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Synopsis
Nearly half of all patients with heart failure have preserved ejection fraction (HFpEF). HFpEF
patients tend to be older, female, and hypertensive, and characteristically display increased
ventricular and arterial stiffening. In this review, we discuss the pathophysiology of abnormal
ventriculoarterial stiffening and how the latter affects ventricular function, cardiovascular
hemodynamics, reserve capacity, and symptoms. We conclude by exploring how novel treatment
strategies targeting abnormal ventricular-arterial interaction might prove useful in the treatment of
patients with HFpEF.

Introduction
The cardiovascular system is designed to provide ample pressure and flow to the body at rest
and over broad ranges of stress. Because blood flow is pulsatile, changes in cardiac output are
accompanied by alterations in the arterial pulse wave amplitude and pressure. In health, the
heart-artery system is compliant to prevent wide swings in pressure that otherwise can lead to
vascular and end-organ damage. For the vasculature, this compliance is largely contained
within the proximal conduit vessels, and the stiffness (elastance) achieved during contraction
by the left ventricle is closely matched or coupled to this arterial elastance to optimize
mechanical efficiency and maintain a normal ejection fraction. Perhaps more important than
the coupling ratio of ventricular and vascular stiffness are their absolute values. Indeed,
maintaining low ventricular and arterial elastances in the normal human allows a dynamic
range of volume transfer to be achieved during ejection with minimal change in pressure.

With advancing age, both ventricular and arterial stiffness increase, changes that are further
amplified by comorbidities such as hypertension, diabetes, and kidney disease. This stiffening
greatly augments systolic and pulse pressure swings during ejection, increasing arterial
pressure decay during diastole and ventricular afterload. When incident (ejected) pressure
waves encounter zones of impedance mismatch (e.g. arterial bifurcations), part of the wave is
reflected backwards, interfering with flow but augmenting pressure. Pressure and flow wave
transmission is enhanced in stiff blood vessels, thus the principal reflected wave returns to the
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heart in late systole, exacerbating systolic load. This increase in net and late-systolic afterload
importantly alters ventricular systolic and diastolic function, increasing the amount of
hydraulic work (and myocardial oxygen consumption) needed to provide the body with a given
amount of blood flow. This in turn leads to impaired cardiovascular reserve function, labile
systemic blood pressures, diminished coronary flow reserve, and increases in diastolic filling
pressures. Greater pulse perfusion in a stiff arterial system is a risk factor for vascular disease,
and may compromise endothelial-dependent vasorelaxation. One can consider this adverse
interaction between stiff heart and arteries as a form of coupling disease which ultimately limits
the ability of the integrated cardiovascular system to respond to stress.

Ventricular-arterial stiffening is common in patients with heart failure and apparent
preservation of systolic function. Such patients are typically older, female, hypertensive, and
display a high prevalence of diabetes, obesity, and renal dysfunction. They often develop
marked systolic hypertension under conditions of stress, and both their arterial and ventricular
systolic pressures are very sensitive to blood volume status. While abnormal diastolic function
is thought to contribute to failure symptoms by increasing congestion, it cannot explain the
observed increases in systemic pressures nor does it fully underlie limitations of cardiac
reserve. Recent animal and human data has refocused attention on the impact of arterial
afterload on ventricular diastolic relaxation and compliance. Here, we review the
pathophysiology of ventricular-arterial stiffening and its role in the syndrome of heart failure
with a preserved ejection fraction (HFpEF)

