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What You Will Learn in This Chapter

This chapter will equip you with an understanding of the determinants of cardiac contractil-
ity and the changes observed in these within the context of heart failure. We will begin by
discussing the fundamentals of cardiac output, the effects of preload and afterload on ven-
tricular function, and their clinical significance.

Learning Objectives
Understand the main determinants of cardiac performance.
Appreciate the difference between preload, afterload and contractile state.
Appreciate the importance of pressure-volume loops.

10.1 What We Know: Cardiac Output

Cardiac output (CO) refers to the volume of blood ejected by the heart in 1 minute,
expressed in litres per minute (I/min). CO continuously fluctuates to meet the chang-
ing energetic demands of the body and is determined by the product of the stroke
volume(SV)(the volume of blood ejected by the heart in each beat) and heart rate (HR), in
the following relationship: CO = SV x HR (Eq. 1) [1]. In the first part of this chapter, we
will look into the fundamental role of HR in the regulation of CO, and appreciate how SV
is governed by preload, afterload and cardiac contractility. The relationship of these
parameters in the context of pressure-volume loops will then be discussed.

In response to stress (e.g. exercise, pregnancy, heart failure), a primitive fight-or-flight
response is mounted by the adrenergic system, triggering an increase in CO. This is
achieved in part through an increase in HR (known as positive chronotropy). Yet, because
HR and SV are not independent variables, the effect of HR on CO is not straightforward.
In fact, increasing HR decreases SV (8 Fig. 10.1a). In open-chested dogs, artificially pac-
ing the heart to high HRs causes the CO to increase, reach a plateau and then drop above
a threshold value (8 Fig. 10.1b) [2]. However, the main determinant of CO is venous
return and not HR (see preload). Generally, maximal CO is expected to occur with the
highest possible HR that does not compromise filling [3].
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10.1.1 The Role of Ca%* in Cardiac Contraction

During the cardiac action potential, Ca** influx via sarcolemmal L-type Ca?*-channels
leads to Ca?* release from the sarcoplasmic reticulum and the generation of the whole-cell
Ca?* transient (see chapter excitation-contraction coupling). The subsequent rise in Ca**
then triggers a molecular interaction between thin (actin) and thick (myosin) myofila-
ments on sarcomeres, the cardiomyocyte’s contractile units [4]. The magnitude of force
generated by cardiomyocytes is strongly paired to the intracellular Ca®* concentration,
[Ca>"], [5].

Specifically, increasing [Ca**]; results in a non-linear increase in force, meaning that
small changes in [Ca®*]. can result in functionally significant changes in CO [6]. This steep
relationship between [Ca**]. and force can be described with a negative logarithmic [Ca?*],
scale (pCa), characterized by a sigmoid curve organized symmetrically around the half-
maximum force at pCa,, as shown in @ Fig. 10.2 [6]. Changes in the sarcomere’s myofila-
ment Ca®" sensitivity can affect the magnitude of force generated at a given [Ca*'].
Interventions that affect myofilament Ca** sensitivity can shift the curve to the left or
right, leading to greater or lesser force generation at a given [Ca?'], respectively [7, 8]. For
example, decreased pH increases pCa,; (decreases Ca** sensitivity), whereas increasing

sarcomere length decreases pCa,, thereby increasing Ca** sensitivity.

10.1.2 Preload

In 1884, Howell and Donaldson demonstrated that increasing the venous return in an
isolated mammalian heart-lung preparation increased CO, whilst decreasing it had the
opposite effect [7]. A few years later, Otto Frank and Ernest Starling showed that stepwise
increases in diastolic volume and pressure increased the magnitude of cardiac contraction
[9, 10]. To study these observations in vitro, strips of ventricular myocardium are stretched
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to different lengths and the generated force measured. Application of stretch represents a
load on the myocardium, termed preload. With electrical stimulation, the myocardium
contracts, allowing us to investigate the effects of varying preload on contraction.
Increasing preload increases force generation. This observation is known as force-length
relationship or Frank-Starling Law (8 Fig. 10.3).

At the level of the whole heart, increased preload is represented by greater blood filling
of the ventricle, increasing end-diastolic volume (EDV) and thus pressure (EDP). This
stretches the myocardium, explaining why increased venous return augments cardiac
contraction [8]. So, what is the mechanism behind this phenomenon?

