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Brachial systolic and pulse blood pressures (BPs) 
are better predictors of adverse cardiovascular 
(CV) events than diastolic BP in individuals older 
than 50 years. The principal cause of increased 
systolic and pulse BP is increased stiffness of the 
elastic arteries as a result of degeneration and 
hyperplasia of the arterial wall. Recent studies 
have shown that central BP, the pressure exerted 
on the heart, brain, and kidneys, is a better pre-
dictor of CV risk than brachial BP. As stiffness 
increases, reflected wave amplitude increases and 
augments pressure in late systole, producing an 
increase in left ventricular afterload and myocar-
dial oxygen demand. Vasoactive drugs have little 
direct effect on large human elastic arteries but 
can markedly modify wave reflection by altering 
stiffness of the muscular arteries and changing 
pulse wave velocity of the reflected wave from 

the periphery to the heart. Vasodilators decrease 
the amplitude and increase the travel time (or 
delay) of the reflected wave, causing a generalized 
decrease in systolic BP. The decrease in systolic 
BP brought about by this mechanism is grossly 
underestimated when systolic BP is measured in 
the brachial artery.  J Clin Hypertens (Greenwich). 
2008;10:295–303. ©2008 Le Jacq

The association between blood pressure (BP) 
components and major cardiovascular (CV) 

events is well documented in both normotensive 
and hypertensive individuals.1 Numerous observa-
tional epidemiology studies and clinical trials have 
shown a strong positive, continuous, and graded 
association between brachial artery systolic and/or 
pulse BP and CV risk and adverse events in individ-
uals older than 50 years.2 Arterial diastolic BP has 
been found to be inversely (or negatively) related to 
coronary artery disease (CAD) and CV mortality.2 
In some large studies, the association of diastolic 
BP with all-cause and CV mortality is reported as 
J- or U-shaped in elderly participants.3 CV disease 
and outcome are also related to invasively mea-
sured central aortic pulse BP, the pressure exerted 
on the heart, brain, and kidneys.4 Since central sys-
tolic and pulse BP are related to changes in arterial 
effects5 and can be measured easily, accurately, and 
noninvasively using a validated generalized trans-
fer function and pulse wave analysis,6 attention has 
been directed toward arterial stiffness, pulse wave 
velocity (PWV), and wave reflections as indepen-
dent CV risk factors that predict adverse events 
and relate to outcome.4,7 Independent studies have 
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shown that central elastic arterial stiffness and 
systolic wave reflection amplitude are increased in 
older individuals8 and in patients with hyperten-
sion,9 CAD,10 myocardial infarction,11 heart fail-
ure,12 end-stage renal disease,13 diabetes mellitus 
(types 1 and 2),14,15 hypercholesterolemia,16 hyper-
homocysteinemia,17 aldosteronism,18 inflammation 
(and increased C-reactive protein),19,20 obstructive 
sleep apnea,21 and macular degeneration.22

Both systolic and pulse BPs markedly increase 
while diastolic and mean BPs slightly decrease as 
the pressure wave travels from the heart toward 
the periphery.5 This difference between peripheral 
and central systolic BPs is greater in young patients 
with compliant elastic arteries and less in older 
patients with stiff elastic arteries. The “ampli-
fication” of the pressure pulse is due to greater 
stiffness of peripheral arteries and enhanced wave 
reflection amplitude, which depends on the dif-
ference between elastic moduli of the respective 
arteries and distance to major reflecting sites.5 As 
a consequence, these 2 pulsatile BP components 
are greater in arteries of the extremities than in 
the central aorta. Amplification of the pressure 
wave depends on a number of variables, including 
age, PWV, exercise, vasoactive drugs, and heart 
rate and may explain why diastolic BP is a reliable 
predictor of CV risk in patients younger than 50 
years.23 This difference is also important because 
the major organs (brain, heart, and kidney) “see” 

central arterial BP and not brachial BP. Therefore, 
brachial systolic and pulse BPs measured with a 
sphygmomanometer in the arm are not always 
reliable measures of central aortic systolic and 
pulse BPs.