Ventricular-Arterial Coupling
The influence of ventricular and vascular stiffness on net cardiovascular function is most easily
appreciated in the pressure-volume plane. Ventricular systolic stiffness (contractility) is
expressed as end systolic elastance (Ees; Fig. 1), the slope of the end-systolic pressure volume
relationship1. Cardiac afterload is often conceived of as being equivalent to systolic blood
pressure—a practice that can lead to erroneous conclusions and interpretations. Systemic blood
pressures are determined by the complex and dynamic interaction of ventricle and
vasculature2, and vary with preload, contractility, and heart rate as well. An alternative is to
assess the vascular load that opposes ejection independent of ventricular function. The
traditional gold standard is aortic input impedance, derived from Fourier analysis of aortic
pressure and flow waves3, 4. Input impedance is expressed in the frequency domain, making
it difficult to match with typical measures of ventricular systolic function, which exist in the
time domain. Sunagawa and colleagues conceived of a “net” vascular stiffness, effective
arterial elastance (Ea), which shares the same units as Ees, and is more easily calculated to
study ventricular-arterial interaction5, 6. Ea is not a measure of a specific vascular property,
but combines both mean and pulsatile loading, providing a lumped parameter that reflects the
net impact of this load on the heart. Kelly and colleagues showed the simple ratio of end-
systolic pressure to stroke volume (Pes/SV) accurately estimates Ea in both hypertensive and
normal humans7. Graphically, Ea is the negative slope of a line through the end systolic and
end diastolic volume (P=0) points (Fig 1). Coupling of heart and artery is often then depicted
by the interaction of these two relations, and expressed as a ratio of Ea/Ees2, 8, 9. The
intersection of these lines at a given preload value determines the end-systolic pressure and
volume (Fig 1). The Ea/Ees ratio is preserved with normal aging to maintain optimal efficiency
in men, but declines somewhat in women, because the denominator (ventricular stiffness)
increases out of proportion to the increase in the numerator (vascular load)10.

Effective coupling of heart to artery can be defined in several ways. One is the optimal transfer
of blood from heart to periphery without excessive changes in blood pressure. Another is to
provide optimal cardiovascular flow reserve without compromising arterial pressures. One can
mathematically express optimal coupling as the interaction that best enhances the work
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performed by the heart on the body (i.e. optimal external work). Lastly, one must consider the
efficiency of the heart in performing this work–the energy consumption required by the heart
to affect external work. Experimental and clinical studies have tended to focus on the latter
two definitions – i.e. optimizing external work or efficiency. For this, one can both predict5
and observe experimentally9 that an Ea/Ees coupling ratio of 0.6–1.2 achieves near optimal
work and efficiency. This range is normally maintained under various physiologic stresses. It
can become very high—so-called afterload mismatch, as in systolic heart failure, where
depressed systolic function (low Ees) is coupled to a high arterial impedance (high Ea)8. The
coupling ratio is inversely related to ejection fraction (EF=1/[1+Ea/Ees]), and normally drops
with exercise, as the increase in Ees (contractility) exceeds the increase in afterload (Ea) to
augment cardiac output and blood pressure11. With aging, the exercise drop in Ea/Ees becomes
compromised, partly explaining the age-dependent reduction in aerobic capacity.11

Deconstructing Afterload
Ea is dominated by nonpulsatile load—systemic vascular resistance (SVR), but it is also altered
by artery stiffening to increase pulsatile load. Blood pressure pulsatility rises with aging and
this is reflected in the pressure-volume diagram in the elderly individual (Fig 1c) by the greater
rise in systolic pressure throughout ejection10, 12–16. Since Ea is determined by Pes/SV, the
greater the disparity between Pes and mean arterial pressure (i.e. the more pulsatile or stiff the
arterial system), the higher Ea will be relative to mean resistance load7. Ea varies directly with
SVR and heart rate and inversely with arterial compliance17, 18. Different combinations of
resistive and compliance loading alterations can lead to dramatic fluctuations in cardiac stroke
work and peak power, despite stable Ea and Ea/Ees ratios, so it is worth considering the
individual components of total arterial afterload (Ea).

A commonly employed system to model the behavior of the vasculature is that of the 3-element
Windkessel, which deconstructs arterial load into a proximal resistance to pulsatile flow in the
ascending aorta (characteristic impedance, Zc) proximal to a distal arteriolar resistance (mean
SVR) and large vessel compliance (total arterial compliance, Ca) arranged in parallel (Figure
2a)7, 17. An increase in steady load is manifest as an increase in SVR, while a change in
pulsatile load would alter Zc and/or Ca. The Windkessel does not incorporate the effects of
wave reflections, which become much more relevant with aging and vascular stiffening, often
leading to dramatic increases in late-systolic load19. Wave reflections and late-systolic load
are most readily quantified by examining the amplitude of the reflected pressure wave relative
to total pulse pressure. This ratio, usually expressed as a percentage, is known as the
augmentation index (Fig. 2b). As we will discuss, increases in late-systolic load may be
particularly deleterious in their effects on diastolic relaxation20.

