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   9   Myocardial   contractility is the force of contraction under 
controlled heart rate and loading conditions and may be 
quantifi ed using the pressure–volume relation, isovolumic 
contraction, and ejection phase analysis.  

   10   The   ability of a cardiac chamber to effectively collect blood 
at a normal fi lling pressure is defi ned by its diastolic function.  

   11   No   single index completely describes diastolic function because 
this phase of the cardiac cycle is a complicated sequence of 
temporally related, but heterogeneous events.  

   12   Heart   failure may be due to left ventricular diastolic dysfunction 
in as many as 50% of patients.  

   13   Invasive   analysis of diastolic function may be conducted using 
the pressure–volume model.  

   14   Transmitral   and pulmonary venous blood fl ow velocities are 
commonly used to noninvasively measure diastolic function.  

   15   The   restraining forces of the pericardium are important 
determinants of chamber fi lling and ventricular interdependence.  

   16   The   atria act as reservoirs, conduits, and contractile chambers.    

    1   The   mechanical capabilities of the heart are determined by its 
cartilaginous skeleton, myocardial fi ber orientation, valves, 
coronary blood supply, and conduction system.  

   2   The   cardiac myocyte is engineered for contraction and relaxation, 
but not protein synthesis.  

   3   Alterations   in sarcomere muscle tension and length as 
observed in isolated cardiac muscle are translated to changes 
in pressure and volume in the intact heart as applied by the 
Law of Laplace.  

   4   The   pressure–volume diagram provides a useful framework for 
the analysis of systolic and diastolic function.  

   5   The   end-systolic and end-diastolic pressure–volume relations 
determine the operating range of each cardiac chamber.  

   6   The   determinants of pump performance are heart rate, preload, 
afterload, and myocardial contractility.  

   7   The   quantity of blood that a chamber contains immediately 
before contraction is termed “preload.”  

   8   The   external resistance to the emptying of a chamber after the 
onset of contraction is known as “afterload.”  

   Mult imedia    
    1    Coronary     Blood Flow   

   2    Laplace        

   3    Pressure–Volume     Loop     

   10 
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INTRODUCTION

The heart is a phasic, variable speed, muscular pump that is 
 electrically self-sustaining and provides its own blood supply. 
The two pair of atria and ventricles of the heart are elastic cham-
bers that are arranged to supply equal amounts of blood to the 
pulmonary and systemic vasculature. Atrial and ventricular myo-
cardium responds to stimulation rate and muscle stretch before 
(preload) and after (afterload) contraction begins. Coronary arte-
rial blood vessels supply oxygen and metabolic substrates to the 
heart. The mechanical characteristics of the myocardium and its 
response to changes in autonomic nervous system activity allow 
the heart to adapt to rapidly changing physiologic requirements. 
The contractile function of the atria and ventricles and the abil-
ity of these chambers to adequately ill without excessive pressure 
determine overall cardiac performance. Thus, abnormalities in 
systolic or diastolic function may lead to heart failure. Compre-
hensive knowledge of cardiac anatomy and physiology is crucial 
for modern anesthesia practice. This chapter describes the funda-
mentals of cardiac anatomy and physiology, and luency in this 
subject is essential for modern anesthesia practice. The authors 
will focus on the left atria and ventricle (LA and LV, respectively) 
for the vast majority of the subsequent discussion.

Gross AnAtomy

Architecture

A lexible, cartilaginous structure forms the heart’s skeleton and 
is composed of the annuli of the cardiac valves, the aortic and 
pulmonary arterial (PA) roots, the central ibrous body, and the 
left and right ibrous trigones. This foundation of cartilage cre-
ates support for the valves and maintains the heart’s structural 
integrity in the presence of developed internal pressures. Some 
supericial subepicardial muscles also insert into the cartilaginous 
skeleton, but most of the atrial and ventricular muscles directly 
arise from and insert within adjacent surrounding myocardium. 
The atrial and ventricular myocardia are continuously interwo-
ven and cannot be separated into distinct “layers.” The atria con-
tain two, relatively thin, orthogonally oriented bands of myocar-
dium, whereas the LV and, to a lesser extent the right ventricle 
(RV), consist of the interdigitating deep sinospiral, the supericial 
sinospiral, and the supericial bulbospiral muscles (Fig. 10-1). 
The angle of the myocardial ibers changes across the thickness 
of the ventricular myocardium from the endocardium to the 
epicardium. Subendocardial and subepicardial muscle ibers of 
the LV are oriented in perpendicular, oblique, and helical planes 
from the heart’s base (superior in the mediastinum) to its apex. 
This arrangement reverses direction at approximately the LV’s 
midpoint, creating an overall iber architecture that appears as a 
lattened “igure of eight” or a “raked turban.” This orientation 
allows both LV chamber shortening along the heart’s longitudinal 
axis and a distinctive “twisting” motion. This latter effect substan-
tially enhances LV systolic force, and loss of this helical– rotational 
action contributes to a decrease in ejection fraction during the  
development of congestive heart failure (CHF).1 Elastic recoil 
of systolic twist during LV relaxation is also important for early 
diastolic illing, especially during hypovolemia and exercise.2 In 
contrast to the subepicardial and subendocardial layers, midmyo-
cardial ibers are arranged in a circumferential orientation and act 
to reduce chamber diameter during contraction.

1

The LV free walls taper in thickness from base to apex because 
the relative amount of midmyocardium gradually declines. LV and 
RV subendocardium and LV midmyocardium extend from the LV 
anterior wall to form the interventricular septum. As a result, the 
septum thickens toward the LV chamber during contraction under 
normal conditions. However, RV distention or chronic pressure-
overload may produce paradoxical motion of the interventricular 
septum. Notably, regional differences in LV wall thickness and 
iber orientation contribute to load-dependent alterations in LV  
mechanics.3 The trabeculae carneae are irregular ridges of suben-
docardium of unknown signiicance that are present within the LV 
apex and, to a greater extent, within the RV chamber.

The LV apex and interventricular septum are relatively ixed 
in space within the mediastinum, whereas the lateral and poste-
rior walls shift position to the anterior and the right during con-
traction. This motion effectively changes the LV longitudinal axis 
from a plane that favors LV illing to a position that facilitates 
ejection. The systolic movement of the lateral and posterior LV 
walls also produces the palpable point of maximum impulse. The 
LV base descends toward the apex during systole as a result of the 
combined effects of subendocardial and subepicardial contrac-
tion, papillary muscle shortening, and recoil caused by ejection of 
blood into the aortic root. Taken as a whole, synchronous activa-
tion of the LV causes its long axis to shorten, reduces its chamber 
diameter, and produces rotation of its apex in an anterior-right 
direction (Fig. 10-2). Differential changes in wall tension also 
create an apex-to-base intraventricular pressure gradient during 
LV ejection; this effect serves to enhance the transfer eficiency of 
stroke volume from the LV to the aortic root.

The crescent-shaped RV is anatomically anterior and to the 
right of the LV. This chamber propels deoxygenated venous blood 
into the relatively compliant, low-pressure PA tree. As a result, the 
RV wall is thinner and contains fewer cardiac myocytes compared 
with the LV, which is subjected to substantially greater wall stress 
during ejection of blood into the high-pressure systemic vascula-
ture. Embryologically distinct inlow and outlow tracts exist in 
the RV, which causes RV contraction to be less temporally uni-
form than the LV. The RV relies on the interventricular septum 
against which the RV free wall contracts. The LV also contributes 
to RV contractility. The combination of these factors provides a 
mechanical advantage to the RV that compensates for its thinner 
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FIGure 10-1. Illustration depicting the components of the myocar-
dium. The outer muscle layers pull the apex of the heart toward the 
base. The inner circumferential layers constrict the lumen, particularly 
of the LV. (Reproduced with permission from: Barash PG, Cullen BF, 
Stoelting RK, et al. Clinical Anesthesia, 6th ed., Lippincott Williams & 
Wilkins, Figure 10-1, p. 210.)
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wall dimension, thereby allowing it to pump a stroke volume that 
is equal to the LV stroke volume during each beat. Nevertheless, 
the RV more easily decompensates with acute increases in after-
load than the LV because the RV is able to produce less than 20% 
of the total pressure–volume (stroke) work than the thicker, more 
muscular LV. However, the RV is highly compliant and is able to 
accommodate to acute changes in intraventricular volume to a 
greater degree than the LV.

valve Structure

Two pairs of translucent, macroscopically avascular valves guar-
antee unidirectional movement of blood through the heart. The 
pulmonic and aortic valves separate the RV and LV from the PA 
and aorta, respectively. These valves open and close and operate 
passively with changes in pressure resulting from RV and LV con-
traction and relaxation. The pulmonic valve lealets are named 
for their anatomic locations (right, left, and anterior) within the 
mediastinum, whereas each aortic valve lealet is identiied on the 
basis of a corresponding coronary artery (e.g., the right coronary 
lealet lies adjacent to the ostium of the right coronary artery). At 
the time of maximal blood low during ejection, the oriice areas 
of the pulmonic and aortic valves are nearly equivalent to the cor-
responding annulus cross-sectional areas. The sinuses of Valsalva 
are dilated segments in the proximal aortic root that are located 
immediately superior to each aortic lealet. Hydraulic low vor-
tices (eddy currents) occur within the sinuses of Valsalva that 
prevent adherence of the valve lealets to the walls of the aortic 
root during systole and also aid closure of the valve by facilitating  
lealet mobility during diastole.4 These actions assure that the 

aortic valve lealets do not inadvertently occlude the coronary 
ostia. Sinuses of Valsalva are absent in the proximal PA.

The mitral valve is located between the LA and the LV,  contains 
two lealets (the oval-shaped anterior and the crescent-shaped 
posterior), and resembles a saddle when viewed in three dimen-
sions. Coaptation of the lealets occurs along a central curve with 
the posterior lealet creating its concave border. Despite the dif-
ferences in their shapes, the anterior and posterior lealets have 
similar cross-sectional areas because the posterior lealet occupies 
a greater percentage of the annular circumference. Anterior– 
lateral and posterior–medial commissures connect the lealets and 
are located above the corresponding papillary muscles. The mitral 
valve opens in response to a positive pressure gradient between 
the LA and LV that occurs during the late phase of relaxation. This 
process is facilitated by untwisting and elastic recoil of the LV as 
the chamber relaxes. Closure of the lealets occurs as retrograde 
blood low moves toward the valve during early systole. The chor-
dae tendineae act as “cable stays” to prevent lealet prolapse and 
inversion during LV contraction. Primary and secondary chordae 
tendineae are attached to the lealet edges and bodies, respectively, 
whereas tertiary chordae insert into the distal posterior lealet or 
the myocardium adjacent to the annulus. The papillary muscles 
are composed of subendocardial myocardium that contract with 
the LV. Each papillary muscle has chordal attachments to both 
mitral lealets; contraction of the papillary muscles effectively ten-
sions the chordae. As a result, motion of the lealets beyond the 
coaptation zone is restricted. Closure of the mitral lealets is also 
facilitated by tightening of the annulus because the surrounding 
subepicardium contracts in a sphincter-like manner. The mitral 
valve apparatus is critical for overall LV function. The valve appa-
ratus guarantees that blood low from the LA to the LV is uni-
directional because blood is prevented from reluxing into the 
LA and pulmonary veins during LV contraction. Thus, ischemia 
or infarction of a papillary muscle may cause dysfunction of the 
mitral apparatus and is often accompanied by acute mitral regur-
gitation. In addition, the mitral apparatus plays an essential role 
in LV systolic function because papillary muscle shortening assists 
LV apical contraction. This latter action is particularly important 
during mitral valve replacement because severing attachments 
between the chordae tendineae and the papillary muscles is invari-
ably associated with a reduction in LV ejection fraction.

The tricuspid valve is composed of anterior, posterior, and 
septal lealets, and assures unidirectional movement of blood 
from the RA and RV. The posterior lealet is usually smaller 
than the anterior and septal lealets. The morphologic RV may 
be distinguished from the LV by the presence of a septal papil-
lary muscle in patients with transposition of the great vessels and 
other forms of congenital heart disease. The moderator band is a 
lateral segment of myocardium stretching between the anterior 
and septal papillary muscles and separates the embryologic RV 
inlow and outlow tracts. The RV often has coarser trabeculae 
carnae than the LV, but the physiologic implications of these 
differences in subendocardial structure remain a mystery. In 
contrast to the mitral valve, the tricuspid valve does not have a 
 collagenous annulus. Instead, the tricuspid lealets originate from 
the atrioventricular groove that separates the RA from the RV. 
Notably, the atrioventricular groove also contains the proximal 
right coronary artery, and this vessel must be carefully avoided 
during tricuspid valve repair or replacement surgery.

