clinical applications of measurements of CAVI in primordial and primary prevention of cardiovascular disease

Clinical scenario

Rationale

Impact

Hypertension

ACC/AHA Stage 1
Hypertension (130-139/80—

89 mm Hg) with PCE-
calculated 10-yr ASCVD risk
~10% without diabetes or CKD.

Stage 2 isolated systolic
hypertension (>140 mm Hg) in
very young adults with paucity
of other cardiovascular risk
factors.

Nonhypertensive adults <40
yr of age with family histories
of ISH.

Other CV risk-assessment scenarios

Refinement of cardiovascular
risk assessment in nondiabetic
adults 40-75 yr of age at
intermediate PCE-calculated
10-yr ASCVD risk.

Refinement of cardiovascular
risk assessment in middle-aged
nondiabetic adults at borderline
PCE-calculated 10-yr ASCVD
(5% to <7.5%) who also have
other factors that increase their
ASCVD risk (“risk enhancers”).

Assessment of CV risk in
special populations.

LAS can be useful to refine risk stratification
when PCE-calculated 10-yr ASCVD risk is
close to the threshold for treatment, after
an informed clinician patient discussion.

The combination of high pulse pressure
amplification (with normal central systolic
pressure) and low or normal LAS for age
support a low CV risk.

LAS is partially heritable. LAS precedes
and predicts the development of ISH, a
potentially avoidable threshold in the life
course of cardiovascular disease. A high
PWV for age is consistent with early
vascular aging.

In this group of patients, risk-based
decisions for preventative intervention may
be uncertain, and LAS measurements
can be used to refine risk assessment
(particularly if various “risk-enhancing”
clinical parameters do not clearly favor a
specific course of action).

In this group of patients, LAS measurements
may be useful to improve risk-based
decisions as an alternative or as a “gate-
keeper” for coronary calcium score testing,
particularly when concerns about radiation
exposure (younger age overweight/obese)
or about cost are present.

PCE-calculated 10-yr risk estimations
can provide notoriously miscalibrated
estimates in non-US populations,
particularly those at earlier stages of
the epidemiologic transition. This may
also apply to immigrants from those
populations in the United States.

Initiation of pharmacologic antihypertensive
therapy

Withholding of pharmacologic
antihypertensive therapy

Guide clinician—patient risk discussions
Intensification of lifestyle interventions
More frequent assessments of
cardiovascular risk before age 40

(<4 to 6 yr)

Guide clinician—patient risk discussion
Guide decision-making regarding initiation of
pharmacologic therapy (i.e., statins)

Guide clinician—patient risk discussion
Guide decision-making regarding further
testing (coronary calcium score) or initiation
of therapy (i.e., statins)

Guide clinician—patient risk discussion and
various interventions

An abnormal PWV for age indicates
subclinical arterial damage and suggests a
higher risk. Expert clinical judgment must
guide result interpretation and decision-
making depending on the specific clinical
scenario

Abbreviations: ACC/AHA, American College of Cardiology/American Heart Association; ASCVD, atherosclerotic cardiovascular disease;
CAVI, Cardio-Ankle Vascular Index; CKD, chronic kidney disease; CV, cardiovascular; ISH, isolated systolic hypertension; LAS, left atrial size;
PCE, pulled cohort equations; PWV, pulse wave velocity. Modified from ref. 44,

age, sex, body mass index (BMI), and systolic BP accounted
for 54% of the interindividual variation in CAVI; while hy-
pertension, diabetes, and chronic kidney disease accounted
for an additional 2%.%” The modest effect of cardiovascular
risk factors on interindividual variation in CAVT highlights
the distinct pathophysiology of arterial stiffness and
demonstrates that arterial stiffness may be an early signal of
vascular dysfunction.