Ventricular-Arterial Stiffening in HFpEF
In patients with HFpEF, the Ea/Ees ratio falls compared to younger individuals, but is similar
to that of asymptomatic hypertensive elderly patients13, 15, 21, 22. Importantly, it still falls
in a range where external work and efficiency are not likely compromised9. However, while
the ratio itself is reduced, the absolute value of both numerator and denominator are
significantly elevated. Thus, HFpEF patients have elevated vascular stiffness, as well increased
ventricular stiffness in both systole and diastole15, 21–23.

The net interaction between ventricular and arterial stiffness is important because it can
significantly impact the first two components of optimal coupling – blood pressure homeostasis
and preservation of adequate cardiovascular reserve. As displayed in Fig 3a–b, an increase in
both Ea and Ees means that systolic pressures are much more sensitive to changes in LV end
diastolic volume, and thus central blood volume. Small changes in volume that might
accompany dietary indiscretion or diuretic usage will translate to more exaggerated changes
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in arterial pressure in a stiffer ventricle-artery system. The same can be said for changes in
afterload—a given change in Ea in the setting of an increased Ees produces very large shifts
in systemic blood pressures despite little change in stroke volume (Fig. 3c–d). These higher
pressures during stress increase the amount of myocardial oxygen consumption required to
deliver a given stroke volume, and can potently influence systolic and diastolic function15.
Increased ventriculoarterial stiffening amplifies the systemic blood pressure response to acute
preload alteration, as is seen with normal aging in humans (Fig. 3e–f)13.

Mechanisms of Ventricular-Vascular Stiffening
Ees is determined by both active and passive muscle properties. Passive behavior is somewhat
of a misnomer, since diastolic tone is regulated in part by calcium handling and also by
qualitative (including post-translational phosphorylation state) and quantitative changes in
multiple sarcomeric proteins24. Diastolic stiffening is related to properties of myocyte size,
chamber geometry, intra-sarcomeric protein composition, cytosolic and membrane
distensibility, and extracellular matrix composition, fibrillar crosslinking, and biophysical
properties. Systolic ventricular elastance is related to the same determinants, as well as
activated myofilament properties, changes in structural protein behavior shortened to smaller
lengths, and interactions of the activated myocytes with the matrix. Vascular stiffening also
stems from structural and muscle-tone dependent factors. Smooth muscle tone plays an
important role, as does the geometry of the vessel (e.g. dilation), elastin and collagen content,
cross-linking of matrix components, and other factors. These topics have been reviewed
extensively elsewhere25.

How does increased ventriculoarterial stiffness relate to patients with HFpEF? Hypertension
with left ventricular hypertrophy and/or concentric chamber remodeling is common in this
disorder26, 27. In a large observational study of consecutive patients presenting with HFpEF,
the mean LV mass index was several standard deviations above normal cutoff partition values
defining LV hypertrophy27. Myocyte hypertrophy has been documented, along with a modest
rise in myofibrillar content, and increases in passive myocyte stiffness in triton-skinned
cells28, 29. Myocardial fibrosis is common, although this is not necessarily different than that
observed in patients with systolic heart failure29. Ventricular cellular passive stiffness has been
found to correlate with estimates of diastolic chamber stiffness in HFpEF subjects28, consistent
with clinical data22, 23. Not all of the increase in diastolic stiffening is ascribable to ventricular
properties, however, because external loading factors (including pericardial and right heart
interaction) also contribute importantly to observed diastolic stiffening, as indicated by
invasive pressure-volume analysis15, 30.

Diastolic stiffening leads to fluid redistribution into the lungs and limits filling, but it cannot
explain why patients with HFpEF typically present with severe, uncontrolled hypertension
when they develop pulmonary edema31, and often display marked blood pressure sensitivity
to vasodilator and/or diuretic therapy. The latter more directly relates to increased left
ventricular systolic stiffening (Ees)13, 15. In addition to arterial systolic pulse pressure and
stiffness which are known to increase with age, Ees also rises in tandem7, 10, 12–14. In subjects
with hypertensive heart disease, and those who go on to develop HFpEF, this stiffening is more
pronounced over age-matched controls (Figs 1c, 3, 4). Since Ees has also been viewed as a
measure of systolic contractile function, one might conclude that this reflects enhanced
contractility. However, this seems unlikely, as other less chamber geometric-dependent
parameters do not increase with aging. Early studies showed that Ees rose out or proportion to
Ea in HFpEF15, but more recent studies indicate that many patients with hypertensive heart
disease may also have similar increases in ventricular-arterial stiffness21, 22. The presence of
ventriculoarterial stiffening in patients without HF does not mean that it is not important in the
pathophysiology of HF, just as the presence of diastolic dysfunction in patients without HF
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does not indicate that the latter is not relevant in HFpEF. Rather, it underlines the highly
integrated and multifaceted mechanisms which conspire to cause symptoms in HFpEF patients.