Coronary Blood Supply

The left anterior descending, left circumlex, and right coronary 
arteries (LAD, LCCA, and RCA, respectively) supply blood to the 
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FIGure 10-2. Illustration depicting the contraction characteristics 
and modes of emptying of the RV and LV. The volumes ejected by each 
ventricle are equal, but the LV requires a more circumferential muscular 
wall to eject its volume at a pressure that is approximately four to ive 
times greater than that in the right ventricle. (Reproduced with permis-
sion from: Barash PG, Cullen BF, Stoelting RK, et al. Clinical Anesthesia, 
6th ed., Lippincott Williams and Wilkins, Figure 10-2, p. 210.)
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LV (Fig. 10-3). Most coronary blood low to the LV myocardium 
occurs during diastole because aortic blood pressure is greater 
than LV pressure. A critical stenosis or acute occlusion of one of 
these three vessels may produce myocardial ischemia or infarc-
tion accompanied by abnormal regional contractile function 
based on the known distribution of each coronary artery’s blood 
supply. The medial LV anterior wall, the anterior two-thirds of 
the interventricular septum, and the LV apex are supplied by the 
LCA and its branches; the anterior and posterior aspects of the 
lateral wall are perfused by the LCCA; and the medial portions 
of the posterior wall and the posterior one-third of the inter-
ventricular septum are supplied by the RCA. The “dominance” 
of the coronary circulation is determined on the basis of which 
major coronary artery feeds the posterior descending coronary 
artery (PDA). A “right dominant” circulation occurs when the 
RCA supplies blood to the PDA and is observed in approxi-
mately 80% of patients. A “left dominant” circulation in which 
the PDA is supplied by the LCCA is observed in the remaining 
20% of patients. Distal connections or collateral blood vessels 
between the major coronary arteries may also provide perfusion 
to regions of myocardium that lie distal to a severe stenosis or 
occlusion. A single coronary artery (2:1 ratio of RCA to LCCA) 
provides blood low to the posterior–medial papillary muscle in 
two-thirds of patients. Thus, RCA or LCCA occlusion may pro-
duce acute posterior–medial papillary muscle ischemia or infarc-
tion and, as a result, new mitral valve dysfunction. However, this 
is not always the case, as both vessels perfuse the posterior–medial  
papillary muscle in the remaining patients.5 In contrast to the 
posterior–medial papillary muscle, the anterior–lateral papillary 
muscle has a dual blood supply (LAD and LCCA), rendering this 
papillary muscle less susceptible to ischemic dysfunction than its 
counterpart.

RA, LA, and RV coronary perfusion occurs during both  
systole and diastole because aortic blood pressure always exceeds 
the pressure within each of these chambers (Fig. 10-4). Most of 
the RV is supplied by the RCA and its branches; the RV anterior 
wall is also perfused by distal diagonal and septal branches of 
the LAD. These observations indicate that either RCA or LAD 
occlusion may lead to RV dysfunction. Branches of the LCCA are 

1

Left coronary
artery

Circumflex
branch of left
coronary artery

Circumflex
br. of left

coronary 
artery

Middle
cardiac vein

Post. descend.
br. of right
coronary artery

Right
coronary
artery

Coronary sinus

Inferior vena
cava

Right branch
of pulmonary
artery

Great cardiac
vein

Great cardiac
vein

Ant. descend.
br. of left
coronary arteryAnterior

cardiac veins

Right
coronary
artery

FIGure 10-3. An anterior view of the heart (left) shows right coronary and left anterior descending coronary arteries. A pos-
terior view (right) shows left circumlex and posterior descending coronary arteries. The anterior cardiac veins from the RV and 
the coronary sinus, which drain primarily the LV, empty into the RA. (Reproduced with permission from: Barash PG, Cullen BF, 
Stoelting RK, et al. Clinical Anesthesia, 6th ed., Lippincott Williams and Wilkins, Figure 10-16, p. 222.)
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FIGure 10-4. Schematic representation of blood flow in the left and 
right coronary arteries during phases of the cardiac cycle. Note that 
most left coronary low occurs during diastole, while right coronary 
low (and coronary sinus low) occurs mostly during late systole and 
early diastole. (Reproduced with permission from: Barash PG, Cullen BF, 
Stoelting RK, et al. Clinical Anesthesia, 6th ed., Lippincott Williams and 
Wilkins, Figure 10-19, p. 224.)
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the major sources of blood supply to the LA. As a result, LCCA 
occlusion often causes LA contractile dysfunction, whereas a 
compensatory increase in LA contractility may be observed if  
the LAD becomes acutely occluded.6 The RA is supplied by 
branches of both the RCA and the LCCA. For example, the sino-
atrial (SA) node may be perfused by either the RCA (55% of 
patients) or the LCCA (45%). The atrioventricular (AV) node is 
more commonly supplied by the RCA, but also may be perfused 
by the LCCA depending on the right or left dominance of the 
coronary circulation. The clinical implications of these anatomi-
cal relationships are clear: Critical stenosis or acute occlusion of 
either the RCA or LCCA may interrupt normal conduction and 
cause bradyarrhythmias.

The proximal branches of the RCA, LCCA, and LAD are 
located on the epicardial surface of the heart and give rise to 
multiple intramural vessels that penetrate perpendicularly or 
obliquely deep into the ventricular walls. Except for the thin 
tissue layer on the endocardial surface, the heart’s blood sup-
ply is almost entirely derived from these three major coronary 
arteries. The penetrating branches divide into dense capillary 
networks located roughly along the courses of the myocar-
dial bundles. Arterial branches with diameters between 50 and  
500 µm form interconnecting anastomoses throughout the 
endocardium of the RV and LV walls (Fig. 10-5). Another net-
work of subendocardial vessels between 100 and 200 µm in 
diameter forms a plexus of deep anastomoses. A coronary col-
lateral circulation may also arise from different branches of the 
same coronary artery or from branches of two different coronary 
arteries. Flow through a coronary collateral is usually negligible 
because the driving pressure at the two ends of the connection 
is nearly equal. However, if the artery supplying one branch of 
a collateral vessel becomes severely stenotic or occluded (e.g., 
atherosclerotic disease), the large pressure reduction will divert 
blood low through the patent artery and into the distribution 
of the occluded artery through the collateral vessel. Thus, the 
extent of development of the coronary collateral circulation may 
determine whether myocardial ischemia or infarction is likely in 
patients with coronary artery disease.

The main coronary venous drainage tends to retrace the 
course of the major coronary arteries along the AV and interven-
tricular grooves. The great cardiac vein (that runs along the AV 
groove and the LAD), the anterior cardiac vein (located with the 
RCA), and the middle cardiac vein (associated with PDA) are the 
three major coronary veins. In general, there are two coronary 
veins located along either side of each coronary arterial branch. 
The coronary veins converge and terminate in the coronary sinus, 
which empties into the posterior aspect of the right atrium above 
the tricuspid valve. Approximately 85% of the total coronary 
blood low to the LV drains into the coronary sinus. The remain-
ing blood low empties directly into the atrial and ventricular cav-
ities via the Thebesian veins. The RV veins drain into the anterior 
cardiac veins; these empty individually into the right atrium.

The structure of the coronary capillary network is similar 
to that observed in other tissue beds. Because the heart has an 
exceptionally high metabolic demand, the density of capillary 
blood vessels to myoibrils in myocardium is approximately 1:1, 
and adjacent capillaries are typically separated by the diameter of 
one myocyte. The distribution of capillaries is quite uniform and 
ranges between 3,000 and 4,000/mm2 of tissue. Notably, capil-
lary density is reduced in the AV node and interventricular sep-
tum; this observation may explain why the conducting system is 
more susceptible to ischemia. As in other capillary beds, coronary 
capillaries are the sites for exchange of O2 and CO2, and for the 
movement of larger molecules across the endothelium without 
the impediment of vascular smooth muscle.

Impulse Conduction

How the heart is electrically activated is essential to its mechani-
cal performance. The primary cardiac pacemaker is the SA node, 
although declines in iring rate, delays or blockade of normal con-
duction, or the presence of secondary pacemakers (e.g., AV node, 
bundle of His) may supersede the dominance of SA automaticity. 
The initial SA node depolarization is rapidly transmitted across 
the RA to the AV node by the anterior, middle ( Wenckebach), 
and posterior (Thorel) internodal pathways. The SA node depo-
larization is also transmitted to the LA through the atrial septum 
by Bachmann’s bundle (a branch of the anterior internodal path-
way). It is important to note that examination of myocyte histology 
rarely differentiates the internodal pathways, although these struc-
tures may be clearly identiied in the electrophysiology laboratory. 
The atria are electrically isolated from the ventricles by the heart’s 
cartilaginous skeleton. As a result, atrial depolarization is directed 
solely to the RV and the LV through the AV node. Because AV node 
conduction is relatively slow compared with the pathways proxi-
mal and distal to it, the AV node is responsible for the sequential 
contraction pattern of the atria and the ventricles. Clearly, acces-
sory pathways that bypass the AV node and  establish abnormal 
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FIGure 10-5. A: Diagram of the arterial-to-arterial and venous-to-
venous anastomoses of the coronary arterial system, which allows di-
version of flow if one distribution becomes blocked. B: Diagram of the 
epicardial coronary vessels lying on the cardiac muscle surface, the pen-
etrating deep vessels, and the subendocardial arterial plexus connect-
ing the deep vessels. (Reproduced with permission from: Barash PG, 
Cullen BF, Stoelting RK, et al. Clinical Anesthesia, 6th ed.,  Lippincott 
Williams and Wilkins, Figure 10-17, p. 223.)



244 SECTION III Anatomy and Physiology

 conduction between the atria and ventricles may  produce supra-
ventricular tachyarrhythmias. This is the putative mechanism by 
which the bundle of Kent produces Wolff–Parkinson–White 
syndrome. The AV node transmits its depolarization to the His 
bundle, which further transmits the signal to the RV and LV via 
the right and left bundle branches, respectively, through Purkinje 
ibers within the endocardium. The conduction velocity through 
the His bundle, the bundle branches, and the Purkinje network is 
very rapid, assuring coordinated RV and LV depolarization and 
contraction. In contrast, exogenous cardiac pacing does not rely on 
the normal conduction sequence and may cause dyssynchronous 
LV activation, which may be misinterpreted as a new ischemia-
induced regional wall motion abnormality during cardiac surgery. 
Similarly, contractile dyssynchrony produced by chronic RV apical  
pacing may also lead to LV dysfunction.7 Indeed, cardiac resyn-
chronization therapy in patients with CHF is based on reestablish-
ing the normal sequence of electrical activation because LV con-
tractile synchrony is restored.8

coronAry PhysIoloGy

Blood supply to the LV is directly dependent on the difference 
between the aortic pressure and LV end-diastolic pressure (cor-
onary perfusion pressure) and inversely related to the vascular 
resistance to low, which varies to the fourth power of the radius of 
the vessel (Poiseuille’s law). Two other determinants of coronary 
low are vessel length and viscosity of the blood, but these factors 
are relatively constant. Resting coronary blood low in the adult is 
approximately 250 mL/min (1 mL/min/g) or 5% of total cardiac 
output. The changes in aortic pressure and the impedance to low 
resulting from physical compression of the intramural coronary 
arteries during the cardiac cycle govern the pulsatile pattern of 
coronary low in the LV. The LV subendocardium is exposed to a 
higher pressure than the subepicardial layer during systole. Indeed, 
the systolic intraventricular pressure may be higher than the peak 
LV systolic pressure. Because of these differences in tissue pres-
sure, the subendocardial layer is more susceptible to ischemia in 
the presence of coronary artery stenoses, pressure-overload hyper-
trophy, or pronounced tachycardia. Coronary blood low may 
also be compromised when aortic diastolic pressure is reduced 
(e.g., severe aortic insuficiency). Elevated LV end-diastolic pres-
sure, as observed during CHF, also reduces coronary blood low 
because of decreased coronary perfusion pressure. Coronary sinus 
(venous) blood low is maximal during late systole because of the 
extravascular compression and the low RA pressure.