Similar to other measures of arterial stiffness, CAVI is
inversely, rather than directly, associated with BMI. This
has been attributed to the vascular adaptation to obesity*®
that includes decreased peripheral vascular resistance and
vasodilation to accommodate greater hemodynamic ar-
terial load for a larger body size. Additionally, increased
intraabdominal pressure may partially offset the effect of
intraluminal pressure on the arterial wall (i.e., distending
pressure). However, the association between arterial stiffness
and obesity remains controversial.*-! Insulin is a potent
vasodilator, and the association of obesity-related insulin
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resistance with lesser insulin-induced reduction of arterial
stiffness has been reported. Arterial stiftness is greater in
patients with chronic kidney disease due to endothelial dys-
function, increased oxidative stress, and/or the activation of
the renin-angiotensin-aldosterone system.>* CAVI is more
strongly associated with chronic kidney disease than factors
such as hypertension, hyperlipidemia, smoking, or diabetes.
The kidneys are a low-resistance and high-flow organ that
receives ~20% of cardiac output. Arterial stiffening can
damage glomeruli by increasing renal pulsatile stress.

Association with peripheral artery disease. ABI

Since CAVTI can be obtained simultaneously with ABI, it
is important to note the utility of this additional measure.
ABI is considered a useful indicator for lower-extremity pe-
ripheral artery disease.** An ABI <0.9 is considered low and
ABI >0.9 to 1.0 borderline low. High ABI (>1.4) indicates the
presence of medial arterial calcification and is also associated
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with poor prognosis.®® ABI is associated with CAD risk;
most commonly among men, the effect is to down-classify
high-risk men; among women, the effect is to up-classify
low-risk women.

Furthermore, ABI tends to be lower in women and in
African Americans, and sex- and race-specific cutoffs for
defining an abnormal ABI may be needed. Finally, in people
with diabetes, ABI might be falsely elevated due to medial
arterial calcification.

Arterial stiffness as a tool to assess individuals at risk or
patients with hypertension

Individuals at risk of hypertension may benefit from the
evaluation of arterial stiffness since arterial stiffness appears
to be positioned upstream of hypertension. Indeed, cur-
rent literature indicates that elevated arterial stiffness (e.g.,
cfPWYV) predates the development of hypertension.'> Also,
the evaluation of arterial stiffness may be informative in
patients with hypertension since elevated arterial stiff-
ness will result in the transmission of pulsatile pressure
and flow into the end organs. Indeed, a meta-analysis has
demonstrated the independent associations of arterial stiff-
ness with incident cardiovascular outcomes such as CAD
and stroke.”® Results from the Framingham Heart Study,
higher arterial stiffness assessed by cfPWV was associated
with increased cardiovascular risk, and improved risk pre-
diction when added to standard risk factors in a large popu-
lation.”” Of note, a recent study has demonstrated that heart
failure (HF) is the cardiovascular outcome most potently re-
lated to elevated arterial stiffness.®® Several studies have also
reported the link between arterial stiffness and other adverse
outcomes such as kidney disease, carotid stiffness/stroke,
and dementia.

Most of the aforementioned studies examined cfPWYV,
but several studies have confirmed similar results for
CAVI. For example, a recent meta-analysis has identified
several prospective studies for cardiovascular outcomes,
and a few studies have reported the associations of higher
CAVI with reduced kidney function and impaired cogni-
tive function.”®% However, it should be noted that measures
of arterial stiffness including CAVI have been less strongly
associated with cardiovascular outcomes in older adults
compared with younger populations.>>>® This suggests that
the evaluation of CAVI may be especially useful in younger
adults not only because arterial stiffness appears as more of
an anomaly in the young but also because arterial stiffness
identified at a relatively early stage can be associated with
a longer course of interplay throughout individual lifespan,
resulting in more profound downstream changes in health.
This concept aligns with the fact that arterial stiffness tends
to occur in the upstream of the continuum of pathophysi-
ology for a subset of the hypertensive population.