As might be expected, recent studies have 
shown that compared with brachial BP, central 
aortic BP is a better predictor of carotid intima-
media thickness,24 restenosis after coronary angio-
plasty,25 CAD severity,26 and left ventricular (LV) 
mass27—an independent predictor of heart failure 
and CV mortality.28 In patients with end-stage 
renal disease29 and hypertension30 and in Native 
American patients,7 central pulse BP is a better 
predictor of CV outcome than brachial pulse BP. 
It has been demonstrated that reduction of central 
aortic systolic and pulse BPs with vasodilator drugs 
is underestimated by measurements of brachial 
artery BP.30 This disparity is due to the amplitude 
and timing of reflected pressure waves from the 
periphery to the heart, which depend on stiffness 
of the entire arterial tree and major reflection site 
distance.5 Studies have also noted that b-blockers 
have less effect on central BP than other pressure-
lowering agents.31 Such studies have suggested that 
logical treatment for lowering systolic and pulse 
BPs should not only focus on arteriolar caliber and 
peripheral resistance, but also on arterial stiffness 
and wave reflections.

PWV in Elastic and  
Muscular Arteries
The systemic arterial system serves as a conduit that 
delivers blood at high pressure to peripheral vascu-
lar beds to meet their metabolic requirements. This 
arterial system can be separated into 3 anatomical 
regions and, since the LV is a pulsatile pump, each 
region has a distinct and separate function: (1) 
the large elastic arteries (eg, aorta, carotid, iliac), 
which have a limited number of smooth muscle 
cells (SMCs), serve as a buffering reservoir that 
passively expands, stores the ejected blood during 
systole, and expels it into the peripheral circula-
tion during diastole so that the capillaries receive a 
continuous flow of blood during the entire cardiac 
cycle; (2) the muscular arteries, especially those in 
the lower body (eg, femoral, popliteal, posterior 
tibial), by altering SMC tone, modify the speed 
of travel of pressure and flow waves along their 
length and determine when, during the cardiac 
cycle, the reflected waves arrive back at the heart; 
and (3) the arterioles, by changing their caliber, 
alter peripheral resistance and, therefore, aid in 
the maintenance of mean arterial BP. Permanent 

Figure 1. Age-related changes in aortic (PWVe) and 
brachial artery (PWVm) transmission velocity in healthy 
human patients. Data are from the Anglo-Cardiff 
Collaborative Trial (ACCT) study population.8 Note 
the relatively linear relationship for PWVm (dotted line 
and open squares), compared with the curved relation-
ship for PWVe (solid line and closed squares), which 
changes much more,32 especially in patients 50 years 
and older. The broken vertical line represents the age at 
which the arterial stiffness gradient reverses.
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(or chronic) changes (eg, increased stiffness) in 
the central elastic arteries occur over an extended 
period and acute alterations in wall effects are pas-
sive, while changes in the muscular arteries and 
arterioles most often occur acutely; alterations in 
wall effects are active.5

Active changes in arterial wall effects occur 
acutely in response to an intervention but will 
usually last only until the intervention is termi-
nated. An increase in stiffness and PWV with age 
is virtually confined to the aorta and central, pre-
dominantly elastic, arteries (PWVe); there is little 
or no consistent change in stiffness and PWVm of 
the muscular arteries with age (Figure 1).32 PWVe 
or central elastic artery stiffness increases expo-
nentially and exceeds PWVm at about 60 years of 
age. This difference in PWV (or stiffness) between 
elastic and muscular arteries with advancing age 
has been referred to as a reversal of the arterial 
stiffness gradient.33 Findings of increased arterial 

stiffness and elevated collagen content with age 
in the central but not the peripheral arteries of 
humans are consistent with the previously pro-
posed theory that fracture of elastic load-bearing 
elements of the arterial wall causes the wall to 
stretch so that stress is transferred to the stiff col-
lagen elements in the wall, just as when an artery is 
acutely distended by a greater BP within.5

Pulse Wave Reflections and 
Augmentation Index
Early measurements of aortic impedance laid the 
groundwork for studies that separated measured 
pressure and flow waves into forward and back-
ward (or reflected) waves,34 making it possible 
to study wave reflection characteristics and their 
effects on pressure and flow wave contour. Round-
trip travel time of the pressure and flow wave from 
the heart to the periphery and back is directly relat-
ed to major reflecting site distance and inversely 