The two major determinants of coronary blood low (perfusion 
pressure and vascular resistance) also vary substantially during the 
cardiac cycle. Coronary perfusion pressure certainly changes in 
response to aortic, intramyocardial, and coronary venous pres-
sures, but the major factor that regulates coronary blood low is 
the variable resistance produced by coronary vascular smooth 
muscle. Sympathetic nervous system activation increases coronary 
vascular smooth muscle tone. The degree of stretch of smooth 
muscle (termed the “myogenic factor”) also affects coronary 
vascular tone. However, metabolic factors are the primary physi-
ologic determinants of coronary vascular tone and, hence, myo-
cardial perfusion. The ratio of epicardial to endocardial blood low 
ratio remains near 1.0 throughout the cardiac cycle despite systolic 
compressive forces exerted on the subendocardium. The more 
pronounced resistance to low in the subendocardium is offset by 
beta-adrenoceptor–mediated vasodilation and by local metabolic 
autocrine factors (e.g., release of the vasodilator adenosine dur-
ing hypoxic conditions) produced by the myocardium itself. The 

relative maintenance of subendocardial blood low may also be 
related to the extensive number of redundant arteriolar and capil-
lary anastomoses within the subendocardium.

The heart normally extracts between 75% and 80% of arte-
rial O2 content, by far the greatest O2 extraction of all the body’s 
organs. The majority of O2 consumption results from the rate 
and magnitude of LV pressure development during isovolumic 
contraction. Oxygen consumption is also affected by the diameter  
of the LV as dictated by the Law of Laplace (see below). Heart 
rate is the primary determinant of myocardial O2 demand in the 
intact heart. Increases in myocardial contractility, preload, and 
afterload are also associated with elevations in myocardial O2 
demand. Cardiac O2 extraction is near maximal under resting 
conditions and cannot be substantially increased during exercise. 
Thus, the primary mechanism by which myocardium meets its 
O2 demand is through enhanced O2 delivery, which is propor-
tional to coronary blood low when hemoglobin concentration is 
constant. Coronary blood low and myocardial O2 consumption 
increase fourfold to ivefold during strenuous physical exercise. 
The difference between maximal and resting coronary blood low 
is termed “coronary reserve.” Myocardial O2 consumption is a 
major determinant of coronary blood low. For example, coro-
nary vascular resistance is greater in the rested, perfused heart 
than in the contracting heart, indicating that coronary blood low 
increases in response to a higher rate of O2 consumption. The 
mechanism(s) responsible for the correlation between myocar-
dial work, O2 consumption, and coronary vessel dilatation has yet 
to be precisely determined. In addition to metabolically induced 
vasodilation, the factors responsible for coronary autoregulation 
(maintenance of coronary blood low with a change in perfu-
sion pressure) and reactive hyperemia (the severalfold increase in 
blood low above baseline after a brief period of ischemia) are also 
not well understood. Metabolic coronary vasodilation occurs, at 
least in part, as a result of activation of the sympathetic nerves to 
the heart and coronary vasculature during an increase in heart 
rate and myocardial contractility. This sympathetic nerve stimu-
lation produces a feed-forward vasodilation of small coronary  
arterioles via activation of beta-adrenoceptors.9 An alpha–adre-
noceptor-induced vasoconstriction also occurs in larger coronary 
arteries during exercise. This vasoconstriction occurs upstream 
from coronary small coronary arterioles and serves two impor-
tant functions: reduction of vascular compliance and attenua-
tion of coronary blood low oscillations during the cardiac cycle. 
These actions act to preserve coronary blood low to the more 
vulnerable LV endocardium when heart rate, contractility, and 
myocardial O2 consumption are elevated. Interestingly, cardiac 
parasympathetic nerves have a prominent role in regulating heart 
rate, but these nerves appear to have a negligible direct effect on 
the regulation of coronary blood low.

The conclusions about sympathetic nervous system control of 
the coronary circulation are based on alterations in the slope of 
the O2 consumption–coronary venous O2 tension relation dur-
ing graded exercise in the presence of exogenous alpha- or beta- 
adrenoceptor blockade. Current evidence implicating the beta-
adrenoceptor in coronary vasodilation accounts for only about 
25% of the total coronary vasodilation observed during exercise-
induced hyperemia. These data suggest that the other 75% of 
coronary vasodilation during exercise may be produced by as yet 
undeined local metabolic factors that act on coronary vascular 
smooth muscle with or without the inluence of endothelium. 
Recent evidence indicates that this process may be mediated, at 
least in part, by the release of adenine nucleotides released from 
red blood cells that subsequently activate endothelial purinergic 
receptors to produce vasodilation during exercise.10 Many meta-
bolic factors have been proposed to individually or  collectively 
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modulate coronary low at the arteriolar or capillary level, includ-
ing adenosine, nitric oxide, arterial oxygen or CO2 tension, pH, 
osmolarity, K+, Ca2+, and prostaglandins. Many of these factors 
exert predictable direct effects. For example, hypoxia or ischemia 
decreases arterial oxygen tension and pH and increases CO2 ten-
sion, adenosine, and K+ and Ca2+ concentrations. These changes 
may augment coronary blood low, but none individually appear 
to be the sole determinant of vasodilation during exercise. For 
example, adenosine receptor blockade does not alter coronary 
blood low under resting conditions or during exercise. Similarly, 
inhibition of nitric oxide (NO) production or ATP-sensitive K+ 
(KATP) channels does not alter the slope of the myocardial O2 
consumption–coronary venous O2 relationship during graded 
exercise. Despite these data, it is abundantly clear that NO and 
KATP channels are important regulators of myocardial O2 supply–
demand relations under resting conditions. Adenosine released 
during hypoxia or ischemia causes coronary vasodilation; this 
effect is mediated by KATP channel activation. Adenosine and KATP 
channels have also shown to play a role in reactive hyperemia 
after ischemia, but these mediators do not appear to be required 
for coronary autoregulation. Moreover, the KATP channel may act 
to reduce coronary vascular smooth muscle tone, and thus, main-
tain a higher basal coronary blood low, during resting condi-
tions. While not acting as a local metabolic vasodilator, NO may 
react to increased downstream arterial dilation by dilating larger, 
upstream epicardial coronary arteries, thereby preventing exces-
sive sheer stress on coronary endothelium.

cArdIAc myocyte AnAtomy  

And FunctIon

ultrastructure

The heart contracts and relaxes nearly 3 billion times during an 
average lifetime, based on a heart rate of 70 beats per minute and a 
life expectancy of 75 years. A review of cardiac myocyte ultrastruc-
ture provides important insights into how the heart accomplishes 
this astonishing performance. The sarcolemma is the external 
membrane of the cardiac muscle cell. The sarcolemma contains 
ion channels (e.g., Na+, K+, Ca2+), ion pumps and exchangers (e.g., 
Na+–K+ ATPase, Ca2+-ATPase, Na+–Ca2+ or Na+–H+ exchangers), 
G-protein–coupled and other receptors (e.g., beta1-adrenergic, 
adenosine, opioid), and transporter enzymes that regulate intra-
cellular ion concentrations, facilitate signal transduction, and 
provide metabolic substrates required for energy production. 
Deep invaginations of the sarcolemma, known as transverse (“T”) 
tubules, penetrate the internal structure of the myocyte at regu-
lar intervals, thereby assuring rapid, uniform transmission of the 
depolarizing impulses that initiate contraction to be simultane-
ously distributed throughout the cell. Unlike the skeletal muscle 
cell, the cardiac myocyte is densely packed with mitochondria, 
which are responsible for generation of the large quantities of 
high-energy phosphates (e.g., adenosine triphosphate [ATP]) 
required for the heart’s phasic cycle of contraction and relaxation. 
The fundamental contractile unit of cardiac muscle is the sarco-
mere. The myoilaments within each sarcomere are arranged in 
parallel cross-striated bundles of thin (containing actin, tropo-
myosin, and the troponin complex) and thick (primarily com-
posed of myosin and its supporting proteins) ibers. Sarcomeres 
are connected in series, thereby producing characteristic shorten-
ing and thickening of the long and short axes of each myocyte, 
respectively, during contraction.

The structure of each sarcomere is described based on obser-
vations from light and electron microscopy. The area of overlap 
of thick and thin ibers characterizes the “A” band. This band 
lengthens as the sarcomere shortens during contraction. The “I” 
band represents the region of the sarcomere that contains thin 
ilaments alone, and this band is reduced in width as the cell 
contracts. Each “I” band is bisected by a “Z” (from the German 
zuckung [twitch]) line), which delineates the border between two 
adjacent sarcomeres. Thus, the length of each sarcomere contains 
a complete “A” band and two one-half “I” band units located 
between “Z” lines. A central “M” band is also present within the 
“A” band and is composed of thick ilaments spatially constrained 
in a cross-sectional hexagonal matrix by myosin-binding protein 
C. An extensively intertwined network of sarcoplasmic reticulum 
(SR) invests each bundle of contractile proteins and functions as 
a Ca2+ reservoir, thereby assuring homogenous distribution and 
reuptake of activator Ca2+ throughout the myoilaments during 
contraction and relaxation, respectively. The subsarcolemmal cis-
ternae of the SR are specialized structures located immediately 
adjacent to, but not continuous with, the sarcolemmal and trans-
verse tubular membranes and contain large numbers of ryanodine 
receptors that function as the primary Ca2+ release channel for the 
SR. The contractile machinery and the mitochondria that power 
it occupy >80%, whereas the cytosol and nucleus ill <15%, of the 
total volume of the cardiac myocyte. This observation emphasizes 
that contraction and relaxation, and not new protein synthesis, 
are the predominant functions of the cardiac myocyte. Interca-
lated discs mechanically connect adjacent myocytes through the 
fascia adherens and desmosomes, which link actin and other pro-
teins between cells, respectively. The intercalated discs also pro-
vide a seamless electrical connection between myocytes via large, 
nonspeciic ion channels known as gap junctions that facilitate 
intercellular cytosolic diffusion of ions and small molecules.

Contractile Apparatus

Myosin, actin, tropomyosin, and the three-protein troponin 
complex compose the six major components of the contractile 
apparatus. Myosin (molecular weight of approximately 500 kDa; 
length, 0.17 µm) contains two interwoven chain helices with two 
globular heads that bind to actin and two additional pairs of light 
chains. Enzymatic digestion of myosin divides the structure into 
light (containing the tail section of the complex) and heavy (com-
posed of the globular heads and the light chains) meromyosin. 
The elongated tail section of the myosin complex functions as the 
architectural support of the molecule (Fig. 10-6). The globular 
heads of the myosin dimer contain two “hinges” located at the 
junction of the distal light chains and the tail helix that play a 
critical role in myoilament shortening during contraction. These 
globular structures bind to actin, thereby activating an ATPase 
that plays a central role in hinge rotation and release of actin 
during contraction and relaxation, respectively. The maximum 
velocity of sarcomere shortening has been shown to be depen-
dent on the activity of this actin-activated myosin ATPase. Nota-
bly, adult and neonatal atrial and ventricular myocardia contain 
several different myosin ATPase isoforms that are distinguished 
by their relative ATPase activity. The myosin molecules are pri-
marily arranged in series along the length of the thick ilament, 
but are abutted “tail-to-tail” in the center of the thick ilament. 
This orientation facilitates shortening of the distance between “Z” 
lines during contraction as the thin ilaments are drawn progres-
sively toward the center of the sarcomere.