Associations with cardiac structure and function changes

Associations with left ventricular function and geom-
etry Arterial stiffness increases central pulse pressure and
left ventricular (LV) afterload as suggested by the findings
of an association between PWV and LV hypertrophy in

patients with obstructive sleep apnea and/or hypertension
and of a correlation between plasma B natriuretic peptide
levels and pulse pressure; this stimulates the development of
LV hypertrophy, fibrosis, diastolic and systolic dysfunction
(Figure 1).61:62

In a prospective study of individuals without known car-
diovascular disease, higher CAVI was associated with greater
relative wall thickness, worse systolic function and worse di-
astolic relaxation assessed by tissue Doppler, independent of
bloods pressure and conventional risk factors. In addition,
sex differences for associations of CAVI with cardiac func-
tion were present. CAVI was associated with LV mass index
in women, whereas a stronger association of higher CAVI
with greater early diastolic filling was present in men than
in women.

Higher CAVI was associated with impaired LV longi-
tudinal movement independent of LV ejection fraction.®®
Interestingly, despite the association of higher CAVI with
worse e (mitral annular early diastolic velocity) in both
sexes, the association of CAVI with diastolic filling was
stronger in men than in women. Increased diastolic filling
is an adaptive response of LV to compensate for impaired
diastolic relaxation. This study also demonstrated a stronger
association of higher CAVI with greater LV mass index in
women than men, suggesting greater susceptibility of di-
astolic relaxation and concentric geometry to altered arte-
rial stiffness. CAVI can be used to assess the impact of LV
afterload on cardiac function and structure, and may predict
adverse cardiovascular outcomes.

Diastolic dysfunction LV diastolic dysfunction is
common in patients with hypertension.** Diastolic dysfunc-
tion is also an important characteristic of heart failure with
preserved ejection fraction (HFpEF).% Arterial stiffness has
an independent relationship with diastolic dysfunction in a
number of studies. In patients with hypertensive heart di-
sease, arterial stiffness (measured using the pulse pressure

Arterial stiffness

N Central pulse pressure

‘
MLV afterload

!
LV hypertrophy

~ e N

a —

Diastolic dysfunction Systolic dysfunction

Figure 1. A demonstration of the typical progression clinically from ar-
terial stiffness to heart failure, both preserved (diastolic dysfunction) and
reduced (systolic dysfunction).
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method) was directly and significantly related to diastolic
dysfunction. This relationship persisted after adjustment for
age, sex, body size, BP, and LV hypertrophy.®® Arterial stiff-
ness and BP were the only independent predictors of dias-
tolic dysfunction in this study.®

Data from a cross-sectional study of patients undergoing
echocardiography showed that arterial stiffness determined
by baPWV was an independent predictor of early diastolic
mitral velocity and LV diastolic dysfunction, on multivariate
analysis.®” Higher baPWV values were associated with lower
early diastolic mitral velocity and worse LV diastolic func-
tion.”” Using baPWYV, a Chinese study of older adults with
a normal LV ejection fraction found that arterial stiffness
was a better predictor of LV diastolic dysfunction than both
pulse pressure and mean arterial pressure.®® Another study
conducted in healthy individuals found an independent
association between baPWV and measures of LV diastolic
function in elderly women.® Furthermore, the risk of mod-
erate LV diastolic dysfunction was higher in the presence of
increased PWYV in a population study.”® In patients with HF
or HF risk factors who had a normal ejection fraction, arte-
rial stiffness measured using the cfPWV and age were the
strongest independent predictors of LV filling pressure (a
marker of diastolic dysfunction).”!