In addition to being older and hypertensive, the majority of HFpEF patients are female26, and
this factor may also influence abnormal ventricular-arterial stiffening. Women develop more
concentric LV hypertrophy in the setting of pressure overload as compared with men10, 32,
33. A large population-based study showed that the age-dependent increases in ventricular
systolic and arterial stiffness are much greater in women compared to men. With exercise,
healthy older women display a greater increase in arterial elastance than younger women, while
men do not show this interaction between age and acute stiffness changes11. These factors
might provide clues to explain the increased prevalence of HFpEF in older women10. In
contrast to vascular and ventricular systolic stiffening, mean peripheral vascular resistance
does not show this age-dependent rise, and is greater in men. Thus, women are more likely to
display accentuated increases in pulsatile loading with age, associated with greater coupled
ventricular-arterial stiffening10.

Pathophysiology of Ventricular-Arterial Stiffening
Systolic Effects

Table 1 summarizes the effects of ventriculoarterial stiffening. As described above, one major
consequence is increased blood pressure lability and sensitivity to volume and vascular loading
13. In a normal heart-artery system, a rise in EDV results is a given rise in end systolic pressure
(Fig 3a). However, in a typical HFpEF patient, even if the coupling ratio is normal, the same
change in EDV will lead to an exaggerated change in blood pressure (Fig 3b). The pressure-
volume area or stroke work (shaded) to achieve this given stroke volume is therefore also higher
in the HFpEF patient15. Similarly, decreases in preload will lead to greater drops in systolic
pressure in this stiffly-coupled system, and changes in afterload (Ea) are also associated with
enhanced changes in blood pressure, because of an elevated baseline Ees (Figs 3c,d). Thus the
heart-artery system in HFpEF patients is “high gain” in terms of pressure changes with small
loading perturbations, and there is less change in stroke volume for a given alteration in blood
pressure. Figure 4 shows marked increases in systemic and LV filling pressures during
isometric handgrip in two patients with HFpEF—changes that are much more dramatic because
of the steep baseline Ees. This is a key distinction comparing HFpEF with systolic heart failure,
where large increases in stroke volume are often associated with minimal change in systemic
blood pressure with vasodilators, because of greatly diminished Ees34.

In addition to enhanced load-sensitivity, systolic reserve function also becomes limited with
increased stiffening. A high basal Ees means there is less effective change in systolic
performance for a given percent rise in Ees during stress demands. Increases in Ees reflect
contractility reserve, but the impact of a change in Ees on net cardiac output is non-linear, being
much greater when the starting value is low than when it rises (Fig 5a). If you link a heart with
a high Ees to a stiff arterial system, the net effect on systolic pressure is exacerbated13, 15,
and thus ejection is further compromised. Since exercise duration is predominately determined
by cardiac output reserve35, 36, combined systolic ventricular and vascular stiffening can be
an important contributor to exertional incapacity.

A third consequence of combined arterial-ventricular systolic stiffening is that the cardiac work
required to deliver a given cardiac output increases. Fig 5b shows the estimated increase in
cardiac work necessary to achieve a given change in stroke volume as a function of ventricular
(Ees) and arterial (Ea) properties for four patient groups, including subjects with HFpEF – who
have double or more the energetic cost to the heart as compared to younger controls, and age
matched hypertensive subjects without LVH15.
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Diastolic Effects
Cardiac interaction with a stiff arterial system amplifies late systolic pressure loading because
of an increase in pulse wave velocity and the amplitude of reflected waves (i.e. increased
augmentation index, AI), impacting upon both systolic and diastolic processes16. Acute
increases in afterload prolong relaxation in both humans and animals24, 37–39. Afterload
dependence is more pronounced in heart failure37, possibly related to abnormal
phosphorylation of troponin I (TnI). Our lab recently showed that constitutive activation of
protein kinase A (PKA) phosphorylation sites attenuates afterload-induced impairment in early
diastolic relaxation, suggesting that part of the response seen in heart failure might be related
to downstream abnormalities in β-adrenergic signaling40. More recently, Bilchick et al.
examined a transgenic murine model expressing partially dephosphorylated PKA sites and
constitutively active PKC sites41. Transgenic animals displayed a doubling in isovolumic
relaxation time with a given increase in afterload, an effect which could not be rescued with
isoproterenol coadministration.