The light chains contained within the myosin complex serve 
either “regulatory” or “essential” roles. Regulatory myosin light 
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chains may favorably modulate myosin–actin interaction through 
Ca2+-dependent protein kinase phosphorylation, whereas essen-
tial light chains serve an as yet undeined obligate function in 
myosin activity, as their removal denatures the myosin molecule. 
Discussion of myosin light chain isoforms is beyond the scope 
of the current chapter, but isoform switches from ventricular to 
atrial forms have been observed in left ventricular hypertrophy 
that may contribute to contractile dysfunction.11 In addition to 
myosin and its binding protein, thick ilaments contain titin, a 
long elastic protein that attaches myosin to the “Z” lines. Titin 
has been postulated to be a “length sensor” similar to a bidi-
rectional spring that establishes progressively greater passive 
restoring forces as sarcomere length approaches its maximum or 
minimum.12 Compression and stretching of titin occur during 
decreases and increases in muscle load, thereby resisting further 
sarcomere shortening and lengthening, respectively. Thus, titin is 
a third important elastic element (in addition to actin and myo-
sin) that contributes to the stress-strain biomechanical properties 
of  cardiac muscle.13

Actin is the major component of the thin ilament. Actin is 
a 42 kDa, ovoid-shaped, globular protein (“G” form; 5.5 nm in 
diameter) that exists in a polymerized ilamentous (“F”) form in 
cardiac muscle. F-actin binds adenosine diphosphate (ADP) and 
a divalent cation (Ca2+ or Mg2+), but unlike myosin, the molecule 
does not directly hydrolyze high-energy nucleotides such as ATP. 
F-actin is wound in double-stranded helical chains of G-actin 
monomers that resemble two intertwined strands of pearls. A 
single complete helical revolution of ilamentous actin is approxi-
mately 77 nm in length and contains 14 G-actin monomers. Actin 
derives its name from its function as the “activator” of myosin 
ATPase through its reversible binding with myosin. The hydro-
lysis of ATP by this actin–myosin complex provides the chemi-
cal energy required to produce the conformational changes in the 
myosin heads that drive the cycle of contraction and relaxation 
within the sarcomere. Tropomyosin is one of two major inhibi-
tors of actin–myosin interaction. Tropomyosin (length of 40 nm; 
weight between 68 and 72 kDa) is a rigid double-stranded alpha-
helix protein linked by a single disulide bond. Human tropo-
myosin contains both alpha and beta isoforms (34 and 36 kDa, 
respectively) and may be present as either a homo- or a heterodi-
mer.14 Tropomyosin stiffens the thin ilament through its posi-
tion within the longitudinal cleft between intertwined F-actin 
polymers (Fig. 10-7), but its Ca2+-dependent interaction with 
troponin complex proteins is the mechanism that links sarcolem-
mal membrane depolarization to actin–myosin interaction in the 
cardiac myocyte (excitation–contraction coupling). The thin ila-
ments are anchored to “Z” lines by cytoskeletal proteins including 
alpha- and beta-actinin and nebulette.15

The troponin proteins serve complementary but distinct roles 
as critical regulators of the contractile apparatus.16 The troponin 
complexes are arranged at 40 nm intervals along the length of 
the thin ilament. Troponin C (so named because this molecule 
binds Ca2+) exists in a highly conserved, single isoform in cardiac 
muscle. Troponin C is composed of a central nine-turn alpha-
helix separating two globular regions that contain four discrete 
amino acid sequences capable of binding divalent cations includ-
ing Ca2+ and Mg2+. Of this quartet of amino acid–cation binding 
sequences, two (termed sites I and II) are Ca2+-speciic, thereby 
allowing the troponin C molecule to respond to the acute changes 
in intracellular Ca2+ concentration that accompany contraction 
and relaxation. Troponin I (“inhibitor”) is a 23 kDa protein that 
exists in a single isoform in cardiac muscle. Troponin I alone 
weakly prevents the interaction between actin and myosin, but 
when combined with tropomyosin, the troponin I–tropomyosin 
complex becomes the major inhibitor of actin–myosin binding. 
The troponin I molecule contains a serine residue that may be 
phosphorylated by protein kinase A (PKA) via the intracellular 
second messenger cAMP, thereby reducing troponin C–Ca2+ 
binding and enhancing relaxation during administration of beta1-
adrenoceptor agonists (e.g., dobutamine) or phosphodiesterase 
fraction III inhibitors (e.g., milrinone). Troponin T (so denoted 
because it binds other troponin molecules and tropomyosin) is 
the largest of the troponin proteins and exists in four major iso-
forms in human cardiac muscle. Troponin T anchors the other 
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FIGure 10-6. Schematic illustration of the myosin 
 molecule demonstrating double helix tail, globular heads 
that form cross-bridges with actin during contraction, two 
pairs of light chains, and “hinges” (cleavage sites of pro-
teolytic enzymes) that divide the molecule into meromyosin 
fragments (see text). (Reproduced with permission from: 
Barash PG, Cullen BF, Stoelting RK, et al. Clinical Anesthe-
sia, 6th ed., Lippincott Williams and Wilkins, Figure 10-6, 
p. 214.)
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FIGure 10-7. Cross-sectional schematic illustration demonstrating 
the structural relationship between the troponin–tropomyosin complex 
and actin under resting conditions (left panel) and after Ca2+ bind-
ing to troponin C (right panel, see text). (Reproduced with permis-
sion from: Barash PG, Cullen BF, Stoelting RK, et al. Clinical Anesthesia, 
6th ed., Lippincott Williams and Wilkins, Figure 10-7, p. 215.)
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troponin molecules and may also inluence the relative Ca2+ sen-
sitivity of the complex.17

Calcium–myofilament Interaction

Binding of Ca2+ to troponin C precipitates a series of conforma-
tional changes in the troponin–tropomyosin complex that lead 
to the exposure of the myosin-binding site on the actin molecule. 
During conditions in which intracellular Ca2+ concentration is 
low (10−7 M; diastole), very little Ca2+ is bound to troponin C, and 
each tropomyosin molecule is constrained to the outer region of 
the groove between F-actin ilaments by a troponin complex. 
This structural coniguration prevents myosin–actin interaction 
by effectively blocking cross-bridge formation. Thus, an inhibi-
tory state produced by the troponin–tropomyosin complex exists 
in cardiac muscle under resting conditions. A 100-fold increase 
in intracellular Ca2+ concentration (10−5 M; systole) occurs as a 
consequence of sarcolemmal depolarization, which opens L- and 
T-type sarcolemmal Ca2+ channels, thereby allowing Ca2+ inlux 
into the myocyte from the extracellular compartment and stimu-
lating Ca2+-dependent Ca2+ release from the SR via its ryanodine 
receptors. When Ca2+ is bound to troponin C under these condi-
tions, the shape of the troponin C protein becomes elongated and 
its interactions with troponin I and T are enhanced. These Ca2+-
induced allosteric rearrangements in troponin complex struc-
ture weaken the interaction between troponin I and actin, allow 
repositioning of the tropomyosin molecule along the F-actin ila-
ments, and reverse the baseline inhibition of actin–myosin bind-
ing by tropomyosin.18 In this way, Ca2+ binding to troponin C 
may be directly linked to a series of changes in regulatory protein 
chemical structure that block inhibition of the binding site for 
myosin on the actin molecule and allow cross-bridge formation 
and contraction to occur. This antagonism of inhibition is fully 
reversible, as relaxation is facilitated by dissociation of Ca2+ from 
troponin C concomitant with rapid restoration of the original 
conformation of the troponin–tropomyosin complex on F-actin.

Most Ca2+ ions are removed from the myoilaments and the 
cytosol after membrane repolarization by a Ca2+-ATPase located 

in the SR membrane (sarcoendoplasmic reticulum Ca2+-ATPase, 
SERCA). This Ca2+ is stored (concentration of approximately 
10−3 M) in the SR bound to calsequestrin and calreticulin until 
the subsequent sarcolemmal depolarization is initiated. The Na+/
Ca2+ exchanger and a Ca2+-ATPase located within the sarcolem-
mal membrane also remove a small quantity of Ca2+, similar to 
that which originally entered the myocyte from the extracellular 
space during depolarization. Phospholamban is a small protein 
(6 kDa) located in the SR membrane that partially inhibits the 
activity of the dominant form (type 2a) of cardiac SERCA under 
baseline conditions. However, phosphorylation of this protein by 
PKA blocks this inhibition and enhances the rate of SERCA uptake  
of Ca2+ into the SR,19 thereby increasing the rate and extent of 
relaxation (positive lusitropic effect) and augmenting the amount 
of Ca2+ stored for the next cycle of contraction (positive inotropic 
effect). Thus, SERCA activity is regulated by a cAMP-dependent 
PKA that is responsive to beta1-adrenoceptor stimulation or phos-
phodiesterase fraction III inhibition. In addition to PKA-mediated 
phosphorylation of troponin I that facilitates Ca2+ release from tro-
ponin C, these observations explain why positive inotropic drugs 
such as dobutamine and milrinone also augment relaxation.

myosin–Actin Interaction

The biochemistry of cardiac muscle contraction is most often 
described using a simpliied four-component model (Fig. 10-8).20 
Binding of ATP with high afinity to the catalytic domain of myo-
sin initiates the series of chemical and mechanical events that 
cause contraction of the sarcomere to occur. The myosin ATPase 
enzyme hydrolyzes the ATP molecule into ADP and inorganic 
phosphate, but these reaction products do not immediately dis-
sociate from myosin. Instead, the ATP hydrolysis products and 
myosin form an “active” complex that retains the  chemical energy 
released from the reaction as potential energy. In the absence of 
actin, subsequent dissociation of ADP and phosphate from myo-
sin is the rate-limiting step of myosin ATPase and the muscle 
remains relaxed. However, the activity of myosin ATPase is mark-
edly accelerated when the myosin–ADP–phosphate complex 
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FIGure 10-8. Schematic illustration 
of the actin filaments and its individual 
monomers and active myosin bind-
ings sites (m; left panel). The myosin 
head is dissociated from actin by bind-
ing with adenosine triphosphate (ATP). 
Subsequent ATP hydrolysis and release 
of inorganic phosphate (Pi) “cocks” the 
head group into a tension-generating 
coniguration. Attachment of the myo-
sin head to actin allows the head to ap-
ply tension to the myosin rod and the ac-
tin ilament. The right panel illustrates 
Ca2+ binding to troponin C, which 
causes troponin I to decrease its afin-
ity for actin. As a result, in a conforma-
tional shift in tropomyosin position (see 
text), seven sites on actin monomers 
are revealed. (Reproduced with permis-
sion from: Barash PG, Cullen BF, Stoelt-
ing RK, et al. Clinical  Anesthesia, 6th 
ed., Lippincott  Williams and Wilkins, 
Figure 10-9, p. 216.)
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is bound to actin, and under these circumstances, the chemical 
energy obtained from ATP hydrolysis becomes directly trans-
ferred into mechanical work. Attachment of myosin to its bind-
ing site on the actin molecule releases the phosphate anion from 
the myosin head, thereby producing a molecular conformation 
within this cross-bridge structure that generates tension in both 
myoilaments.21 Release of ADP and the stored potential energy 
from this activated conformation produce rotation of the cross-
bridge (“power stroke”) at the hinge point separating the helix 
tail region from the globular myosin head and its associated light 
chain proteins. Each cross-bridge rotation generates 3 to 4 × 10−12 
newtons of force and moves myosin approximately 11 nm along  
the actin molecule.22 Completion of myosin head rotation and 
ADP release does not dissociate the myosin-active complex but 
leaves it in a low-energy bound (“rigor”) state. Separation of 
myosin and actin occurs when a new ATP molecule binds to 
myosin, and the process is subsequently repeated, provided that 
energy supply is adequate and the myosin-binding site on actin 
remains unimpeded by troponin–tropomyosin inhibition.