CAVThas been shown to have better accuracy for detecting
diastolic dysfunction in patients with hypertension than
assessment of the ambulatory arterial stiffness index (de-
termined using ambulatory BP monitoring).” In a cross-sec-
tional study of patients with clinical cardiovascular disease
that used CAVI, arterial stiffness was independently associ-
ated with LV diastolic dysfunction.”® Similar findings were
reported in another study of patients with cardiovascular
risk factors.”* In treated hypertensive patients, CAVI was
independently associated with the Tei index, a measure of
LV systolic and diastolic function.* Significant relationships
between CAVI and echocardiographic parameters of LV di-
astolic dysfunction have also been documented in subjects
referred for echocardiography.” The odds ratio for the prev-
alence of LV diastolic dysfunction increased in parallel with
increasing CAVI, even after adjustment for confounding
variables, including age, BMI, hypertension, use of renin-
angiotensin system inhibitors, and left atrial diameter. The
adjusted odds ratio (95% confidence interval) for having
diastolic dysfunction, when CAVI was in the highest (9.6-
11.4) vs. lowest (6.7-7.7) quartile, was 4.94 (1.02-23.4).7 In
patients with HFpEF, CAVI was significantly associated with
echocardiographic measures of LV diastolic dysfunction.”

Taken together, available data suggest that increased ar-
terial stiffness provides a potential mechanistic link be-
tween vascular changes and the development of diastolic
dysfunction. The effect of arterial stiffness on LV diastolic
function is likely mediated by premature wave reflection,
which increases mid-to-late systolic load. Late systolic load
has been shown to cause profound diastolic dysfunction and
remodeling in experimental studies, and these observations
are supported by multiple human studies as reviewed in.

Left atrial remodeling  Left atrial volume index (LAVI) is
a useful predictor of cardiovascular risk and outcomes.”” In a

study of young adults with suspected CAD, those with CAVI
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above age- and sex-specific cutoff values had a significantly
higher LAVT than patients with a normal CAVL”® In addi-
tion, a significant correlation between arterial stiffness and
left atrial diameter has been documented in patients with hy-
pertension, independent of traditional risk factors including
age, sex, BMI, ventricular remodeling, and filling pressure.”
Also in patients with hypertension, data from a cross-sec-
tional study showed that arterial stiffness, determined using
PWYV, was an independent predictor of LAVI—increased ar-
terial stiffness was correlated with left atrial enlargement.®
Arterial stiffness also appears to be related to left atrial
structure and function in the absence of clinically evident
LV dysfunction. A study in healthy women showed that
cfPWYV was significantly correlated with relative wall thick-
ness, global circumferential strain, apical rotation, and LV
twist (all after adjustment for age, BMI, BP, and heart rate).®!
Arterial stiffness (determined using baPWV or cfPWV) has
been shown to predict readmission in patients with HE32-86
Associations have also been reported between PWV and
HF-related events in both HFpEF and heart failure with re-
duce ejection fraction (HFrEF).878% Therefore, measures of
arterial stiffness could be useful for a better risk stratifica-
tion in HF patients. Further research will help to clarify the
potential of arterial stiffness as a biomarker and therapeutic
target in this setting.

Association with cardiovascular autonomic neuropathy

Cardiac autonomic neuropathy (CAN) plays a significant
role in cardiovascular outcomes, and more so where arterial
stiffness is present. Additionally, autonomic tone can affect
arterial stiffness acutely. In diabetes, CAN is defined as an im-
pairment of autonomic control of the cardiovascular system,
which typically manifests initially as a vagal defect and sym-
pathetic overactivity, and at later stages, as a progressing at-
tenuation of sympathetic activity.®® Some experimental data
in rats support the protective role of vagal activity and an
aggravating role of sympathetic predominance in arterial
stiffness.”>*! CAN may contribute to cardiovascular changes
and impair the prognosis. A meta-analysis of 15 longitudinal
studies showed that the presence of CAN was associated
with a relative risk of mortality of 3.45.°2 Several disorders
associated with subclinical CAN may contribute to a neg-
ative cardiovascular prognosis in the people with diabetes.