Figure 2. High-fidelity recordings of ascending aortic pressure and flow waves in 2 middle-aged men of similar height 
using a multisensor catheter; 1 patient (56 years of age) was normotensive (left) and the other (61 years of age) had 
isolated systolic hypertension (ISH)(right). Ascending aortic PWVe was 466 cm/s in the normotensive patient and 583 
cm/s in the ISH patient. A distinct inflection point (Pi) can be identified in the normotensive patient but, in the ISH 
patient, the reflected pressure wave arrives early and merges with the incident wave so that Pi cannot be identified. 
Therefore, Pi is measured at the point on the pressure wave where peak flow occurs. These morphologic changes in 
pressure and flow waves are associated with a decrease in travel time (Tr) of the waves to the periphery and back to 
the heart and an increase in AIa from 32% to 40%. The different components of the ascending aortic pressure wave 
are shown at the left. Ps indicates peak systolic blood pressure; Pd, minimum diastolic blood pressure; Tr, the round-
trip travel time of the forward wave from the ascending aorta to the major reflecting site and back; ED, ejection dura-
tion (ED − Tr is reflected wave systolic duration); Ps – Pi, reflected wave amplitude; Pi – Pd , forward wave amplitude; 
Ps – Pd, pulse pressure; augmentation index, (Ps – Pi)/(Ps – Pd).
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related to PWV.5,35 Increased arterial stiffness 
causes an increase in transmission velocity of both 
forward and reflected waves, which, in turn, causes 
the reflected wave to arrive earlier in the central 
aorta with greater amplitude and duration. These 
changes in wave reflection characteristics augment 
pressure and decrease flow in late systole. When 
reflection site distance from the heart is short, trav-
el time of the reflected wave is decreased and, as a 
consequence, wave reflection amplitude is high and 
its systolic duration is long. These modifications in 
arterial effects and reflected wave characteristics 
cause an increase in systolic (and pulse) BP and 
LV force generation, which cause a reduction in 

stroke output.5 Similar changes occur in the shape 
of pressure and flow waves when the elastic arter-
ies stiffen. The reflected wave arrives at the heart 
early during systole because of increased PWV and 
decreased travel time of the reflected wave from 
the periphery.

Changes in arterial stiffness can alter systolic and 
pulse BP in the central arteries by 2 mechanisms, 
depending on whether the change occurs in the 
central elastic arteries or the peripheral muscular 
arteries (or both). In large elastic arteries, the wall 
becomes stiffer and dilated with age and hyperten-
sion and PWVe increases, while in peripheral mus-
cular arteries, stiffness remains relatively constant 

Figure 3. Measured radial artery (left) and synthesized aortic pressure (right) waves recorded in a heart failure patient 
(53 years of age) before (top) and after heart transplant (bottom). The failing left ventricle could not generate enough 
force to overcome the late systolic pressure boost usually seen at this age. This reduced contractile force resulted in an 
abbreviated ejection duration (ED) (240 ms) and a low augmentation index (AIa). After heart transplant, the left ven-
tricle could again generate the necessary force to overcome the late systolic pressure boost, which caused an increase 
in ED (309 ms) and AIa. Heart rate was similar before and after transplant (75 b/m). Sp, indicates systolic pressure; Dp, 
diastolic pressure; MP, mean pressure; PP, pulse pressure; HR, heart rate.
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and PWVm changes very little.32 The early part of 
the central arterial pressure wave (the unaugmented 
pressure) with amplitude (Pi − Pd) (Figure 2) is 
generated by the LV ejection wave. This forward-
traveling pressure wave is dependent on ascending 
aortic stiffness and is not influenced by wave reflec-
tions. Also, an increase in local arterial stiffness 
causes a decrease in diastolic pressure (Pd) that is 
not influenced by wave reflections.5 Although these 
mechanisms increase systolic and pulse BP, the 
increase is minor compared with the increase caused 
by wave reflection. The later part of the measured 
pressure wave (the augmented pressure) with ampli-
tude (Ps − Pi) is generated by the reflected wave from 
the lower body arriving during systole and add-
ing to the forward-traveling pressure wave.34 This 
augmentation of the measured pressure wave can 
be estimated as an augmentation index (AIa) and is 
dependent on the elastic effects of the entire arterial 
tree, the velocity of the forward and reflected waves, 
and distance to the major reflecting site.5