Several factors may affect the eficiency of cross-bridge bio-
chemistry and myocardial contractility independent of autonomic 
nervous system tone or administration of exogenous vasoactive 
drugs. There is a direct relationship between myosin ATPase activ-
ity and the maximal velocity of unloaded muscle shortening (Vmax). 
The normal increase in intracellular Ca2+ concentration (from 10−7 
to 10−5 M) that occurs after sarcolemmal depolarization enhances 
baseline myosin ATPase activity ivefold before it interacts with 
actin, thereby increasing Vmax. Contractile force depends on sar-
comere length immediately before sarcolemmal depolarization. 
This length-dependent activation (Frank–Starling effect) may be 
related to an increase in myoilament sensitivity to Ca2+, favor-
able alterations in spacing between myoilaments, or titin-induced 
elastic recoil. Abrupt increases in load during contraction (Anrep 
effect) or those that occur after a prolonged pause between beats 
(Woodworth phenomenon) causes transient increases in contrac-
tile force through a length-dependent activation mechanism. An 
increase in cardiac muscle stimulation frequency also augments 
contractile force (treppe phenomenon) via enhanced myoilament 
Ca2+ sensitivity and greater SR Ca2+ release.

lAw oF lAPlAce

On a cellular level, each individual cardiac myocyte shortens and 
develops tension during contraction and subsequently, lengthens 
and releases this tension during relaxation. As an organ, the heart 
produces pressure–volume work during each cardiac cycle. The 
Law of Laplace allows translation of changes in tension and length 
observed in the cardiac myocyte into the alterations in pressure 
and volume that occur in the intact heart.23  A pressurized, 
spherical shell is a simple model for relating cardiac myocyte ten-
sion and length to LV pressure and volume (Fig. 10-9). In reality,  
the geometry of the LV more closely resembles a prolate ellip-
soid,24 but for the purposes of the current discussion, a pressurized 
sphere model of the LV is quite useful. Tension development in 
each cardiac myocyte increases LV wall stress (σ; tension exerted 
over a cross-sectional area) that is transformed into pressure (p). 
Three assumptions are used in the most basic derivation of the 
Law of Laplace: First, the LV is spherical in shape with an internal 
radius (r) and uniform wall thickness (h); second, σ  is presumed 
to be constant throughout the thickness of the LV wall; and third, 
the LV is not actively contracting, that is, in static equilibrium. 
Thus, “p” is the force acting to distend the LV, whereas “σ” repre-
sents the force resisting this distension. It can be easily shown that 

3

2

σ = pr/2h, indicating that wall stress varies directly with pressure 
and radius and inversely with wall thickness. Despite the model’s 
broad assumptions and remarkable simplicity, this version of the 
Law of Laplace allows appreciation of the factors that alter LV 
wall stress and how they may be affected by cardiac pathology. 
For example, the chronically elevated LV pressure (p) that occurs 
in the presence of severe aortic stenosis or uncontrolled essen-
tial hypertension clearly increases wall stress because these vari-
ables are directly related. Similarly, LV dilation associated with 
chronic mitral insuficiency also increases LV wall stress because 
the internal diameter (r) of the LV is greater. Notably, increases 
in wall stress under either circumstance cause a greater myocar-
dial oxygen demand because each myocyte requires more energy 
to develop enhanced tension.25 Conversely, an increase in wall 
thickness (h) decreases wall stress. This observation emphasizes 
that hypertrophy is an essential compensatory response to ele-
vated wall stress that reduces the tension developed in each car-
diac myocyte. More complete descriptions of the Law of Laplace 
have been derived in which more anatomically realistic LV geom-
etry and wall forces are used, but the fundamental principles 
relating wall stress to pressure, radius, and wall thickness remain 
essential elements in these models as well.26

the cArdIAc cycle

The time-dependent electrical, mechanical, and valvular events 
that occur during the cardiac cycle are illustrated in Figure 10-10. 
The QRS complex of the electrocardiogram indicates that RV 
and LV depolarization has occurred. This electrical event initi-
ates contraction (systole) and is associated with rapid increases 
in pressure in both chambers. When RV and LV pressures are 
greater than RA and LA pressures, the tricuspid and mitral valves 
close, thereby producing the irst heart sound (S1). Isovolumic 
contraction, rapid ejection, and slower ejection phases are the 
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FIGure 10-9. This schematic diagram depicts the opposing forces 
within a theoretical LV sphere that determine the Law of Laplace. LV 
pressure (P) pushes the sphere apart, whereas wall stress (σ) holds the 
sphere together. r, LV radius; h, LV thickness. (Reproduced with permis-
sion from: Kaplan JA, Reich DL, Savino JS. Kaplan’s Cardiac Anesthesia: 
The Echo Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-6, 
p. 105.)
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three major phases of LV systole. During LV isovolumic contrac-
tion, LV volume is constant because both the aortic and mitral 
valves are closed. However, LV shape becomes more spherical 
because base-to-apex length decreases. The maximum rate of rise 
of LV pressure (+dP/dt), a commonly used index of myocardial 
contractility, also occurs during LV isovolumic contraction. In 
contrast to the synchronous LV, the peristaltic contractions of 
the RV inlow and outlow tracts preclude isovolumic contrac-
tion in the RV.27 The pressures in the aortic and pulmonic roots 
reach their minima before the corresponding valves open. When 
LV and RV pressures are greater than aortic and PA pressures, 
respectively, rapid ejection of approximately two-thirds of the 
end-diastolic volume of each chamber occurs. The kinetic energy 
of LV and RV contraction is stored as potential energy in the 
aorta and PA, respectively, and is then released to the distal vas-
cular beds during diastole. The magnitude of this potential energy 
is determined by the relative compliance of the proximal systemic 

and PA vasculature. As aortic and PA pressures reach their maxi-
mum values, LV and RV ejection falls dramatically and then stops 
entirely when the LV and RV begin to repolarize. Aortic and PA 
pressures briely exceed LV and RV pressures as this slower ejec-
tion phase comes to an end, and the aortic and pulmonic valves 
close in response to these pressure gradient reversals. Closure of 
the aortic and pulmonic valves causes the second heart sound 
(S2); this event denotes end-systole. S2 is normally split because 
the aortic valve closes slightly before the pulmonic valve.

Isovolumic relaxation, early ventricular illing, diastasis, and 
atrial systole are the four phases of LV diastole. LV volume is con-
stant during isovolumic relaxation because both the aortic and 
mitral valves are closed. LV pressure very rapidly declines as the 
myoilaments relax. The mitral valve opens when LA pressure 
exceeds LV pressure, and the pressure gradient between the cham-
bers drives blood stored in the LA into the LV. Sarcomere relax-
ation is completed and recoil of compressed elastic components 
cause LV pressure to continue to decrease after the mitral valve 
has opened,28 thereby establishing a time-dependent pressure 
gradient between the LA and LV.29 The instantaneous LA pres-
sure immediately before mitral valve opening combined with the 
rate and extent with which LV pressure decreases are the primary 
determinants of the pressure gradient between chambers.30 Early 
LV illing is rapid; the peak velocities of mitral blood low during 
early illing and aortic outlow during ejection are similar.31 Vor-
tex ring formation within the LV accompanies the mitral inlow 
jet and facilitates selective illing of the LV outlow tract.32 Age 
and cardiac disease (e.g., myocardial ischemia, pressure-overload 
hypertrophy) often delay LV relaxation, which blunts early LV ill-
ing by reducing the LA-to-LV pressure gradient. It is important to 
note that LV pressure continues to fall to subatmospheric values 
if blood low across the mitral valve is experimentally prevented.33  
This “diastolic suction” effect assures that the LV will continue to ill 
even if LA pressure is zero (e.g., during profound hypovolemia).34 
The early illing phase of diastole normally provides 70% to 75% 
of inal stroke volume. During the third phase of diastole, the LA 
acts as a conduit to transfer pulmonary venous blood low through 
the open mitral valve. Less than 5% of total stroke volume enters 
the LV during diastasis, which may be shortened or eliminated 
during pronounced tachycardia.35 The inal phase of ventricular 
diastole is atrial systole. A positive pressure gradient for renewed 
LA to LV low is created by LA contraction. Retrograde blood low 
into the pulmonary veins is largely prevented by the sphincter-
like anatomy of the pulmonary venous–LA junction. Atrial systole 
generates 15% to 25% of inal stroke volume, but its importance 
is accentuated when delayed LV relaxation or reduced LV compli-
ance is present. Thus, it is common for patients with these abnor-
malities to develop cardiovascular instability or CHF when LA 
contraction is improperly timed (e.g., AV conduction blockade) 
or absent (e.g., atrial ibrillation).

Three major delections are observed in the LA pressure wave-
form during sinus rhythm. The P wave of atrial depolarization 
is followed by LA contraction, which produces the “a” wave of 
atrial systole. An increase in LA preload or contractility augments 
the magnitude of the “a” wave. LA relaxation may be quantiied 
using the rate of deceleration of the “a” wave.36 A second small 
increase in LA pressure occurs with the onset of LV contraction 
because of mitral valve closure. This delection is known as the 
“c” wave. The “v” wave results from LA illing during LV systole 
and early relaxation as pulmonary venous return enters the LA. 
Mitral regurgitation or reductions in LA compliance enhances the 
magnitude of the “v” wave.37 Similar changes in the RA pressure 
waveform delections also occur, and this RA “a-c-v” morphol-
ogy may be easily seen in the jugular veins during the physical 
examination.
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FIGure 10-10. Mechanical and electrical events of the cardiac cycle 
showing also the LV volume curve and the heart sounds. Note the 
LV isovolumic contraction (ICP) and the relaxation period (IRP) dur-
ing which there is no change in LV volume because aortic and mitral 
valves are closed. The LV decreases in volume as it ejects its contents 
into the aorta. During the irst third of systolic ejection (the rapid ejec-
tion period), the curve of emptying is steep. ECG, electrocardiogram. 
( Reproduced with permission from: Barash PG, Cullen BF, Stoelting 
RK, et al. Clinical Anesthesia, 6th ed., Lippincott Williams and Wilkins, 
 Figure 10-4, p. 212.)
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the Pressure–Volume dIAGrAm

Continuous LV pressure and volume may be plotted against 
each other to obtain a time-dependent diagram that is useful for 
analysis of LV systolic and diastolic function (Fig. 10-11). The LV 
pressure–volume (P–V) diagram proceeds in a counterclockwise 
direction over time. End-diastole initiates the cardiac cycle (point 
A, Fig. 10-11). This is followed by isovolumic contraction, in 
which a rapid increase in LV pressure that occurs without change 
in LV volume. When LV pressure is greater than aorta pressure, 
the aortic valve opens (point B, Fig. 10-11). Ejection of blood 
from the LV into the proximal great vessels causes a precipitous 
decline in LV volume. The aortic valve closes when LV pressure 
drops below aortic pressure (point C, Fig. 10-11). When LV pres-
sure falls below LA pressure during isovolumic relaxation, the 
mitral valve opens (point D, Fig. 10-11) and LV illing occurs, 
thereby increasing LV volume during the remainder of diastole 
concomitant with small increases in LV pressure. This inal stage 
completes the P–V diagram.

4

3

The LV P–V diagram allows simple recognition of major car-
diac events without electrocardiographic correlation (e.g., aortic 
and mitral valve opening and closing). The lower right and upper 
left corners of the P–V diagram identify the LV end-diastolic and 
end-systolic volumes (EDV and ESV, respectively). This observa-
tion facilitates calculation of stroke volume and ejection fraction. 
The normal EDV and ESV are approximately 120 and 40 mL, 
respectively. Thus, stroke volume (EDV–ESV) is 80 mL and ejec-
tion fraction (SV/EDV) is 67% in the normal heart. The area of 
the LV P–V diagram deines stroke work for the cardiac cycle. An 
increase in preload is indicated by a rightward shift of the right 
side of the LV P–V diagram. In contrast, greater LV pressure asso-
ciated with an increase in afterload causes the LV P–V diagram to 
increase in height and become narrower. A series of LV P–V dia-
grams may be acquired as a result of an acute change in LV load-
ing conditions over several cardiac cycles and is useful for deter-
mining contractile state, chamber compliance, and mechanical 
eficiency. Changes in preload or afterload may be briely induced 
mechanically (e.g., transient occlusion of the inferior vena cava) 
or pharmacologically (e.g., intravenous infusion of nitroglycerin) 
to generate a nested set of differentially loaded LV P–V diagrams. 
These loops may then be used to determine the end-systolic pres-
sure–volume relation (ESPVR), the slope of which (“end-systolic  
elastance” [Ees]) is an index of myocardial contractility in vivo.38 
Similarly, LV compliance may be quantiied using the same set 
of LV P–V diagrams to calculate the end-diastolic pressure–
volume relationship (EDPVR).23 The LV functions within the 
constraints of the boundaries established by ESPVR and EDPVR, 
which deine the LV’s mechanical characteristics during systole  
and diastole, respectively.39 In addition, the triangular space that 
lies between ESPVR and EDPVR to the left of the steady state 
LV P–V diagram itself is the potential energy remaining in the  
system. This area may be used to quantify the energetics and 
mechanical eficiency of the LV.40  The principles of pressure–
volume theory have also been successfully applied to the study of 
RV and LA function.41,42

CHF resulting from LV systolic or diastolic dysfunction may 
be clearly depicted using P–V analysis.43 Pure LV systolic dys-
function is represented by a reduction in the ESPVR slope and 
often occurs in conjunction with LV dilation, as illustrated by a 
right shift of the P–V diagram without a change in the position 
of EDPVR (Fig. 10-12). Thus, a compensatory increase in preload 
serves to maintain stroke volume in the presence of reduced myo-
cardial contractility, but LV illing pressures are greater as a result. 
A decrease in LV compliance is indicated by an increase in EDPVR; 
this deines LV diastolic dysfunction because LV pressure is greater 
for a given LV volume. In pure diastolic heart failure, myocar-
dial contractility is preserved (ESPVR is unchanged), but clinical 
symptoms are present because LV illing pressures are elevated. 
The combination of LV systolic and diastolic dysfunction is indi-
cated by simultaneously decreased ESPVR and elevated EDPVR. 
Under these circumstances, the LV operates with a very restricted 
range of preload and afterload conditions and stroke volume may 
be substantially compromised as a result.