There is less abundant human data concerning the afterload-dependence of diastole,
particularly in HFpEF patients. Figure 4 shows example pressure-volume responses with acute
isometric handgrip are shown for two patients with HFpEF15. Because of the steep end-systolic
pressure-volume relationship (high Ees), there is a greatly exaggerated increase in systolic
blood pressure, associated with an acute increases in diastolic filling pressures and prolongation
of early pressure decay. Increases in late-systolic load may be most deleterious in their effects
on early relaxation39, possibly related to qualitative changes in thick-thin filament dissociation
with altered loading sequence (late versus early peak load)42. We recently showed that LV
early diastolic relaxation, as assessed with tissue Doppler echo, varies inversely with net
afterload and vascular stiffness, and directly with total arterial compliance in patients with and
without hypertensive heart disease20. Intriguingly, relaxation was most strongly correlated
with the pulsatile components, particularly late-systolic load (Figure 6). These results suggest
that therapies specifically targeting vascular stiffness and wave reflection may be beneficial to
improve diastolic relaxation. These findings are consistent with a recent clinical trial
demonstrating improved relaxation velocity with chronic vasodilator therapy43.

Rates of early pressure decay have traditionally been felt to have little effect upon LV end
diastolic pressure, as the latter is thought to be influenced primarily by passive chamber
compliance44, 45. Despite evidence for afterload-modulation of early relaxation, there is little
known about how afterload might modulate passive diastolic compliance46. Leite-Moreira et
al. showed that increases in afterload prolong relaxation and shift the pressure-dimension
relationship upward in rabbits, although the single beat method employed could not discount
pericardial restraining effects, and the amount of increase required to elicit a change (80% of
isovolumic contraction) may not be physiologically relevant in humans39. More recently,
Shapiro and colleagues examined afterload-dependence of diastolic compliance in an aged-
hypertension canine model of HFpEF47. Acute phenylephrine-induced increases in Ea reduced
LV diastolic capacitance and increased filling pressures. At each level of load, stiffness was
higher in the aged-hypertension dogs compared to young controls (consistent with more severe
diastolic dysfunction), but intriguingly, there was no difference in the slope of the relationship
between afterload and diastolic compliance between the groups. Even more intriguing is the
observation that the variation in capacitance as a function of afterload was much more
substantial than the absolute differences due to disease presence or absence alone. Further study
is required to better define how afterload might dynamically modulate LV chamber
compliance.
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Vascular Effects
The left ventricle normally depends upon diastolic arterial pressure as the driving force for
coronary artery perfusion, with more than 70% of left coronary flow occurring during diastole.
However, when the heart ejects into a stiff vasculature, it becomes more dependent upon
systolic coronary flow48, 49. This change in pulse perfusion pattern may render the heart more
sensitive to acutely impaired systolic performance. When the heart ejects into a compliant
arterial system, acute left coronary occlusion is well compensated for by moderate chamber
dilation, and there is little decline in systolic pressure. However, when the same heart ejects
into a stiff vascular system by means of an in vivo aortic bypass tube49, the results are markedly
different—the heart dilates much more, and the magnitude of both the ischemic bed size and
resulting decline in function is exacerbated.