Laser diffraction measurements show that at higher preload, sarcomeres in cardio-
myocytes are lengthened [8]. When force is plotted as a function of sarcomere length (SL),
increasing the latter results in increase in force [9]. The first mechanism to explain this is
known as filament overlap and interference [9]. In vivo, cardiomyocyte SL ranges from 1.8
to 2.2 pm, with maximum force attained at SL 2.2-2.4 pm [11, 13]. At low SLs (<2.0 pm),
thin filaments cross the midline, extending into the ‘wrong’ half of the sarcomere. This
leads to a fraction of myosin heads pulling in the opposite direction, hampering net force
production [8]. Stretching the sarcomeres minimizes this interference, increasing con-
tractile performance [11, 14]. Although this partly explains the ascending limb of the
force-length relationship (@ Fig. 10.3), other physical mechanisms such as opposing
forces due to compression of the thick filaments at the Z-bands at low muscle lengths have
been proposed to explain the steep part of the force-length function [10].

However, by far the most important mechanism underlying the Frank-Starling law is
the dynamic relationship between SL and myofilament Ca** sensitivity [5]. Increasing SL
increases myofilament Ca?* sensitivity, leading to a leftward shift in the force-Ca** curve
and an immediately increased contraction at any given [Ca*'], shown in @ Fig. 10.4 [7, 11,
15]. An increase in SL also causes a delayed increase in the amplitude of the Ca* transient.
The latter accounts for ~#30% of the total force increase observed with stretch [12].

Thus, we have seen that an increase in preload increases force generation in a biphasic
manner, namely, with an immediate component, that is, the shift in Ca?*myofilament sen-
sitivity, and a delayed component, namely, the increase in Ca?* transient amplitude. It is
generally agreed that the Frank-Starling law refers to the immediate component, and this
will be the focus of the following discussion.
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DO Fig. 10.4 Force-Ca?* Curve.
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@ Fig. 10.5 Interfilament lattice spacing theory of length-dependent activation. For a cross-bridge
cycle to occur, myosin heads must bind to myosin binding sites on actin. According to the interfilament
lattice spacing theory, when sarcomeres are stretched (from a to b), the distance between myosin and
actin decreases, promoting the cross-bridge cycle and the generation of force

This leaves us with the task of explaining the increased myofilament Ca?* sensitivity at
increased SLs. One hypothesis is that increasing SL decreases interfilament lattice spacing. As
the volume of a cardiomyocyte is constant, increases in length are accompanied by a decrease
in the spacing between subcellular components, such as the distance between filaments in
the sarcomeres. This enhances the probability of an interaction between thick and thin fila-
ments, thereby increasing force generation at a given [Ca*'], as illustrated in @ Fig. 10.5 [13].

The interfilament lattice space theory may be insufficient to explain the length-
dependent increase in myofilament sensitivity on its own. X-ray diffraction patterns sug-
gest that increasing SL results in a superior orientation of myosin heads on the thick
filament backbone, which may contribute to the increase in force [14].

We have therefore seen that the muscle length—force relationship is a consequence of
‘physical’ and ‘activating’ factors [10]. The former refers to changes in myofilament overlap
and opposing forces with muscle length changes, whereas the latter refers to changes in
myofilament sensitivity to Ca?". Overall, increased preload leads to increased force gen-
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O Fig. 10.6 Tracing of an isolated cat papillary muscle shortening in the presence of afterload.
Following electrical stimulation (time point 0), the muscle begins to develop force (tension). As the force
approximates the afterload, the muscle is able to pull the load and thus shorten. Note that the muscle is
lifting both preload and afterload (P). Shortening is represented by AL, whilst di/dt is the first derivative
of shortening (i.e. velocity of shortening), highest at the beginning of contraction. (Adapted from
Sonneblick et al. [15])

eration by the myocardium. In the normal heart, preload is established by the diastolic
filling of the ventricles (represented by EDP or EDV), which serves to determine the sub-
sequent magnitude of contraction. With greater blood filling, myocardial fibre stretch
increases, leading to an increased SV and CO.

10.1.3 Afterload

Another determinant of cardiac performance is afterload, defined as the mechanical load
imposed on the ventricle during the ejection phase. At the level of the whole heart, after-
load is broadly represented by the aortic pressure, that is, the pressure the ventricles must
produce to eject blood into the aorta [1]. Once ventricular pressure exceeds aortic pres-
sure, the aortic valve opens to facilitate the propulsion of blood into the circulation [9]. At
the cardiomyocyte level, once the developed force starts approximating the afterload, sar-
comeres begin to shorten and contraction shifts from isometric (constant length) to iso-
tonic (changing length), as shown in @ Fig. 10.6 [15].