FActors thAt determIne  

systolIc FunctIon

The pumping ability of the LV (and the other cardiac chambers) 
is determined by its ability to collect and eject blood. Cardiac 
output and ejection fraction are most often used to quantify LV 
systolic function. The amount of blood contained within the LV 
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FIGure 10-11. This illustration depicts the steady state LV pressure–
volume diagram. The cardiac cycle proceeds in a time-dependent coun-
terclockwise direction (arrows). Points A, B, C, and D correspond to LV 
end-diastole (closure of the mitral valve), opening of the aortic valve, LV 
end-systole (closure of the aortic valve), and opening of the mitral valve, 
respectively. Segments AB, BC, CD, and DA represent isovolumic con-
traction, ejection, isovolumic relaxation, and illing, respectively. The LV 
is constrained to operate within the boundaries of the end-systolic and 
end-diastolic pressure–volume relations (ESPVR and EDPVR, respective-
ly). The area inscribed by the LV pressure–volume diagram is stroke work 
(SW) performed during the cardiac cycle. The area to the left of the LV 
pressure–volume diagram between ESPVR and EDPVR is the remaining 
potential energy (PE) of the system. (Reproduced with permission from: 
Kaplan JA, Reich DL, Savino JS. Kaplan’s Cardiac Anesthesia: The Echo 
Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-9, p. 107.)



 CHAPTER 10 Cardiac Anatomy and Physiology 251

A
N

A
T
O

M
Y

 A
N

D
 P

H
Y
S
IO

L
O

G
Y

before the onset of contraction, the arterial resistance to empty-
ing that the LV must overcome, and the contractile properties of 
the LV itself determine the stroke volume for each cardiac cycle 
(Fig. 10-13). These three factors combine with the heart rate and 
rhythm to determine cardiac output. Clearly, the LV’s structural 
integrity is essential to its eficiency as a hydraulic pump. For 
example, an anomalous route of blood low from the chamber 

6

(e.g., a ventricular septal defect with right to left shunt) or val-
vular dysfunction (e.g., severe mitral regurgitation) may reduce 
forward low and limit the utility of cardiac output and ejection 
fraction as indices of LV systolic function. The ability of the LV 
to ill properly at normal pressure (approximately 10 mm Hg) 
is determined by pulmonary venous blood low, LA and mitral  
function, pericardial forces, and the active (relaxation) and pas-
sive (compliance) properties of the LV during diastole.44 LV dia-
stolic dysfunction caused by perturbations in any of these vari-
ables often precludes proper LV illing without elevated pressure 
and may independently contribute to clinical signs and symp-
toms of CHF without LV systolic dysfunction per se.

Heart Rate

The contractile state of isolated cardiac muscle is directly related 
to its stimulation frequency. This phenomenon is known as the 
Bowditch, “staircase,” or “treppe” effect or the “force–frequency” 
relationship and has been attributed to improved Ca2+ cycling 
eficiency and increased myoilament Ca2+ sensitivity. Maximal 
contractile force is generated at 150 to 180 stimulations/min in 
isolated cardiac muscle; these experimental data support the clini-
cal observation of optimal matching of cardiac output to venous 
return at heart rates approaching 175 beats/min during intense 
aerobic exercise. Nevertheless, contractility may subsequently 
decline at heart rates greater than 175 beats/min because LV relax-
ation abnormalities begin to develop as a result of insuficient Ca2+ 
uptake from the contractile apparatus and because the duration 
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FIGure 10-12. These schematic illustrations demonstrate alterations in the steady state LV pressure–volume diagram pro-
duced by a reduction in myocardial contractility as indicated by a decrease in the slope of the end-systolic pressure–volume 
relation (ESPVR; left panel) and a decrease in LV compliance as indicated by an increase in the position of the end-diastolic pres-
sure–volume relation (EDPVR; right panel). These diagrams emphasize that heart failure may result from LV systolic or diastolic 
dysfunction independently. (Reproduced with permission from: Kaplan JA, Reich DL, Savino JS. Kaplan’s Cardiac Anesthesia: The 
Echo Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-11, p. 109.)
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FIGure 10-13. This illustration depicts the major factors that deter-
mine LV diastolic (left) and systolic (right) function. Note that pul-
monary venous (PV) blood low, LA function, mitral valve integrity, 
LA relaxation, and LV compliance combine to determine LV preload. 
(Reproduced with permission from: Kaplan JA, Reich DL, Savino JS. 
Kaplan’s Cardiac Anesthesia: The Echo Era, 6th ed., St. Louis, Elsevier 
Saunders, 2011, Figure 5-15, p. 111.)
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of LV diastole becomes too brief to allow adequate LV illing. 
Thus, it is not surprising that tachyarrhythmias or rapid pacing 
may cause profound hypotension or hemodynamic collapse. The 
Bowditch effect is particularly important to augment contractility 
and maintain adequate arterial blood pressure in the presence of 
pericardial tamponade or constrictive pericarditis because these 
diseases are characterized by profoundly impaired LV illing. The 
“interval-strength” effect is another manifestation of the Bowditch 
phenomenon in which the force of LV contraction after an LV  
extrasystole is augmented.45 However, the Bowditch effect may be 
of little consequence within a typical physiologic range of heart 
rate (e.g., 50 to 150 beats/min) in the normal heart.46

Preload

Sarcomere length immediately before myocyte contraction 
is a useful way to envision the concept of “preload,” but this 
deinition is unrealistic considering the LV’s complex three- 
dimensional structure. Instead, EDV is most often used to deine 
LV preload because this volume of blood is directly related to LV 
end-diastolic wall stress and implicitly establishes the precontrac-
tion length of each LV sarcomere. Real-time quantiication of  
LV EDV continues to be quite challenging from a clinical per-
spective. Experimental methods used to measure LV EDV (e.g., 
sonomicrometry, conductance technology) are very precise but 
impractical because they require invasive instrumentation.47,48 
Noninvasive methods including radionuclide angiography or 
dynamic magnetic resonance imaging may also be used to mea-
sure LV EDV, but these imaging techniques cannot be used in 
the operating room or intensive care unit. Three-dimensional  
transesophageal echocardiography (TEE) offers perhaps the best 
technique to quantify real-time LV EDV, but this technology is 
relatively new and has yet to be widely applied outside the setting 
of cardiac surgery. More often, anesthesiologists estimate LV EDV 
using two-dimensional TEE by examining transgastric LV midpap-
illary short axis imaging plane to measure LV end-diastolic area or 
diameter. Using this technique, a decrease in LV preload may be 
inferred when there is a reduction in end-diastolic area and diam-
eter. Clearly, TEE assessment of LV preload cannot be practically 
performed in a conscious patient and requires that the anesthe-
siologist obtain specialized training to properly interpret the data.

7

Other clinically used indices of LV preload have their own 
inherent limitations (Fig. 10-14). Advancing a luid-illed cathe-
ter into the LV allows measurement of LV end-diastolic  pressure, 
which is related to end-diastolic volume. This invasive tech-
nique is possible only in the cardiac catheterization laboratory 
or the operating room. In lieu of this method, other pressures 
“upstream” from the LV are more commonly used to estimate 
LV EDV, including mean LA, pulmonary capillary occlusion 
(wedge), pulmonary arterial diastolic, RV end-diastolic, and 
RA (central venous) pressures. Obviously, the integrity of the 
structures that separate each site of measurement from the LV 
affects the accuracy of these methods. For example, a correlation 
between central venous and LV end-diastolic pressures assumes 
that pulmonary disease, airway pressure during respiration, RV 
or pulmonary vascular disease, LA dysfunction, mitral valve 
abnormalities, or LV compliance have not adversely affected the 
luid column between the RA and the LV. This is certainly not 
the case in patients with signiicant pulmonary or cardiac disease, 
as there is a well-known lack of correlation between LV end-dia-
stolic volume, pulmonary artery occlusion pressure, and central  
venous pressure in patients with LV systolic dysfunction49 in 
whom accurate measurement of LV preload may be especially 
important to optimize cardiac output.

Afterload

The additional load to which cardiac muscle is exposed after con-
traction has begun is termed “afterload.” This concept is intui-
tive when studying isolated cardiac muscle under experimental 
conditions, but it is more dificult to quantify when the heart’s 
interaction with the arterial vasculature is considered in vivo. 
Four components combine to determine LV afterload in the 
intact cardiovascular system. These include the size and mechani-
cal behavior of arterial blood vessels; terminal arteriolar vascular 
tone, which establishes total arterial resistance; LV end-systolic 
wall stress, which is deined by LV pressure development and the 
changes in LV geometry needed to generate it; and the physical 
properties and volume of blood as a hydraulic luid. The methods 
used to estimate RV afterload are similar to those used to charac-
terize LV afterload; this discussion will focus on LV afterload as 
a result. The reader should appreciate that two major differences 

8

Chamber geometry
Laplace’s law

Actin-myosin
interaction

Elastic elements

LV compliance
(EDPVR)

Sarcomere
length

LVEDV LVEDP PAO P RVEDP RAPLAP
Mu scle
length

∝ ∝ ∝ ∝ ∝ ∝ ∝

T ricu spid
v alv e

Airway
pressu re

RV compliance
Pu lmonary disease
Pu lmonic v alv e

Mitral
v alv e

FIGure 10-14. This schematic diagram depicts factors that influence experimental and clinical estimates 
of sarcomere length as a pure index of the preload of the contracting LV myocyte.  LVEDV, LV end-diastolic 
volume; LVEDP, LV end-diastolic pressure; EDPVR, end-diastolic pressure–volume relation; LAP, left atrial 
pressure; PAOP, pulmonary artery occlusion pressure; RV, right ventricle; RVEDP, RV end-diastolic pressure; 
RAP, right atrial pressure. (Reproduced with permission from: Kaplan JA, Reich DL, Savino JS. Kaplan’s 
Cardiac Anesthesia: The Echo Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-16, p. 112.)
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exist between RV and LV afterload systems: The pulmonary arte-
rial circulation is substantially more compliant than systemic vas-
culature and, as mentioned previously, the RV is more sensitive 
to changes in afterload than the LV.

The most comprehensive description of LV afterload is aor-
tic input impedance [Zin(ω)] deined as the ratio of continuous 
aortic pressure (the forces acting on the blood) to blood low (the 
motion that those forces creates). Power spectral or Fourier series 
analysis is used to calculate Zin(ω) from high-idelity measure-
ments of pressure and low. Zin(ω) includes the frequency depen-
dent characteristics of the arterial vasculature with its viscoelastic 
effects and its wave relection properties. This methodology is 
quite useful from an experimental perspective, but has limited 
practical applicability. Another deinition of LV afterload quanti-
ies the mechanical forces to which the LV is exposed during ejec-
tion as LV end-systolic wall stress. A large decline in LV volume 
occurs after the aortic valve opens concomitant with elevated LV 
pressure and increased wall thickness. As indicated by the Law of 
Laplace, changes in these variables cause a profound increase in LV 
end-systolic wall stress, which reaches its maximum value during  
early LV ejection and subsequently declines.50 The alterations in 
LV systolic wall stress during ejection are important. Maximal LV 
systolic wall stress has been shown to be a stimulus for LV concen-
tric hypertrophy in the presence of chronic increases in afterload, 
such as may be observed in patients with essential hypertension or 
severe aortic valve stenosis.51 The area under the LV systolic wall 
stress curve is directly related to myocardial oxygen demand.52 At 
end-systole, the forces driving further ejection and those resisting 
it are equal. Thus, LV end-systolic wall stress is a determinant of 
stroke volume and ejection fraction.