In a study including patients with type 1 diabetes and
normoalbuminuria, the presence of CAN was associated
with higher pulse pressure, an indirect marker of arterial
stiffness, and more prevalent nondipping, together with
alterations of systolic and diastolic function of the left ven-
tricle.® In obese and diabetic hypertensive patients, power
spectral analysis of recorded continuous BP measurements
showed that the low-frequency peak of systolic BP variations
in the standing position, which reflects sympathetic activity,
correlated significantly with pulse pressure measured in the
supine position. This represents further evidence for the
role of a higher sympathetic activity in arterial stiffness.**
In healthy individuals, resting muscle sympathetic nerve ac-
tivity was found to correlate with PWV, and an acute elevation
of muscle sympathetic nerve activity elicited by lower body
negative pressure produced significant increase in PWV.9>%



Clinical Applications Measuring Arterial Stiffness

In the Pittsburgh Epidemiology of Diabetes Complications
study, CAN was assessed in a childhood-onset population
of patients with type 1 diabetes, and was associated with
the increased arterial stiffness measured 18 years later.”” In
patients with type 2 diabetes arterial stiffness was also found
to be associated with peripheral neuropathy and retinopathy,
and might be a marker of microangiopathic complications.”®
An association between endothelial dysfunction and arterial
stiffness evaluated by mean 24-hour pulse pressure has been
reported in hypertensive and diabetic patients.**!? Type 2
diabetes on top of hypertension might worsen arterial stiff-
ness by endothelium-related mechanisms.!%!

Association with CAD. Clinical studies using CAVI and
computed tomography angiography

CAVT has been applied clinically to assess arterial stiffness
in patients who were diagnosed with CAD, stroke, and those
at risk. Structural and vascular changes of the vessel wall
have been implicated in the pathogenesis of atherosclerosis,
which results in reduced vascular distensibility and elevated
arterial stiffness.!%%19 Arterial stiffness is an independent
predictor of CAD, and is correlated with the severity of cor-
onary stenosis.!%

Several studies have demonstrated the relationship of CAVI
with atherosclerosis and obstructive artery disease. CAVI is
independently associated with the progression and severity
of coronary atherosclerosis.'® Furthermore, the signifi-
cance of CAVI >8 with obstructive CAD (degree of stenosis
>50%—CAVT cutoff value: 7.6 and coronary artery calcium
[CAC] score >300—CAVI cutoft value: 8.1) was reported
in Korean population.!% In a recent study that enrolled 285
individuals clinically referred for CAC scoring and Coronary
Computed Tomography Angiography (CCTA), the associa-
tion of CAVI with severe stenosis (>50%) and CAC >100 was
evaluated. The degree of CAC and severe coronary stenosis
demonstrated significant correlation with CAVI. Receiver
operating characteristic curve analysis indicated that a CAVI
measure of 7.8 was an optimal cut-point for sensitivity and
specificity in detecting obstructive CAD. Logistic regression
demonstrated that CAVI >7.8 is significantly associated with
obstructive CAD and CAC score >100. Arterial stiffness, as
represented by CAVI is significantly and strongly correlated
with both CAC and coronary stenosis.!”” Thus, CAVI may be
used as screening tool for early prediction of obstructive CAD
and plays a critical role in preventive cardiology to optimize
management. This approach may be especially relevant in
younger adults since most of them have zero CAC.

AVAILABLE TREATMENTS

The field of large artery stiffness has witnessed a large
number of epidemiological investigations and a large body
of basic science using a variety of animal models and ex vivo
studies. The entanglement of arterial stiffness, especially
when expressed by PWV, with mean arterial pressure has
challenged investigators in differentiating the effect of an in-
tervention on large artery stiffness independent of the effect
of an intervention on BP3! In addition, true improvements
in arterial stiffness, not just declines in PWV that occur with

BP lowering, likely require interventions employed over
months or even years to allow sufficient remodeling of large
arteries.