These mechanisms are the major cause of 
increasing systolic and pulse BP with advancing 
age and in patients with hypertension and other 
diseases that increase arterial stiffness.8,32 The aug-
mentation in systolic BP increases LV mass, force 
generation, tension-time index, and myocardial 
oxygen demand, while the decrease in diastolic 
BP decreases diastolic pressure-time index and 
coronary artery perfusion, causing a mismatch in 
ventricular/vascular coupling and an imbalance in 
the myocardial oxygen supply/demand ratio.5

Morphologic Changes in Aortic 
Pressure and Flow Waves With Age 
and Hypertension
Age and arterial disease including hypertension are 
associated with an increase in elastic artery stiff-
ness, which causes profound changes in ascending 
aortic pressure and flow wave contours (Figure 
2). Such changes are associated with increased LV 
afterload and hypertrophy27,36 and are primarily 
attributed to changes in PWVe and amplitude and 
timing of pulse wave reflections from the lower 
body, resulting from asymptomatic elastic artery 
degeneration, dilation, and hyperplasia.5 The major 
cause of death in individuals with elevated after-
load is from LV hypertrophy and damage to blood 
vessels in vital organs, causing myocardial infarc-
tion, stroke, kidney disease, and heart failure.11,12 
In young human patients, a definite diastolic wave 
occurs in the pressure wave following the incisura. 
This is explained on the basis of wave reflection 
from the lower body returning in diastole after 

aortic valve closure. By middle age (older than 50 
years), the elastic arteries become stiffer and both 
forward and reflected waves travel faster so that 
the reflected wave arrives during LV ejection and 
markedly augments pressure in late systole.35 In 
older patients (usually those with isolated systolic 
hypertension) with very stiff elastic arteries and 
increased PWVe, the reflected wave arrives shortly 
after aortic valve opening and merges with the for-
ward wave so that no inflection point is seen and 
reflected wave amplitude and duration are greater5; 
Pd decreases as stiffness increases. This is the type 
of pressure wave usually seen when PWVe exceeds 
PWVm and there is a reversal of the so-called arte-
rial stiffness gradient. In this type of waveform, the 
inflection point occurs at peak blood flow velocity 
and denotes the initial upstroke of the reflected 
pressure wave.5 If pressure and flow velocity are 
simultaneously measured, Pi can be determined 
and AIa calculated (Figure 2).

The detrimental changes in arterial pressure 
contour and wave reflection characteristics caused 
by increased arterial stiffness place an extra work-
load on the left ventricle, causing it to generate 
more force to produce the stroke output. Sustained 
elevation in late systolic BP augmentation and the 
resulting LV hypertrophy are associated with pro-
gressive degenerative changes in the myocytes such 
that these weaken, developing less force with each 
contraction. The weakened hypertrophied fibers 
lengthen and the ventricle dilates, with augmented 
pressure and stroke output initially being main-
tained at greater muscle length and ventricular vol-
ume through the Frank-Starling mechanism. The 
ejection fraction in these patients is usually >40%. 
Ultimately, compensation is lost and the left ven-
tricle cannot generate the force necessary to over-
come the late systolic augmented pressure. AIa and 
systolic (and pulse) pressure are therefore reduced 
and associated with a decrease in ejection duration 
(Figure 3) and stroke volume. The ejection fraction 
in these patients is usually ≤40%.12,37

Although AIa is associated with arterial wall 
effects, it is not always a reliable surrogate measure 
of arterial stiffness in populations because it is influ-
enced by other variables such as height, heart rate, 
and ejection duration.5,8 AIa is, however, an accu-
rate measure of wave reflection intensity, which is a 
very important component of LV afterload.

Effects of Intervention on Arterial 
Stiffness, PWV, and Wave Reflections
When investigating changes (especially acute 
changes) in arterial wall effects and wave reflection 
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characteristics that occur in response to a certain 
intervention, baseline and response measurements 
should be made at the same time of day because of 
diurnal variation. AIa is maximum in early morn-
ing, gradually diminishes until mid-afternoon, and 
increases again somewhat thereafter.38 Both long-term 
cigarette smoking and coffee consumption increase 
PWVe and exert a detrimental effect on the amplitude 
and timing of wave reflection.39,40 High-dose combi-
nations of vitamins C and E41 and of ezetimibe and 
simvastatin19 have beneficial effects on endothelial 
function and PWVe but do not change AIa in patients 
with essential hypertension or rheumatoid arthritis.