As we previously described, preload can be applied on isolated ventricular strips by
stretching the tissue, typically done by hanging weights on the preparation. In more com-
plex experimental setups (utilizing a stop lever), weights can be added such that they will
only be encountered once the muscle starts contracting, that is, representing the afterload.
Thus, before the beginning of contraction, the muscle is stretched by the preload; however,
after the onset of contraction, the muscle will lift both the preload and afterload, with total
lifted load P = preload + afterload [15]. If cardiac performance is defined as the mechanical
work performed by the muscle, then:

Work = PxAL

where AL is the total shortening of the myocardium.
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O Fig. 10.7 Effect of afterload
on shortening of isolated cat
papillary muscles. (Adapted from
Sonneblick et al. [15])
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By varying preload and afterload, their influence on cardiac performance can be deci-
phered. The first observation is that for a given preload, increasing afterload diminishes AL
in a monotonic function due to the muscle contracting against greater resistance. Eventually,
the muscle is unable to pull the load (i.e. it cannot shorten; isometric contraction), as shown
in @ Fig. 10.7 [19-21]. Therefore, when afterload is so high that the muscle is contracting
isometrically (i.e. AL = 0), W = 0. Secondly, if we allow afterload to approach 0, then AL will
be maximal, as the muscle is shortening against ~0 resistance; work will also be 0 as P = 0.

Understanding the role of afterload is important clinically as pharmacological agents
and/or mechanical devices may be used to alter it, increasing the myocardial contractile
capacity (and thereby CO), whilst decreasing the workload (and by extension energetic
demands) on the heart. In general, the more loaded the tissue, the higher the metabolic
demands so unloading the heart (e.g. with assist devices) can limit energy and O, con-
sumption [16], which is important both acutely (e.g. acute myocardial infarction) and
chronically (e.g. heart failure). A completely unloaded left ventricle has an average con-
sumption of 2 ml O, per minute per 100 g of muscle [17].

10.1.4 Cardiac Contractility

‘Contractility’ refers to the inotropic capacity of the myocardium and describes the ability
of the heart to eject blood at a given preload and afterload [22, 23]. If CO is plotted as a
function of left-ventricular end-diastolic pressure (LVEDP), the graph that is obtained is
called Frank-Starling or ventricular function curve and shows a curvilinear CO increase
with increasing LVEDP [8]. These curves show that for any given LVEDP, an increase in
myocardial contractility shifts the curve upwards and to the left (8 Fig. 10.8).

The principal determinant of the cardiac inotropic state (i.e. contractility) is the
autonomic nervous system (ANS). Specifically, the sympathetic arm of the ANS mounts
the cardiac adrenergic response via the release of cardiac-acting catecholamines including
adrenaline and noradrenaline. The former is synthesized in the adrenal medulla and
secreted into the circulation, whilst the latter is released directly into the cardiac intersti-
tium by sympathetic fibres [19]. At the cellular level, adrenergic stimulation regulates the
excitation—contraction coupling machinery in the following ways:

1. Increased Ca®* transient amplitude, meaning greater activation of cross-bridges and
stronger contraction (positive inotropy).

2. Increased heart rate and accelerated contraction (positive chronotropy).

3. An abbreviation of the Ca?" transient and action potential duration, with a faster
relaxation (positive lusitropy).



10

128

F. G. Pitoulis and P. P. de Tombe

15 —— Increased contractility
—— Normal

T
1=
€ 10
=
(]
O i

5 —

0 T I T I T I 1

0 10 20 30
LVEDP (mmHg)

O Fig. 10.8 Frank-starling curve at normal and increased contractility. Preload is represented by the
LVEDP. Notice that increasing contractility (red curve) increases CO at any given preload

Fluctuations in energetic demands lead to corresponding changes in adrenergic stimula-
tion to maintain the CO. As such, the heart is constantly exposed to varying concentra-
tions of catecholamines, allowing it to operate on a whole spectrum of Frank-Starling
curves proportional to the level of adrenergic stimulation.

