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Afterload is an important determinant of myocardial contraction and relaxation. Afterload-

dependency of relaxation has been demonstrated in the intact left ventricle (LV).1–4 

Experimental animal2,3 and human4 studies demonstrate that the effects of afterload depend 

on its timing, with late systolic load inducing more profound impairments in LV relaxation, 

compared to early systolic load. In this issue of Hypertension, Gu et al5 report on a study 

that provides novel insights into diastolic-systolic coupling and helps us integrate and 

reconcile a number of previous findings.

Although the terms “myocardial afterload” and “ventricular afterload” are often used 

interchangeably, it is important to recognize that the relationship between LV and 

myocardial afterload is markedly influenced by the time-varying LV geometry during 

systole, which in turn affects the myocardial wall stress (MWS) for any given LV chamber 

pressure. LV afterload is the hydraulic load imposed by the entire systemic circulation 

(aortic input impedance), which depends on the pressure required to generate flow (ejection) 

into the proximal aorta. In contrast, myocardial afterload is determined by the MWS 

required to generate fiber shortening. In line with Laplace’s law of the heart, for any given 

LV pressure, lower MWS occurs as the ratio of LV chamber volume to LV wall volume 

decreases. When the MWS and LV geometry are such that LV pressure exceeds diastolic 

aortic pressure, LV ejection starts. Throughout ejection, the time-varying MWS (and fiber 

shortening) are determined by complex interactions between myocardial contractile 

elements, the instantaneous LV geometry and the time-varying hydraulic load imposed by 

the arterial tree.6 All key correlates of MWS (LV wall thickness, cavity size and pressure, 

which for any given flow ejected, depends on the aortic input impedance) exhibit marked 

variations during ejection. Therefore, time-resolving MWS during ejection (rather than using 
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a single end-systolic estimation) is necessary to gain insights into the bidirectional dynamic 

interactions between the myocardium, the LV chamber properties, and the arterial tree.

Characterizing the in vivo patterns of MWS has important implications for our 

understanding of how the heart deals with afterload in health and disease. Previous studies 

have shown that, among normotensive and hypertensive adults with a normal LV ejection 

fraction (EF), peak MWS typically occurs in early systole.6–8 This is followed by a marked 

change in the relationship between LV pressure and MWS during mid-systole, which 

determines a lower stress for any given LV (and aortic) pressure.6 This phenomenon, which 

appears ideal to protect cardiomyocytes against excessive load in mid-to-late systole,6,9 

depends on the dynamic reduction of LV chamber size relative to wall volume, and its 

magnitude is highly variable between individuals.6 In both normotensive and hypertensive 

individuals, a lower LV EF (even within the “normal” EF range) and a more concentric LV 

geometry (as seen in concentric LV remodeling or hypertrophy) are associated with a less 

pronounced mid-systolic shift of the pressure-stress relation, and thus a less efficient 

reduction in late systolic MWS for any given LV/aortic pressure.6 Therefore, although wave 

reflections selectively increase mid-to-late systolic LV load and MWS,6,7 the time course of 

LV contraction is an important determinant of the degree to which cardiomyocytes are 

“protected” against the effects of wave reflections in mid-to-late systole, a period of 

particular vulnerability to the deleterious effects of increased afterload.1–4,9

Gu et al5 studied the relationship between an index of early systolic myocardial shortening 

on one hand, and the subsequent course of systolic MWS or measures of diastolic function 

on the other, among hypertensive adults. As done in previous studies,6–8 the authors 

computed ejection-phase MWS using a combination of carotid tonometry (to obtain a 

surrogate of time-resolved ejection-phase LV pressure) and speckle-tracking 2D-

echocardiography (to obtain time-resolved LV cavity and wall volumes).6–8 As an index of 

early systolic fiber shortening, they computed the fraction of the LV end-diastolic volume 

ejected prior to the first LV systolic pressure peak (which they call “first-phase ejection 

fraction”, EF1). The time to peak MWS (i.e., the time after which MWS first starts to 

decline) was called the “time to the onset of relaxation” (TOR). Measures of diastolic 

function included the early diastolic mitral annular tissue Doppler velocity (e′, a surrogate 

of relaxation) and the ratio of early diastolic mitral inflow peak velocity to e′ (E/e′, a 

surrogate of left atrial pressure). The authors found that a lower EF1 and a later TOR were 

independently associated with worse diastolic function (lower e′ and higher E/e′). 