Physical exercise

Regular exercise provides a number of health benefits in-
cluding improvements in functional capacity, traditional risk
factors, and mental health. Various exercise protocols have
been employed to determine the effect on arterial stiffness.
These fall into 2 broad categories: (i) aerobic exercise that
is characterized by dynamic, rhythmic, whole-body physical
activities that increase oxygen consumption and (ii) resist-
ance exercise that is characterized by muscle contracting ac-
tivities against an external resistance such as barbell weights
or stretch bands.

In the Baltimore Longitudinal Study of Aging, older adults
with a history of intense habitual aerobic exercise (running)
for years demonstrated 25% lower artery stiffness as assessed
by aortic PWV compared with age and BP matched sedentary
counterparts.!%® Similarly, in participants aged 66-90 years
in the Atherosclerosis Risk in Communities study, habitual
physical activity was associated with a reduced change in
cfPWV with age.!® In a European study of older people
without hypertension at the time of study enrollment, ha-
bitual aerobic exercise blunted the age-related increases in
large artery stiffness.!!0

The findings in the exercise intervention studies are gen-
erally consistent with the community-based observational
studies.!!! Reductions in arterial stiffness have been observed
in absence of BP decrease. Older age (the eighth decade of
life)!'> and comorbidities like hypertension may require
longer intervention periods to give rise to clinically significant
changes in arterial stiffness. One notion that should be kept
in mind when prescribing exercise is that “In the pharmaco-
logical treatment of hypertension, it is a standard practice to
change the class of antihypertensive medications if one drug is
found to be ineffective. In the exercise prescription, however,
it is not a common practice to change the mode of exercise
when one mode of exercise fails to improve.”’!!!

Resistance exercise studies initially suggested that arterial
stiffness increases after a few months of these interventions.''?
However, a meta-analysis of literature on resistance training
and arterial stiffness observed that this was more likely to
occur in younger adults with lower initial arterial stiffness,
and less likely to occur when the intensity of the resistance
training is moderate compared with intense.!* Two recent
meta-analyses found that resistance exercise did not alter ar-
terial stiffness in healthy subjects or in persons at risk for
cardiovascular disease.!!#115

Physiological mechanisms by which aerobic exer-
cise interventions could improve arterial stiffness include
reductions in sympathetic vasoconstrictor tone on large
arteries, and improvements in the biomarker profiles of
agents such as endothelins and inflammatory cytokines.!!!

Weight loss

In a population of relatively young (20-45 years) adults
enrolled in the Slow Adverse Vascular Effects of excess
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weight study (SAVE), a 7% decrease in body weight was
associated with a reduction of ~0.5 m/s in cfPWV.!'®
Reductions in body weight are typically accompanied by the
corresponding decrease in BP in obese patients with hyper-
tension.! Disentangling the benefits of weight loss on BP
from the potential benefits of weight loss on arterial stiff-
ness can be challenging. One way of possibly evaluating
improvements in arterial stiffness independently of BP
changes is using the CAVI measurement, which incorporates
a factor to dampen the role of BP in assessing vascular stiff-
ness.!''” A 12-week diet intervention produced a decrease in
BMI from 33.3 to 30.7 kg/m?, and this was associated with
a significant reduction in CAVI from 8.4 to 7.9 in a study of
obese Japanese subjects.!!® Mechanisms linking weight loss
to improvements in arterial stiffness include reductions in
inflammatory cytokines like C-reactive protein and inter-
leukin-6. However, a recent study demonstrated that CAVI
and heart-ankle PWV increased after bariatric surgery,
probably reflecting the complex association between adi-
posity and arterial stiffness measures, as noted above.

Salt restriction

A reduction in sodium intake has been a consistent recom-
mendation in BP guidelines to improve BP control in hyperten-
sive patients.!! A meta-analysis of studies designed to examine
the effect of a reduction in sodium intake on PWV noted a
small but significant fall in PWV with a 90 mEq/day sodium
intake on average.!'” In these studies, the effect of sodium re-
duction on arterial stiffness was independent of BP changes.!!