Studies using antihypertensive drugs to lower 
BP have drawn attention to their separate effects 
on arteries and arterioles. Arteriolar vasodilators, 
such as nitropriusside and a-blockers, primarily 
increase arteriolar caliber (decrease tone) and thereby 
decrease peripheral resistance and mean arterial BP, 
while arterial vasodilators, such as glyceryl trinitrate, 
primarily relax SMC in muscular arteries and there-
by decrease PWVm and stiffness.42 Most currently 
available pressure-lowering drugs, even vasodilators, 
have little direct action on the large elastic arteries 
and PWVe. Some recent reports suggest, however, 
that long-term use of angiotensin-converting enzyme 

Figure 4. Measured radial artery (left) and synthesized aortic pressure (right) waves recorded in a hypertensive patient 
at baseline (top) and after treatment with the angiotensin-converting enzyme inhibitor lisinopril (bottom). The vaso-
dilator caused a delay in transmission velocity of the reflected wave from the periphery to the heart that resulted in a 
decline of augmented pressure (from 18 mm Hg to 8.0 mm Hg), augmentation index (AIa) (from 33% to 20%), and 
AIa@75 (from 25% to 16%). Reflected wave systolic duration decreased from 158 ms to 139 ms. Aortic systolic blood 
pressure decreased 25 mm Hg, while brachial systolic blood pressure was less sensitive, decreasing 18 mm Hg.
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(ACE) inhibitors that inhibit tissue ACE may have 
a direct beneficial affect on elastic artery stiffness in 
diabetic hypertensive patients.43 In general, elastic 
artery stiffness passively decreases in response to 
a decrease in mean arterial BP caused by pressure-
lowering drugs or decreased cardiac output. Thus, 
vasodilator-type antihypertensive drugs reduce cen-
tral systolic and pulse BP by a dual mechanism: pas-
sive reduction in central elastic artery stiffness and 
active reduction in peripheral muscular artery stiff-
ness. Although ACE inhibitors and b-blockers have 
the same effect on PWVe, ACE inhibitors decrease 
AIa because they primarily decrease PWVm, while 
b-blockers do not. Consequently, b-blockers are less 
effective in lowering central BP.31,44

As stated above, increased AIa is primarily caused 
by the changes in amplitude and timing of wave 
reflection as a result of increased PWVe with little 
change in PWVm. Acute modification of AIa is accom-
plished by the active effect of drugs on muscular 
arteries and the passive (pressure-lowering) effect on 
elastic arteries. Vasodilator drugs such as ACE inhibi-
tors, angiotensin receptors blockers, calcium channel 
blockers, nitrates, sildenafil, and aldosterone antago-
nists actively decrease arterial stiffness and PWVm 
and alter reflected wave characteristics through their 
action on SMC in the arterial wall, while diuretics 
passively decrease elastic artery stiffness and PWVe 
and alter wave reflection characteristics and BP by 
decreasing intravascular volume.18,45 It has been sug-
gested that long-term use of diuretics may decrease 
peripheral resistance.46 Although b-blockers decrease 
PWVe and BP, they do not decrease wave reflection 
intensity. A hierarchy of wave reflection and central 
BP responses to such therapy has been reported: cal-
cium channel blockers produced the most significant 
antihypertensive effect, followed by diuretics, ACE 
inhibitors, and b-blockers.45

The reduction in PWV (PWVe and/or PWVm) 
delays return of the reflected wave from the periph-
ery to the heart and decreases its amplitude and 
systolic duration. These changes are associated 
with a decrease in the low-frequency aortic input 
impedance moduli and a shift of the impedance 
moduli minimum to the left, indicating increased 
reflection site distance from the heart.5,35 These 
modifications of the reflected wave characteristics 
decrease systolic and pulse BP, AIa, and LV force 
generation (Figure 4), which leads to regression 
of LV hypertrophy.47 Furthermore, drug-induced 
regression in LV mass may be achieved without any 
reduction in peripheral BP.48