Afterload may also be approached from a mechanical sys-
tems perspective because the LV and the arterial vascular tree 
must be appropriately coupled to assure optimal energy transfer 
between them. In this model, the LV and arterial circulation are 
considered elastic chambers in series, and LV-arterial coupling is  
described using the ratio of LV elastance (Ees) and effective arte-
rial elastance (Ea) determined using P–V analysis (Fig. 10-15).40,53 
Ea may also be estimated as the ratio of end-systolic arterial pres-
sure to LV end-systolic pressure, and has been clinically applied 
to approximate LV afterload using this deinition. Ea has been 
shown to be affected by arteriolar resistance and the compliance 
of the proximal great vessels, and as such, is often used to estimate 
LV afterload that resembles LV end-systolic wall stress. However, 
Ea does not include arterial frequency dependence or arterial 
wave relection properties and cannot be used as a quantitative 
index of LV afterload as a result.

The most commonly used clinical estimate of LV afterload 
is systemic vascular resistance calculated as ((MAP-RAP) • 80)/
CO, where MAP and RAP are mean arterial and right atrial pres-
sures, respectively, CO is cardiac output, and 80 is a constant that 
converts mm Hg•min−1

•L
−1 to dynes•sec•cm−5. Similar to LV end-

systolic wall stress and Ea, systemic vascular resistance does not 
consider the mechanical properties of the blood and arterial walls, 
ignores the frequency-dependence of arterial pressure and blood 
low, and does not account for arterial wave relection. Notably, 
these components of LV afterload are of greater importance in 
elderly patients or in the presence of peripheral vascular disease,54 
clinical circumstances in which quantitative evaluation of after-
load may be more important to optimize cardiac output. In gen-
eral, systemic vascular resistance is best used as a nonparametric 
estimate,55 but not as a quantitative index, of LV afterload pro-
duced by vasoactive medications or cardiovascular disease.

The failing LV is especially sensitive to increases in after-
load.56 Activation of the sympathetic nervous system serves to 
improve contractility in the presence of LV systolic dysfunction, 

but this response also causes unintentional but equally important 
increases in LV afterload that may negate any potential increase 
in cardiac output. LV hypertrophy is also an important adapta-
tion response to chronic increases in LV afterload that reduces LV 
wall stress by increasing wall thickness (Fig. 10-16). However, this 
compensatory response also inadvertently increases myocardial 
oxygen demand and reduces LV compliance. These effects make 
the hypertrophied LV more susceptible to myocardial ischemia 
and diastolic dysfunction, respectively. Thus, decreasing LV after-
load by reducing the inciting stress is a crucial objective in the 
clinical management of CHF.

myocardial Contractility

Myocardial contractility (also known as inotropic state) is the spe-
ciic force that cardiac muscle is capable of producing during con-
traction under controlled loading conditions and stimulation rate. 
Such a measurement is certainly possible in isolated cardiac mus-
cle, but determining contractility in the intact heart is remarkably 
dificult. This is clearly an important clinical objective because 
the ability to quantify inotropic state has substantial implications 
 during the management of patients with LV or RV contractile dys-
function. Nevertheless, a “gold standard” of myocardial contrac-
tility that is truly independent of heart rate and loading conditions 
has not been developed. Indeed, it is essential to recognize that 
inotropic state and loading conditions are intimately interrelated  
in the sarcomere,57 and hence, it may be impossible to measure 
contractility as a truly independent variable. To date, indices 
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FIGure 10-15. This schematic diagram illustrates the LV end-systolic 
pressure–volume and aortic end-systolic pressure–stroke volume rela-
tions (ESPVR and AoPes–SVR, respectively) used to determine LV-arterial 
coupling as the ratio of end-systolic elastance (Ees; the slope of ESPVR) 
and effective arterial elastance (Ea; the slope of AoPes–SVR). EDPVR, end-
diastolic pressure–volume relation. (Reproduced with permission from: 
Kaplan JA, Reich DL, Savino JS. Kaplan’s Cardiac Anesthesia: The Echo 
Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-19, p. 114.)
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derived from LV P–V analysis, isovolumic contraction, and ejec-
tion are the major approaches to the measurement of contractility 
in vivo.

The ratio of continuous LV pressure-to-volume during the 
cardiac cycle has been characterized as “time-varying elastance,” 
such that E(t) = P(t)/[V(t) – V0], where E(t) is the time-varying 
elastance, P(t) and V(t) are the time-dependent changes in LV 
pressure and volume, respectively, and V0 is unstressed LV vol-
ume.58 In this model, maximal LV elastance (Emax) typically occurs 
at or very close to the left upper corner of the steady state LV 
P–V diagram. As mentioned previously, a nested set of LV P–V 
diagrams may be generated by an acute change in loading condi-
tions; each loop in this set has a distinct Emax. These Emax values are 
linearly related, and establish the ESPVR for the LV (Fig. 10-17). 
The slope of ESPVR is termed “end-systolic elastance” (Ees) and is 
an afterload-insensitive index of contractility because the analysis 
from which it is derived is performed at end-systole. Alterations 
in contractile state are relected in changes in Ees. For example, 
intravenous administration of a positive inotropic medication 
such as dobutamine causes an increase in Ees to occur, the mag-
nitude of which quantiies the change in contractility that has 
occurred. Another contractile index may be derived from the 
same series of LV P–V diagrams and is based on the Frank–Star-
ling principle relating preload to cardiac output. There is linear 
relationship between the area of each LV P–V diagram (stroke 

work; SW) within this nested set of loops and its corresponding 
EDV, such that SW = Msw • (EDV – Vsw), where Msw and Vsw are 
the slope and volume intercept of the relation. The slope of this 
“preload recruitable stroke work” relation has also been shown to 
quantify changes in contractility in a relatively load-independent 
manner.59 Ees and Msw are not used on a routine basis in clinical 
anesthesiology because invasive measurement of LV pressure and 
volume is required for its derivation and extensive off-line analy-
sis must be performed. However, both indices of inotropic pro-
vide important conceptual tools with which to understand LV, 
RV, and atrial contractile function in the intact heart.
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FIGure 10-16. LV pressure- and volume-overload produce compen-
satory responses based on the nature of the inciting stress. Wall thick-
ening reduces (−) whereas chamber dilation increases (+) end-systolic 
wall stress as predicted by the Law of Laplace. LV pressure-overload hy-
pertrophy has been linked to heart failure with normal ejection fraction 
(HFNEF), but LV volume-overload most often causes heart failure (HF) 
with reduced ejection fraction (EF). (Reproduced with permission from: 
Kaplan JA, Reich DL, Savino JS. Kaplan’s Cardiac Anesthesia: The Echo 
Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-21, p. 114.)
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FIGure 10-17. This illustration depicts the method used to derive 
the LV end-systolic pressure–volume relation (ESPVR) from a series of 
differentially loaded LV pressure–volume diagrams generated by abrupt 
occlusion of the inferior vena cava in a canine heart in vivo. The maxi-
mal elastance (Emax; pressure/volume ratio) for each pressure–volume 
diagram is identiied as its left upper corner, and a linear regression 
analysis is used to deine the slope (Ees; end-systolic elastance) and 
volume intercept of the ESPVR (top panel). The effects of isolurane 
(0.6, 0.9, and 1.2 minimum alveolar concentration) on the ESPVR are 
illustrated in the bottom panel. C1, Control 1 (before isolurane); C2, 
Control 2 (after isolurane). (Reproduced with permission from: Kaplan 
JA, Reich DL, Savino JS. Kaplan’s Cardiac Anesthesia: The Echo Era, 6th 
ed., St. Louis, Elsevier Saunders, 2011, Figure 5-23, p. 116.)
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Indices of global myocardial contractility may also be derived 
using parameters obtained from the LV pressure waveform alone 
during isovolumic contraction. The most commonly used iso-
volumic index of contractility is the maximum rate of increase 
of LV pressure (+dP/dt). This index is typically obtained in the 
cardiac catheterization laboratory and usually requires invasive 
measurement of continuous LV pressure, but +dP/dt may also 
be estimated noninvasively using TEE.60 LV +dP/dt sensitively 
indicates changes in contractile state, but its absolute value is 
less important than the magnitude of its change in response to 
an inotropic intervention (e.g., administration of epinephrine). 
LV +dP/dt is generally considered to be afterload-independent 
because the aortic valve opens after the maximal rate of rise of 
LV pressure occurs during isovolumic contraction. In contrast, 
+dP/dt is highly dependent on preload, although an index of 
contractility based on LV P–V analysis that compensates for this  
preload-dependence has been developed and validated.61 LV 
+dP/dt is also affected by LV mass, chamber geometry, and valve 
disease. Declines in global LV inotropic state caused by regional 
myocardial ischemia may also not be accurately quantiied with 
+dP/dt because compensatory increases in contractility may 
occur in the surrounding normal myocardium. Other isovolumic 
indices of contractility based on +dP/dt, including the rate of rise 
of LV pressure at a predetermined LV pressure (e.g., dP/dt mea-
sured at 40 mm Hg) or the ratio of dP/dt to maximum LV pres-
sure (dP/dt/P) have also been used, but these measures do not 
provide unique additional information compared with +dP/dt.

Ejection fraction (EF; the ratio of stroke volume to EDV) is 
the most common clinical measure of LV contractility. Echocar-
diography is most often used to calculate EF, but other methods, 
including radionuclide angiography and dynamic magnetic reso-
nance imaging, also provide very reliable estimates of this ejec-
tion phase index of inotropic state. In the operating room, two-
dimensional TEE midesophageal four- or two-chamber windows 
are obtained at end-systole and end-diastole and are then ana-
lyzed using Simpson’s rule of discs to determine EF. However, 
this technique is rather time consuming and may be impracti-
cal during rapidly changing hemodynamic conditions. Instead, 
regional approximations of EF such as fractional shortening and 
fractional area change (FAC) are often used by examining mid-
papillary short axis diameter and area, respectively, at end-systole 

and end-diastole. For example, FAC is determined as EDA–ESA/
EDA, where EDA and ESA are end-diastolic and end-systolic 
areas, respectively, obtained by manually tracing the endocardial 
borders of the LV (Fig. 10-18). However, it is important to recog-
nize that all ejection phase indices of contractility are dependent 
on both loading conditions and inotropic state. Thus, interpre-
tation of EF, FAC, or fractional shortening must be considered 
within the clinical circumstances in which the value was obtained. 
The frequent observation of profoundly depressed EF in a patient 
with newly recognized CHF resulting may occur because after-
load is markedly increased and not because of pure LV systolic 
dysfunction. Ejection phase indices may also be inaccurate when 
mitral or aortic valve disease is present. Hence, EF may be greater 
than normal during severe mitral regurgitation because a large 
percentage of blood low from the LV is diverted into the low 
pressure LA during systole.