Pharmacological agents

The literature describing the effect of drugs on arterial
stiffness is large and challenging to summarize. Table 2
summarizes pharmacologic agent classes and their effects on
arterial stiffness. We made an attempt to evaluate the effect

Table 2. Effect of drugs on arterial stiffness (adapted from refs. 119.120)

of the agent class independent of the effects on BP or heart
rate. Generally, when mean arterial pressure is reduced by a
drug, arterial stiffness will be lowered as well.!

CURRENT GUIDELINES

The accurate assessment of cardiovascular risk is a corner-
stone of contemporary preventive medicine. The current car-
diovascular risk prediction includes scoring systems built on
a variety of cardiovascular risk factors. The classical approach
has been less than optimal, since current population-based risk
algorithms tend to overestimate risk, and none of the predictors
included in the scoring systems addresses cardiovascular struc-
ture or function. Could a risk stratification using arterial stiff-
ness lead to a better classification of cardiovascular risk? Arterial
stiffness, including CAVT, has an independent predictive value
for cardiovascular events as an intermediate endpoint, above
and beyond traditional risk factors.® CAVT is elevated in a va-
riety of populations that are at high risk of developing cardio-
vascular disease.!*"? Additionally, as described below in more
detail, CAVT has been demonstrated to respond to a number of
interventions and treatments that act to reduce cardiovascular
risks, including smoking cessation, exercise training, weight re-
duction, and various pharmacological agents.!2!:12*

In 2013, the European Society of Hypertension/European
Society of Cardiology published guidelines for the man-
agement of arterial hypertension.!** In these guidelines,
the measurement of arterial stiffness based on cfPWV was
recommended for evaluation of “subclinical organ damage
in patients with hypertension.”!** In the updated guidelines
in 2018, however, cfPWV was not recommended for rou-
tine clinical settings as it was deemed not clinically prac-
tical.'* Although cfPWYV is considered a reference standard
measure of arterial stiffness, this methodology is hindered
by the technical precision required for carotid pulse ac-
quisition and the intimate nature of femoral pulse acquisi-
tion on the groin area. This is one of the reasons why many

Effect(s) on

Agent class arterial stiffness Comments
ACE inhibitors ! Likely among the strongest reducers of arterial stiffness
Aldosterone I

antagonist
a-Blockers |
ARB ¥ Likely among the strongest reducers of arterial stiffness
3-Blockers ol Heterogenous group of drugs
CCB o/l ? arterial stiffness improvement offset by sympathetic activation
Diuretics ol Long-term trials show arterial stiffness reduction
Antihyperglycemics o/l Thioglitazones, metformin, and SGLT2 inhibitors seem to

improve stiffness

Nitrates 1 Short acting
Statins ol Probably have greater destiffening effect on peripheral vs central

arteries; seem more effective when inflammation also present

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CCB, calcium channel blockers; SGLT2, sodium

glucose cotransporter 2.
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devices designed to measure aortic PWV have evolved to
incorporate the use of thigh cuffs to replace the tonometric
transducers for detecting pulses at the 2 femoral pulsation
points. CAVI, as measured using the VaSera device (model
VS-1500 or VS-2000, Fukuda Denshi), has been proposed as
an arterial stiffness index with a lesser dependence on BP at
the time of measurement. Because of the procedural advan-
tage of its ease-of-use, it is one of few methodologies that has
a higher potential for being incorporated into routine clin-
ical settings. Large studies using CAVI in the United States
and Europe are ongoing.

CLINICAL PRACTICE GUIDANCE USING CAVI

Detection of arterial stiffness now has strong implications
for enriching the assessment of individuals with hyper-
tension, obesity, and diabetes. Published research span-
ning more than 30 years and published medical guidelines
specific to arterial stiffness have clearly defined its clinical
value. However, arterial stiffness is still a new and underused
metric for clinics of the United States.!?