These changes suggest that the beneficial effects 
of these drugs are grossly underestimated by 

measurements of brachial artery cuff BP. Therefore, 
clinical trials such as the Heart Outcomes Prevention 
Evaluation (HOPE)49 and the Losartan Intervention 
For Endpoint Reduction in Hypertension (LIFE)48 
studies cannot conclude, with certainty, that the 
beneficial effects, including regression of LV hyper-
trophy, of the ACE inhibitor ramipril or the angio-
tensin receptors blocker losartan are independent 
of changes in arterial BP. This contention is sup-
ported by results from the Conduit Artery Function 
Evaluation (CAFE)31 and the Preterax in Regression 
of Arterial Stiffness in a Controlled Double-Blind 
Study (REASON) trials.44,47 Newer agents capable 
of modifying the effects of the large elastic arter-
ies may yet enter clinical practice. Alagebrium (or 
ALT-711), a thiazolium-based compound, is able 
to break advanced glycation end product–related 
collagen cross-links. This agent has been associ-
ated with reduced aortic stiffness and a decrease 
in central pulse BP in both animals and humans.50 
Likewise, the use of agents to retard or reverse the 
deposition of calcium in the large arteries, such 
as bisphosphonates,51 may prove therapeutically 
useful. Agents such as these have the potential to 
improve elastic artery stiffness, which will decrease 
systolic BP by reducing wave reflection amplitude 
and increase diastolic BP by increasing elastic artery 
distensibility. These modifications in arterial effects 
and wave reflection characteristics are the ideal 
mode of action for antihypertensive treatment, 
especially in older patients with isolated systolic 
hypertension and in patients with CAD.

Conclusions
Compared with diastolic BP, brachial systolic and 
pulse BP are stronger predictors of CAD, myocar-
dial infarction, congestive heart failure, stroke, 
end-stage renal disease, and overall CV mortality 
in patients 50 years and older. The principal cause 
of increased systolic and pulse BP in the aged and 
those with hypertension and other vascular dis-
eases is an increase in stiffness of the elastic arteries 
as a result of degeneration and hyperplasia of the 
arterial wall. An increase in stiffness also causes a 
decrease in diastolic BP, which inversely correlates 
with CAD and CV mortality in this age group. 
Furthermore, recent studies have shown that cen-
tral BP, the pressure exerted on major internal 
organs, is a better predictor of CV risk than 
brachial BP. The central aortic pressure wave is 
composed of a forward-traveling and a backward-
traveling reflected wave. It has been suggested that 
waveform dispersion, not reflection, may be the 
major determinant of aortic pressure waveform 
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morphology52; however, the main emphasis of 
this review is directed toward arterial stiffness and 
wave reflection. As stiffness increases, forward 
wave amplitude increases only a small amount, 
but reflected wave amplitude markedly increases 
and significantly augments LV and aortic pres-
sure in late systole. These changes in arterial wall 
effects and wave reflection characteristics cause an 
increase in LV afterload and myocardial oxygen 
demand and a decrease in myocardial perfusion 
pressure, which induces an imbalance in the myo-
cardial supply/demand ratio, especially in patients 
who have hypertrophied hearts with CAD.

An increase in systolic BP increases arterial wall 
circumferential stress, which promotes fatigue and 
dilation and the development of endothelial dys-
function and atherosclerosis. Sustained elevation in 
systolic BP and persistent LV hypertrophy are asso-
ciated with progressive degenerative changes in LV 
contractile force. Ultimately, the ventricle cannot 
generate the force necessary to overcome the late 
systolic augmented pressure. When this occurs, all 
components of BP are reduced, augmented pres-
sure and AIa are markedly decreased, and ejection 
duration is abbreviated.

Vasoactive drugs have little direct effect on large 
human elastic arteries but can markedly modify 
wave reflection amplitude and AIa by altering stiff-
ness of the muscular arteries and changing PWV of 
the reflected wave from the periphery to the heart. 
Vasodilators decrease the amplitude and increase 
the travel time (or delay) of the reflected wave, 
causing a generalized decrease in systolic BP and 
arterial wall stress and an increase in ascending 
aortic blood flow during late systole. The decrease 
in central systolic BP brought about by this mecha-
nism is grossly underestimated when BP is mea-
sured in the brachial artery.
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