The endothelium is a major physical force transducer that senses local changes in shear stress
(flow) and vessel distension (stretch), translating these signals to regulate endothelial function
and vascular tone. Pulsatile perfusion combines both stimuli, and recent studies from our
laboratory have revealed that these two signals combined provide additive stimulation for nitric
oxide synthase, a primary upstream kinase activator (Akt), and cytoprotective effects against
oxidant stress50. The latter appear primarily mediated by the augmented rise in Akt activation.
However, pulse perfusion in the relative absence of wall cyclic distension yields a different
response. Here, Akt activation is blunted, there is correspondingly less rise in NOS activation,
and a substantial blunting of the protection to oxidant stress. This signaling appears specifically
coupled to the stretch stimulation (rather than shear), and although the exact cascade
responsible remains to be elucidated, it has intriguing implications. One is that reduced arterial
compliance can itself blunt the normal flow-mediated dilatory response that is a central
component of vasodilator reserve under stress. While this direct link has yet to be proven in
vivo, it may indeed contribute to vasodilator reserve limitations in the elderly, and in particular
individuals with HFpEF, who need to recruit this reserve as a compensation for the loss of
other cardiovascular mechanisms36.

Ventricular-Arterial Stiffening and Exercise Reserve
Increases in ventricular and vascular stiffness affect cardiovascular reserve function with
exercise stress. Warner and colleagues studied the effects of losartan on exercise performance
in 20 asymptomatic subjects with echo-Doppler diastolic dysfunction and a hypertensive
response to exercise, suggesting increased ventricular-vascular stiffness51. While losartan had
no effect on resting blood pressure, it blunted the peak systolic pressure during exercise,
increased the time to BP>190 mmHg, and was associated with a ~10% increase in peak oxygen
consumption. More recently, the same group performed a separate, randomized exercise
intervention study, where subjects received either 6 months of losartan or hydrochlorothiazide.
They found similar reductions in exercise-induced hypertension with each treatment, but only
losartan improved exercise performance and quality of life measures, suggesting that direct
ventricular and/or vascular effects, rather than blood pressure changes per se, are critical in
determining cardiovascular reserve function52.

Hundley et al. studied the relationship between MRI-derived proximal aortic distensibility and
exercise performance in 10 young, 10 older, and 10 HFpEF subjects53. Aortic distensibility
is highest in the young and most compromised in HFpEF patients, even compared with healthy
older subjects. The authors went on to show that aortic distensibility strongly predicts exercise
performance (Fig. 7), even after adjusting for age and gender in multivariate regression
analysis. Aortic wall thickness was significantly greater in HFpEF subjects compared with
both groups; supporting the notion that abnormal vascular remodeling contributes to increased
arterial stiffening in these patients, independent of, or in addition to, normal aging.
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In a noninvasive hemodynamic study, we compared subjects with HFpEF to matched controls
with hypertensive LVH, and found that HFpEF patients displayed a markedly impaired ability
to augment cardiac output with exercise, despite similar increases in preload36. The inability
to augment cardiac output with stress correlated with chronotropic incompetence and an
inability to vasodilate and drop systemic vascular resistance during exercise. Baseline blood
pressure and vascular stiffness were similarly elevated in both groups, and only by measuring
changes with exercise was the deficit in vascular reserve function observed. More recently, we
found that among subjects with hypertensive heart disease referred to the cath lab for evaluation
of dyspnea, acute exercise-induced increases in LV diastolic filling pressures were highest in
subjects with the greatest exercise-induced increase in Ea and Ees, highlighting the importance
of resting and exercise-induced stiffening in affecting exercise reserve54.

Therapeutic Strategies Targeting Stiffness
Ventricular-vascular stiffening can be treated with agents that acutely modulate ventricular
systolic and diastolic performance, vascular smooth muscle tone, and endothelial function.
Verapamil, which acutely reduces ventricular and vascular stiffness, improves exercise
capacity in patients with HFpEF, hypertrophic cardiomyopathy, and elderly subjects with
hypertension and hypertrophy55–57. A recent trial in older hypertensive patients found that
verapamil led to significant reductions in ventricular and vascular stiffness and these changes
were in turn associated with a 50% improvement in aerobic exercise performance57. Short
term treatment with the angiotensin receptor antagonist losartan improves exercise
performance in subjects with a hypertensive response to exercise as described above51, 52,
while acute vasodilation with sodium nitroprusside did not share such beneficial effects58.
Because isolated reduction in Ea results in greater decreases in blood pressure with less increase
in stroke volume with a high baseline Ees (Fig 3), vasodilators that do not also treat ventricular
stiffness will tend to have less benefit. Propranolol, which does decrease Ees, but also increases
Ea, does not improve exercise performance59. Given the extent of chronotropic incompetence
in HFpEF patients36, 60, drugs such as calcium channel antagonists and beta blockers require
more study to compare offsetting effects on ventricular and arterial stiffness and heart rate, in
addition to examining differences in acute versus chronic effects.