This proof of concept was just published in the SPARTE
(Strategy for Preventing cardiovascular and renal events
based on ARTErial stiffness) study.'?® Patients with primary
hypertension were assigned to a strategy targeting the nor-
malization of PWV measured every 6 months (PWV group,
n=264) vs.astrategy implementing the European Guidelines
for Hypertension Treatment (conventional group, n = 272).
In the PWV group, renin-angiotensin-system blockers and
calcium channel blockers were prescribed at higher dosage
(P=0.028), PWV increased less (P = 0.0003) than in the con-
ventional group, and office and ambulatory systolic BP and
diastolic BP decreased more (P < 0.001 and P < 0.01, respec-
tively). The SPARTE study demonstrated that a PWV-driven
treatment for hypertension allows for further reduction in
office and ambulatory systolic and diastolic BPs and prevent
vascular aging in patients with hypertension.

Data collected from 663 hospitals in the American College
of Cardiology National Cardiovascular Data Registry on
400,000 patients revealed that the yield of positive elective
cardiac catheterizations for patients without known CAD
is only a little more than one third.!”” Having the means
to improving medical evaluations at outpatient clinics and
doctors’ offices can improve this yield by as much as 27% as
was demonstrated in a large population study in Thailand
where CAVI was coupled to a Framingham-based risk
score,?! and thereby lower a portion of healthcare costs,
and improve referral decisions, from general practice to
cardiology.

For CAVI, a cutoft value of 8.0 is suggested, based on prior
published research, and best suited for general practice, and
frontline clinical assessments of patients with unknown
cardiac status, and who are asymptomatic for cardiovas-
cular disease. This guidance for the management echoes the
2018 ESC/ESH Guidelines for the Management of Arterial
Hypertension,'® in identifying and risk-stratifying patients
whose hypertension is more likely linked to greater car-
diovascular disease risk, having hypertension-mediated
organ damage, and where underlying arteriosclerosis may
be assessed with a PWV-based measurement. Though US

medical guidelines for management of hypertension already
categorize risk according to hypertensive class, our algo-
rithm suggests that inclusions of arterial stiffness testing
with CAVT can further subclassify “heightened risk,” where
CAD and HF may be more likely comorbidities.

Detecting arterial stiffness and other early indicators of
cardiovascular disease is a reasonable first-level approach
to medical management of people at risk of cardiovascular
events. To the degree that measurements of CAVT relate to
cardiovascular risk independently of traditional risk factors,
they can be used to enhance cardiovascular risk assessments
in specific clinical scenarios for primary and primordial pre-
vention. Suggested clinical applications are summarized in
Table 2. These include clinical scenarios in which a refine-
ment of cardiovascular risk can decision-making for inten-
sification of lifestyle interventions, pharmacologic therapy
(with statins or antihypertensive agents), guide clinician—pa-
tient discussions and/or impact the frequency of cardiovas-
cular risk assessments (particularly in younger individuals).
CAVI may also aid in the evaluation of younger individuals
with a family history of isolated systolic hypertension, given
that a substantial proportion of the variability in large artery
stiffness is inheritable.’

CONCLUSIONS AND SUMMARY

Having the means to improving medical evaluations
at outpatient clinics and doctors’ offices, can improve risk
stratification and utilization of additional testing. Detecting
arterial stiffness and other early indicators of cardiovas-
cular disease is a reasonable first-level approach to medical
management of people at risk of cardiovascular events. We
suggest that CAVTI is a useful frontline test, appropriate for
outpatient clinics, for identifying patients who might oth-
erwise go unnoticed for coronary vessel risk. As such, CAVI
could be used effectively to improve referral decisions to
more centralized cardiac evaluation. This proposed scenario
is even more pertinent to patients with diabetes, hyperten-
sion, and kidney dysfunction, where cardiovascular risk
is higher.
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