10.1.5 Pressure-Volume Loops

We will now consider the effect of cardiac performance determinants in the context of
pressure-volume (PV) loops. The heart is a pressure generator constantly expending
energy to perform mechanical work. As we have seen at the level of ventricular strips or
cardiomyocytes, this takes the form of myocyte shortening (AL) and force generation. At
the level of the heart, mechanical work is best described by changes in ventricular pressure
and volume. If a ventricle of area A (cm?) contracts by length L (cm), then L x A represents
a change in ventricular volume (AV, cm?). As the ventricle is contracting, a force F is
applied on A, such that F/A represents a change in pressure (AP) [8]. When the relation-
ship between pressure and volume is plotted over an entire cardiac cycle, a PV loop is
obtained [20].

In PV loops, volume is represented on the x-axis, whilst pressure is on the y-axis. Each
side of the loop represents one phase of the cardiac cycle, drawn in counterclockwise
directions beginning with
1. Isovolumetric contraction, whereby ventricular pressure rises at constant volume.

2. Rapid ejection phase, when pressure rises correspondent with a drop in ventricular

volume.

Isovolumetric relaxation, during which pressure drops at constant volume.

4. Diastolic filling—associated with ventricular filling and small increases in volume
and pressure.

et
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O Fig. 10.9 Pressure-Volume
Loop. Isovolumic contraction ESPVR
begins at point A, which denotes A

the end-diastolic volume and
pressure. Ejection then follows,
with point A’denoting the
end-systolic volume and @
pressure, followed by isovolumic
relaxation. This is followed by
diastolic filling. A and A’are
points on the end-diastolic
pressure-volume (EDPVR) and
end-systolic pressure-volume

relationship (ESPVR), respectively (3) (1)

Pressure (mmHg)
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A typical PV loop is shown in B Fig. 10.9. Stroke volume can be calculated as the differ-
ence between EDV and end-systolic volume (ESV) -that is, SV = EDV - ESV. Ejection
fraction (EF), a measure of the proportion of blood ejected from EDV, can then be calcu-
lated [18] as EF = SV/EDV. In a healthy adult, stroke volume is 70 ml and EDV ~ 120 ml,
producing an EF of ~0.58. EF is a measure of the pumping efficiency and is often altered
in pathology.

The point on the PV loop just before isovolumic contraction (A) demarcates the end-
diastolic volume and pressure, sitting on a given end-diastolic pressure-volume relation-
ship (EDPVR). Likewise, the point at the end of the ejection phase (A’) denotes the
end-systolic volume and pressure, sitting on the end-systolic pressure-volume relation-
ship (ESPVR). Both EDPVR and ESPVR are important determinants of ventricular func-
tion. The EDV determines the stretch on myocardial fibres (and thus preload), with a
higher EDV resulting in an increased SV (8 Fig. 10.10a). The actual position of the EDV
on the PV loop is dependent on the EDPVR, which describes the ventricular wall compli-
ance. This can be altered in pathology, meaning that the same EDV may correspond to a
different EDP if the EDPVR is altered [20]. As we have seen, a decrease in afterload allows
the muscle to shorten more, decreasing ESV and thereby increasing SV for a given EDV
(B Fig. 10.10b). In the same manner, as we have described the EDV and EDP at end-
diastole, the same can be done for end-systole in a relationship known as ESPVR. The
ESPVR tells us about the contractile state of the myocardium. Notice that for a change in
afterload or preload (B Fig. 10.10a, b), the SV and the peak developed pressure (defined as
the highest point on the PV loop) change, yet the end-systolic point always ‘hits’ the
ESPVR line.

Thus, changes in loading of the heart (i.e. preload or afterload) may lead to changes in
SV or peak pressure but will always end up on the ESPVR. This makes the ESPVR a load-
independent measure of contractility [21]. In contrast, changes in the contractile state, such

10
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O Fig. 10.10 Pressure-Volume loops at different preload, afterload, and inotropic states. a Increasing
diastolic filling (green>red>black) at a given EDPVR increases the SV. b Decreasing afterload at a given

EDPVR and ESPVR increases the SV (brown>purple>black). ¢ Increasing the inotropic state causes a
change in the ESPVR, increasing its slope (orange>black)

as a positive inotropic intervention (e.g. adrenergic stimulation), will change the ESPVR,
reflecting a change in the contractile state of the heart (8 Fig. 10.10c). As the ESPVR is
typically fit with a linear regression, the contractile state of the heart can be quantified by
the slope of the ESPVR, such that a positive inotropic agent increases the slope, whereas a
negative inotropic agent decreases it.