Many of the changes in ventricular-arterial stiffness in HFpEF are chronic, due to alterations
in the material properties of the cardiovascular system25, 61. In the largest randomized trial
of HF with near-normal EF, there was a borderline-significant treatment effect driven by a
reduction in hospitalizations for HF62. However, this trial enrolled subjects with HF and
EF>40%, and many would consider those with EF<50–55% to have some element of systolic
dysfunction26,27. ACE-inhibitors, which also reduce vascular stiffness, may be useful in
HFpEF63. Other treatments under evaluation include aldosterone64, 65, TGF-β66, and
chymase antagonists67. A large-scale randomized, NIH-funded trial is currently underway
testing the efficacy of the aldosterone antagonist spironolactone in HFpEF.

Ventricular hypertrophy is commonly seen in HFpEF, and the increase in stiffening and
concentric remodeling seen with hypertensive heart disease commonly result in increased Ees,
thus hypertrophy may be a novel therapeutic target in this disorder and those at risk. Controlling
blood pressure and afterload is the most obvious way to ameliorate hypertrophy, but strategies
specifically targeting concentric remodeling may be synergistically useful as well. Among the
panoply of candidate small molecules involved in hypertrophic signaling is rho kinase, a key
downstream effecter of Gq-protein coupled angiotensin-II signaling24, 68. Rho kinase
increases vascular smooth muscle cell tone, and the rho kinase inhibitor fasudil is being
evaluated as an anti-anginal drug. Fasudil also attenuates Ang-II-induced cardiac hypertrophy,
thus therapies interfering with rho kinase may prove synergistically useful related its
vasodilatory and anti-hypertrophic properties69, 70. HMG CoA-reductase inhibitors (statins)
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have recently been shown to be associated with improved survival in a retrospective analysis
of patients with HFpEF, and intriguingly, are known to also inhibit Rho kinase activation70,
71. We recently demonstrated that the phosphodiesterase 5 inhibitor sildenafil prevents the
hypertrophic response to pressure overload in mice72. In humans, sildenafil suppresses acute
β-adrenergic stimulated contractility73. The NIH-sponsored RELAX trial will soon begin
enrollment, studying whether chronic PDE5 inhibition with sildenafil can improve exercise
performance and reduce ventricular hypertrophy and vascular stiffening in HFpEF patients.

As clinically-based pathophysiologic research continues to identify mechanisms whereby
ventricular-arterial stiffening impairs cardiovascular function, and basic research defines the
key cellular players involved in promoting ventriculoarterial stiffness, remodeling, and
hypertrophy, we will increasingly be able to better treat patients with HFpEF by targeting these
highly complex coexisting, and highly-integrated pathophysiologic pathways related to
ventriculoarterial stiffening.
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Figure 1.
[A] Left ventricular end systolic elastance (Ees) is described by the slope and intercept of the
end-systolic pressure-volume relationship, while arterial elastance (Ea) is defined by the
negative slope between the end-systolic pressure volume point and end diastolic volume. [B]
A normal adult has relatively low Ees and Ea, with a coupling ratio around unity, while older
aged, hypertensive and HFpEF subjects [C] display marked increases in ventricular and arterial
elastance.
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Figure 2.
Effective arterial elastance incorporates both mean resistive and pulsatile components of
afterload. Panel [A] shows the electrical circuit analog of the 3-element Windkessel model,
which consists of a proximal characteristic impedance (Zc) upstream of total arterial
compliance (Ca) and systemic vascular resistance (SVR) arranged in parallel. [B] With
vascular stiffening, pulse wave velocity increases, such that reflected waves return to the
ascending aorta in late systole rather than early diastole. The magnitude of late-systolic load
can then be quantified by the augmentation index (AI), described by the ratio of augmented
(AP) to pulse pressure (PP).
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Figure 3.
[A] Isolated increases in preload volume (EDV) with stable Ees and Ea lead to increases in
blood pressure (BP) and stroke volume, but in a stiff ventriculoarterial system [B], the same
increase in EDV produces a much larger increase in BP with proportionately less augmentation
in stroke volume. Similarly, an isolated increase in afterload produces much more increase in
BP in a stiff system [D] compared with normal or low elastances [C]. Note again that the change
in stroke volume is much less pronounced in the stiff heart-artery system, and the stroke work
or pressure-volume area (shaded) is much greater, indicating higher myocardial oxygen
demand to achieve the same net volume transfer. Increased stiffness explains why older adults
show much greater dependence of BP on preload [E]. The slope of the SBP-preload relation
is higher in healthy older versus younger subjects [F]. Panels E and F from Chen CH, Nakayama
M, Nevo E, Fetics BJ, Maughan WL, Kass DA. Coupled systolic-ventricular and vascular
stiffening with age: implications for pressure regulation and cardiac reserve in the elderly. J
Am Coll Cardiol. Nov 1998;32(5):1221–1227.