Sublingual nitroglycerin had no significant effect on LV EF, but increased EF1, reduced 

TOR and increased e′. Interestingly, EF1 was not correlated with the characteristic 

impedance of the proximal aorta, which governs the pulsatile LV load during early ejection. 

Therefore, a lower EF1 does not appear to simply reflect an “impeded” ejection from 

pulsatile arterial load during early systole, but may be a marker of the contractile state of the 

myocardium. In support of this, the authors found that intracoronary nitroglycerin increased 

EF1 (relative to the overall EF), at doses that are unlikely to affect the systemic vasculature. 

Therefore, even in the presence of a normal EF, it appears that subtle abnormalities in 

contractile function can determine unfavorable patterns in time-varying MWS that induce/

facilitate late systolic loading at the myocardial level.
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The findings of Gu et al are in line with a previous study in the community-based Asklepios 

cohort, including normotensive and hypertensive middle-aged adults, in which the ratio of 

late/early ejection-phase MWS was independently associated with impaired LV relaxation 

assessed with tissue Doppler.8 However, Gu et al provide novel findings, suggesting that a 

lower EF1 (which presumably depends, at least partially, on intrinsic myocardial contractile 

function), is associated with a prolonged time course of MWS. Reduced early phase ejection 

also implies an impaired dynamic reduction of LV cavity size in early systole, with an 

impaired reconfiguration of LV geometry, thus failing to markedly reduce MWS relative to 

pressure in mid-to-late systole. This creates a more direct relationship between LV pressure 

and MWS at a time when wave reflections exert the bulk of their hemodynamic load, 

exposing the myocardium to the deleterious effects of afterload during a period of increased 

vulnerability.

The authors provide an elegant explanation for their findings, suggesting that shortening-

deactivation (or lack thereof) is involved. Shortening-deactivation refers to the reduced 

capacity of active muscle fibers to develop force following shortening. Shortening-

deactivation also increases the relaxation rate of muscle. By decreasing force at the end of 

shortening, and increasing the relaxation rate, shortening-deactivation appears like a 

“perfect” mechanism to accelerate myocardial relaxation in situations in which myocardial 

force development in late systole is not necessary to sustain ejection (i.e., in normal 

conditions in which the LV contraction and dynamic changes in its geometry quickly reduce 

MWS in mid-systole, as mentioned above). However, when EF1 is reduced and the pattern 

of LV contraction fails to protect cardiomyocytes against increased load in mid-to-late 

systole, only sustained force development can allow for continued fiber shortening (and LV 

ejection against the arterial load), tending to preserve the EF on one hand, but impairing 

myocardial relaxation on the other. This paradigm not only explains findings in hypertensive 

subjects with a preserved LV EF, but can also explain the elusive load-independence of 

relaxation in healthy humans with intact myocardial/LV function, and the marked non-linear 

influence of LV chamber function (and EF) on the load-dependence of relaxation observed 

in response to nitroprusside and other vasoactive interventions that modify wave reflection.1

Although the mechanism underlying the observations of Gu et al cannot be ascertained from 

the data, it is highly plausible that shortening-deactivation is indeed involved. However, 

alternative mechanisms should be considered. Stretch-activation (the counterpart of 

shortening-deactivation, by which an increased fiber length prior to contraction enhances 

shortening velocity during contraction) may also be at play via reverse causation. In the 

presence of increased LV diastolic stiffness, myofiber lengthening is limited for any given 

level of LV end-diastolic pressure. Therefore, processes that increase LV stiffness (such as 

myocardial fibrosis and concentric remodeling), may limit lengthening-activation, reducing 

early systolic contractility and EF1. Because these same processes are associated with 

impaired relaxation and increased filling pressures, they may represent an “epiphenomenon” 

contributing to the link between EF1 and diastolic dysfunction. Similarly, to the degree that 

the inotropic and lusitropic states of the myocardium are coupled at the biochemical level, a 

better EF1 could simply be a maker of better systolic (and by association, better diastolic) 

myocardial function. Finally, in cases of less robust myocardial tracking (an unavoidable 

problem with speckle tracking echocardiography), dynamic changes in cavity size may be 
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underestimated throughout ejection. This would underestimate early systolic ejection and 

also overestimate late systolic cavity size (and MWS). Such correlated error may introduce 

(or exaggerate) relationships between EF1 and late systolic MWS, but is unlikely to explain 

the relationship between EF1 and diastolic function.