PV loops are the ultimate cardiac biomechanics descriptors, characterizing both the
intrinsic properties of the ventricle and the coupling of the latter with the vasculature (e.g.
increased afterload due to high blood pressure would shift the shape and height of a given
PV loop). Together with technological advancements, they have enabled noninvasive
assessment of ventricular properties, with immediate implications for diagnosis, progno-
sis and treatment of disease [22]. For example, with progressively worsening heart disease
profile, it is widely accepted that EF typically falls. However, when an all-encompassing
outcome including all-cause mortality, transplantation and mechanical circulatory sup-
port device implantation is correlated against PV loop parameters, the best predictor is
EDV [23]. Likewise, changes in loop morphology can be used to appreciate ventricular
remodelling as seen with progressive heart disease where both the width and the height of
PV loops decrease, reflecting decreased SV and pressure generation, respectively [23].

10.2 Clinical Implications

The clinical importance of the regulators of myocardial contractility can be appreciated by
investigating what happens when these go erratic. Heart failure (HF) is a variable clinical
syndrome manifesting as the convergent endpoint pathway for a variety of pathological
processes that impair myocardial function. One such process is arterial hypertension.
High blood pressure is the single most important risk factor for HF, and it is estimated that
up to 75% of HF cases have had antecedent hypertension [24]. In arterial hypertension,
afterload is increased such that the ventricle typically spends a prolonged time in isometric
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contraction [25]. At such afterload the amount of work performed by the heart increases.
To cope with this increased demand, the heart, being a terminally differentiated organ,
enlarges leading to ventricular wall thickening (i.e. hypertrophy). If the pressure overload
persists, this initially adaptive hypertrophic mechanism progresses towards maladaptive
failure [24, 26]. When pathologically high blood pressure is modelled in vivo by chronic
aortic band constriction, pathological ventricular remodelling ensues in the form of
increased fibrosis, inflammation and apoptosis, coupled with decreased EF and aberrant
calcium handling, ultimately progressing to HF [27]. Likewise, when preload is modelled
in vivo by increasing ventricular volume via vena cava shunting progression to HF follows,
yet the underlying pathways are not the same as those activated in response to pressure
overload [27].

Pathological remodelling of the heart in response to such abnormal conditions of
mechanical overload has been shown to be potentially reversible with the use of mechan-
ical circulatory support devices, known as left-ventricular assist devices (LVADs) [28].
Data suggests that haemodynamic unloading mediates improvements in ventricular func-
tion and structure (i.e. ‘reverse remodelling’) by changes in myocyte size and structure,
calcium homeostasis, extracellular matrix and fibrosis, as well as signal transduction path-
ways [28-30].

10.3 What We Don’t Know and Where We are Heading:
Isolating Mechanical Load

We have seen the importance of preload, afterload and contractility in determining the
performance of the heart, their detrimental effects when they go haywire, as well as the
clinical utility of PV loops in the assessment of heart physiology and pathology. However,
a complete understanding of the full picture of mechanical loading on the function of the
heart is still lacking. Abnormal preload and afterload both converge to heart dysfunction,
yet their underlying pathways are not identical [27]. Additionally, although in vivo exper-
iments [27] yield valuable information and are the final hurdles to be surpassed to prog-
ress to human trials, the haemodynamic system is intrinsically linked to the
neurohormonal axis. In response to pressure overload or an injury to the heart, the drop
in CO is met by a compensatory rise in the adrenergic system in order to maintain CO
[31]. Despite its short-term beneficial effects, chronic adrenergic hyperactivation results
in complex stimulation of signalling pathways eventually leading to deterioration of heart
function [31]. This neurohormonal activation concomitant with the increased mechani-
cal load makes in vivo models very complex systems with a huge matrix of variables to
account for where separating the activation of molecular pathways due to hormonal
stimulation from those of mechanical stimulation becomes extremely difficult. Basic sci-
ence and intermediate models of myocardial physiology that can be studied in vitro but
within a physiological environment of mechanical load and/or hormonal stimulation are
the keys to understanding different and overlapping pathways of hormonal and mechan-
ical systems and their interaction, and hold the promise for the development of much
needed novel therapeutics.

10
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