Borlaug and Kass Page 15

Heart Fail Clin. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Example pressure volume loops taken from patients with HFpEF at baseline and with acute
increases in Ea induced by isometric handgrip (arrows). Because of elevated baseline stiffness,
the “gain” is much greater with further increases, leading to severe hypertension. Note the
greatly increased end-diastolic LV pressures during handgrip. From Kawaguchi M, Hay I,
Fetics B, Kass DA. Combined ventricular systolic and arterial stiffening in patients with heart
failure and preserved ejection fraction: implications for systolic and diastolic reserve
limitations. Circulation. Feb 11 2003;107(5):714–720.

Borlaug and Kass Page 16

Heart Fail Clin. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
[A] Starting from a high resting ventricular stiffness greatly limits the capability of the
cardiovascular system to further increase stroke volume, regardless of baseline Ea. [B]
Energetic costs are highest in HFpEF patients to augment stroke work because of increased Ea
and Ees, decreasing efficiency and potentially predisposing to ischemia. Panel 5B from
Kawaguchi M, Hay I, Fetics B, Kass DA. Combined ventricular systolic and arterial stiffening
in patients with heart failure and preserved ejection fraction: implications for systolic and
diastolic reserve limitations. Circulation. Feb 11 2003;107(5):714–720.
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Figure 6.
Tissue Doppler-derived early relaxation velocity (E’) varies inversely with afterload and
directly with arterial compliance. The relationship between afterload and relaxation is tightest
with markers of late systolic load and vascular stiffness (AI, Zc). From Borlaug BA,
Melenovsky V, Redfield MM, et al. The impact of arterial load and loading sequence on left
ventricular tissue velocities in humans. J Am Coll Card. 2007, in press.
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Figure 7.
Metabolic exercise performance is directly related to aortic distensibility [A] and cross
sectional area change [B] in patients with HFpEF, older-aged controls, and young healthy
controls. From Hundley WG, Kitzman DW, Morgan TM, et al. Cardiac cycle-dependent
changes in aortic area and distensibility are reduced in older patients with isolated diastolic
heart failure and correlate with exercise intolerance. J Am Coll Cardiol. Sep 2001;38(3):796–
802

Borlaug and Kass Page 19

Heart Fail Clin. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Borlaug and Kass Page 20

Table 1
Pathophysiology of Ventricular-Vascular Stiffening

Underlying Abnormality Hemodynamic Consequences Clinical Relevance
Increased Ventricular

Systolic Stiffness
1 Exaggerated change in blood pressure for a

given change in preload or afterload

2 Lower contractile reserve

3 Lower stroke volume reserve

4 Greater energetic cost to eject a given stroke
volume

1 Hypotension and oliguria with slight
over-diuresis or the addition of a new
vasodilator agent

2 Modest volume infusion leads to
hypertension and/or acute pulmonary
edema

3 Impaired exercise tolerance and
functional disability

4 Increased myocardial oxygen demand
and ischemia

Increased Arterial Stiffness 1 Exaggerated change in blood pressure for a
given change in preload or contractility

2 Increased total afterload, wave reflections
and late systolic load

3 Greater dependence upon systolic pressure
for coronary flow

4 Abnormal endothelial
mechanotransduction

1 Same as #1 and #2 above

2 Impaired relaxation and decreased LV
diastolic compliance, prolonged
systole, abbreviated diastole

3 Increased ischemia and infarct size for
a given drop in systolic blood pressure

4 Endothelial dysfunction, abnormal
vasodilation response to stress
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