Figure 1 presents a pathophysiologic paradigm that aims to integrate our current 

understanding of time-varying myocardial systolic load on diastolic function in vivo. Several 

questions require further investigation: (1) Is the effect of wave reflections on heart failure 

risk9,10 explained by a “two-hit” model, by which a primary cardiomyopathic process 

impairs early ejection enough for the myocardium to be “exposed” to late systolic arterial 

load by wave reflections?; (2) Given the ill effects of late systolic arterial load on chronic LV 

hypertrophy and fibrosis,11,12 do wave reflections potentiate and perpetuate primary 

cardiomyopathic processes that impair the time course of MWS?; (3) In the presence of 

impaired early systolic ejection (EF1) despite preserved overall EF, could enhancing 

shortening-deactivation be beneficial to improve diastolic relaxation, at the expense of some 

impairment in late systolic ejection?; Would concomitant therapeutic reductions in wave 

reflection ameliorate the later problem and/or potentiate improvements in diastolic function 

in this setting? (4) Do these observations extend to patients with established heart failure 

with preserved and reduced EF?. These clinically-relevant questions can be successfully 

approached with human experimental studies, but only if adequate in vivo physiologic 

assessments are made. Gu et al should be congratulated for adopting deep phenotyping and 

applying clever mechanistic thinking to increase our understanding of abnormal systolic-

diastolic coupling, a highly relevant problem underlying the current epidemic of congestive 

heart failure.
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Figure 1. Working pathophysiological model linking time-varying MWS and diastolic 
dysfunction
Arterial wave reflections selectively increase mid-to-late systolic LV load and MWS (1). 

However, the effect of wave reflections on MWS is strongly influenced by the LV 

contraction pattern. Normally, brisk force development and fiber shortening occur in early 

systole, resulting in LV ejection and a dynamic reconfiguration of LV geometry that results 

in a mid-systolic reduction in MWS relative to LV pressure, thus protecting the 

cardiomyocytes against excessive load in mid-to-late systole (a period of increased 

vulnerability). The phenomenon of shortening-deactivation, which decreases force 

development after rapid shortening, and increases the relaxation rate of muscle, is a perfect 

“match” to this normal physiology, because sustained myocardial force development in mid-

to-late systole is unnecessary to preserve fiber shortening and LV ejection against the load 

imposed by wave reflections. However, in the presence of contractile abnormalities that 

compromise early ejection (and reduce EF1) (2), the mid-systolic dynamic geometric 

reconfiguration of the LV that favors a reduced MWS relative to pressure does not occur. 

Late systolic MWS therefore more directly correlates with LV pressure, indicating that the 

myocardium is less protected from late systolic arterial load induced by wave reflections, 

thus facilitating their ill effects (curved blue solid arrow). In these conditions, shortening-

deactivation does not operate fully, such that force development continues or increases in 

mid-to-late systole, tending to preserve the overall EF on one hand, but impairing relaxation 

(3) on the other. Late systolic LV load from wave reflections also promotes chronic LV 

hypertrophy/fibrosis11,12 (4), which can induce diastolic dysfunction (5) and contractile 

abnormalities (curved blue dotted arrow) in their “own right”. Concentric LV hypertrophy/

remodeling is also intrinsically associated with a blunted mid-systolic shift in the pressure-

MWS relation, facilitating a myocardial loading sequence characterized by increased late 

systolic load (curved red solid arrow). Finally, reduced lengthening-activation from 

increased ventricular stiffness may impair early systolic contraction (curved red dotted 
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arrow). For simplicity, the potential role of other factors (stored potential energy in the 

myocardium/restoring forces, interventricular dependence, pericardial restraint, ascending 

aortic stretch and
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