FActors thAt determIne 

dIAstolIc FunctIon

Each chamber of the heart must ill adequately under normal 
pressures to facilitate optimal function during the subsequent 
contraction. We will emphasize LV diastolic function in the cur-
rent section of this chapter, but the readers should be aware that 
the diastolic properties of the RV and atria are critically important 
for the overall performance of the heart as well. Because diastole 
is an inherently complex sequence of temporally related events 
(Table 10-1), no single index of LV diastolic function completely 
characterizes this phase of the cardiac cycle or selectively predicts 
those patients who may be a greatest risk of developing CHF  
related to abnormal diastolic function.62  Notably, nearly one-half 
of patients with CHF do not have overt clinical evidence of LV 
contractile dysfunction (e.g., a reduction in LV EF).63 Hyperten-
sive elderly women who are obese or are affected by renal insuf-
iciency, anemia, or atrial ibrillation appear to be at greatest 
risk of developing this “heart failure with normal  ejection frac-
tion” (HFNEF; also known as “diastolic heart failure”).64 Delayed 
LV relaxation, reduced compliance, and abnormal  coupling 
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FIGure 10-18. Calculation of fractional area change from LV midpapillary short axis images obtained at end-diastole (left 
panel) and end-systole (right panel). The LV endocardial border is manually traced (excluding the papillary muscles). The 
software integrates the area inscribed of the LV chamber. (Reproduced with permission from: Kaplan JA, Reich DL, Savino JS. 
Kaplan’s Cardiac Anesthesia: The Echo Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-27, p. 119.)
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between the LV and the arterial circulation have been implicated  
in the pathophysiology of HFNEF (Table 10-1).65,66 Thus, LV 
 diastolic dysfunction is a primary cause of HFNEF, the severity and 
response to medical therapy of which are key factors that establish 
exercise tolerance67 and may predict prognosis68 in patients with 
heart failure independent of abnormal LV contractility. From the 
anesthesiologist’s perspective, the LV response to changes in load-
ing conditions (such as those observed in the operating room) is 
determined primarily by LV diastolic function. In addition, many 
commonly used volatile and intravenous anesthetics affect LV 
relaxation and illing in the normal and failing heart.69 As a result, 
preoperative determination of the presence, cause (Table 10-2), 
and severity of LV diastolic dysfunction is important when caring 
for patients undergoing surgery in which large shifts in intravas-
cular volume are anticipated.

Invasive Assessment of lv Relaxation

Removal of Ca2+ from the contractile apparatus and the sarco-
plasm is an active, energy-dependent process that causes rapid 
dissociation of contractile proteins and recoil of compressed elas-
tic elements. These events are essential for relaxation of cardiac 
muscle to occur. Clearly, failure of actin–myosin cross-bridges to 
properly dissociate or dysfunctional removal of intracellular Ca2+ 
may contribute to delays in relaxation in the intact LV.70 Such 
abnormalities are important because early LV illing is depen-
dent on the rate and extent of LV relaxation and hence, may be 
substantially attenuated if relaxation is delayed. Under these cir-
cumstances, the inal EDV required for the next LV contraction 
becomes more dependent on the contribution of atrial systole. 
Thus, CHF is often precipitated by the acute onset of atrial ibril-
lation in patients with heart diseases characterized by delayed LV 

relaxation (e.g., pressure-overload hypertrophy, hypertrophic 
obstructive cardiomyopathy). Myocardial ischemia caused by 
acute occlusion of a major coronary artery is also a frequent cause 
of delayed LV relaxation and may be accompanied by reductions 
in LV compliance that further limit LV illing.71 

Quantitative evaluation of LV relaxation is most often per-
formed by assessing the rate of LV pressure decline during isovolu-
mic relaxation. This type of analysis generally requires invasive 
measurement of continuous LV pressure and may be conducted 
in the cardiac catheterization laboratory. Several indices of LV 
relaxation may be derived using this method, among which the 
maximum rate at which LV pressure decreases (–dP/dt; analogous 
to +dP/dt during isovolumic contraction) and a time constant 
of LV relaxation (τ) are the most common. LV –dP/dt is not an 
ideal as an index of LV relaxation because this parameter is essen-
tially a “snapshot” of relaxation at a single point in time that is 
primarily determined by the value of LV end-systolic pressure. 
LV pressure decay during relaxation is exponential between aor-
tic valve closure and mitral valve opening; a time constant (τ) is 
often used to quantify LV relaxation using from the equation P(t) 
= P0e

−t/τ, where P(t) is time-dependent LV pressure, P0 is LV pres-
sure at end-systole, e is the natural exponent, and t is time after 
LV end-systole. Despite its inherent limitations,33,72 an increase in 
τ indicates that a delay in LV relaxation has occurred. This tech-
nique has been used to quantify delays in LV relaxation during 
cardiac disease [e.g., myocardial ischemia,73 pressure-overload 
hypertrophy]74 or as a result of administration of negative inotro-
pic medications (e.g., volatile anesthetics).75 In contrast, reductions 
in τ are observed during tachycardia, sympathetic nervous system 
activation, or administration of positive inotropic medications 
and indicate accelerated LV relaxation. From a clinical perspective, 
LV relaxation and its pharmacologic modulation are very impor-
tant in CHF. LV relaxation is modestly dependent on afterload  
under normal conditions,23 but this afterload-dependence of LV 
relaxation is especially pronounced in the failing heart.76 Thus, 
medications that reduce afterload augment LV systolic function 
and simultaneously enhance LV relaxation (decrease τ) in patients 
with CHF.56 This latter effect improves early LV illing dynamics, 
thereby decreasing congestive signs and symptoms.

13

Abbreviation: LV, left ventricle; LA, left atrium; RV, right ventricle.
Reproduced with permission from: Kaplan JA, Reich DL, Savino JS. Kaplan’s 
 Cardiac Anesthesia: The Echo Era, 6th ed., St. Louis, Elsevier Saunders, 2011:121.

Reproduced with permission from: Kaplan JA, Reich DL, Savino JS. Kaplan’s 
 Cardiac Anesthesia: The Echo Era, 6th ed., St. Louis, Elsevier Saunders, 2011:121.

tABle 10-1.  Determinants of Left 

VentricuLar DiastoLic 

function

Heart rate and rhythm

LV systolic function

Wall thickness

Chamber geometry

Duration, rate, and extent of myocyte relaxation

LV untwisting and elastic recoil

Magnitude of diastolic suction

LA–LV pressure gradient

Passive elastic properties of LV myocardium

Viscoelastic effects (rapid LV illing and atrial systole)

LA structure and function

Mitral valve structure and function

Pulmonary venous blood low

Pericardial restraint

RV loading conditions and function

Ventricular interdependence

Coronary blood low and vascular engorgement

Compression by mediastinal masses

tABle 10-2.  common causes of Left 

VentricuLar DiastoLic 

Dysfunction

Age >60 years

Acute myocardial ischemia (supply or demand)

Myocardial stunning, hibernation, or infarction

Ventricular remodeling after infarction

Pressure-overload hypertrophy (e.g., aortic stenosis, 
hypertension)

Volume-overload hypertrophy (e.g., aortic or mitral 
regurgitation)

Hypertrophic obstructive cardiomyopathy

Dilated cardiomyopathy

Restrictive cardiomyopathy (e.g., amyloidosis, 
hemochromatosis)

Pericardial diseases (e.g., tamponade, constrictive pericarditis)
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Invasive Assessment of lv  
Filling and Compliance

Indices of LV illing may be calculated using invasive or noninva-
sive (e.g., echocardiography, radionuclide angiography, dynamic 
MRI) measurement of continuous LV volume. A biphasic wave-
form with peaks occurring during early LV illing (“E”) and atrial 
systole (“A”) is obtained when the LV volume waveform is dif-
ferentiated with respect to time (dV/dt). This dV/dt waveform 
resembles the transmitral blood low velocity signal acquired dur-
ing LV illing using Doppler echocardiography (see later). Devel-
opment of CHF has been shown to cause changes in the morphol-
ogy of the dV/dt waveform that are very similar to the “delayed 
relaxation,” “pseudonormal,” and “restrictive” illing patterns  
measures using Doppler echocardiography (Fig. 10-19).77 Inva-
sive analysis of LV illing with continuous LV volume and its irst 
derivative is limited almost exclusively to the laboratory and is of 
little practical value in clinical anesthesiology.

As mentioned previously, EDPVR is an index of LV compliance 
derived from a nested set of LV P–V diagrams. The relationship 
between EDP and EDV is exponential: EDP = AeK(EDV) + B, where 
K is the modulus of chamber stiffness and A and B are curve-itting 
constants. Thus, an increase in K indicates that the LV is less com-
pliant and therefore, requires higher LV pressure to distend the 
LV to a given volume. Parallel upward shifts in the EDPVR, such  
as those observed during pericardial tamponade, represent an 
exception, the value of K is not affected under these circumstances 
even though LV pressure is greater at each LV volume.43 Thus, 
the relative position of the EDPVR may be more important than 
the actual value of K itself because a shift in EDPVR up or to the 

left indicates that a higher LV pressure is required to achieve a 
similar LV volume.78 The diastolic stress–strain relation is another 
model frequently used to experimentally characterize LV com-
pliance. Myocardium is an elastic material that follows Hooke’s 
law, that is, cardiac muscle develops resisting forces (stress; σ) as 
muscle length (strain; ε) increases during LV illing. The relation is 
exponential: σ = α(eβε – 1), where α is the coeficient of gain and 
β is the modulus of myocardial stiffness.79 Similar to the EDPVR, 
an increase in β occurs when the stress–strain relationship shifts up 
or to the left and may be observed in pathologic conditions char-
acterized by fundamental structural abnormalities that adversely 
inluence myocardial stiffness (e.g., hypertrophic cardiomyopathy, 
amyloidosis). EDPVR and myocardial stress–strain relations are 
generally not used clinically because analysis required to examine 
these relationships is complicated, time consuming, and not fea-
sible during rapidly changing hemodynamic conditions.

Noninvasive Evaluation of Diastolic Function

The duration between aortic valve closure and mitral valve open-
ing deines isovolumic relaxation time (IVRT), which is often 
used as a noninvasive index of LV relaxation. IVRT is the time 
interval between the end of aortic blood low (end-systole) and 
the opening of the mitral valve (beginning of transmitral blood 
low) and is usually measured using M-mode or Doppler echo-
cardiography. In the absence of aortic or mitral valve disease, 
IVRT is determined by the rate of LV relaxation and the differ-
ence between LV end-systolic pressure and LA pressure when the 
mitral valve opens.80 Thus, IVRT is dependent on both LV relax-
ation and loading conditions. IVRT is seldom used alone, but is 
most often combined with the transmitral blood low velocity 
pattern (see later) to deine the rate and extent of LV relaxation.

Noninvasive analysis of LV diastolic function is based on 
Doppler echocardiographic evaluation of transmitral blood 
low velocity.81 A pulse-wave Doppler echocardiography sample 
volume is placed between the mitral lealets to obtain a high- 
resolution transmitral blood low velocity waveform. The normal 
pattern of transmitral blood low velocity has two peaks: An early 
“E” peak associated with early LV illing and a late “A” peak cor-
responding to LA systole.82 The ratio of these peak E and A wave 
velocities is commonly used to quantify the relative contributions 
of early LV illing and atrial systole to EDV. The time elapsed as 
the E wave velocity falls to zero is known as the deceleration time; 
this parameter may be used with or without IVRT to assess LV 
relaxation. For example, an increase in E wave deceleration time 
indicates that early LV illing is prolonged because LV relaxation 
is delayed. Age affects LV diastolic function because a gradual 
slowing of LV relaxation occurs. Under these circumstances 
IVRT, deceleration time, and A wave velocity increase, whereas 
E wave velocity and E/A ratio decrease.83 These changes occur 
because the heart becomes less compliant with age, especially in 
the presence of coexisting essential hypertension and LV hyper-
trophy. These age-related changes in LV diastolic function predis-
pose the elderly patients to develop CHF.84

The reversal of E/A secondary to age is an example of “delayed 
relaxation.” This transmitral blood low velocity pattern is the 
least severe of three abnormal LV illing patterns that describe 
the continuum of LV diastolic dysfunction. Clinical symptoms, 
exercise tolerance, New York Heart Association (NYHA) func-
tional class, and mortality are closely correlated with the rela-
tive severity of LV diastolic dysfunction as indicated using this 
method.85 The “delayed relaxation” pattern is characterized by 
a reduced peak E velocity and an increased peak A velocity (E/A 
< 1) and indicates that early LV illing is attenuated concomitant 
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FIGure 10-19. This illustration depicts the simultaneous relationships 
between LA and LV pressures (PLA and PLV, respectively; top panel), LV 
filling rate during early filling (E) and atrial systole (A; middle panel), 
and early mitral annular velocity (e′; bottom panel) under normal con-
ditions and during evolving diastolic dysfunction (impaired relaxation, 
pseudonormal, and restrictive). Note the initial lengthening of E wave 
deceleration time (DT) during impaired relaxation and the subsequent 
shortening of DT as diastolic function worsens. (Reproduced with per-
mission from: Kaplan JA, Reich DL, Savino JS. Kaplan’s Cardiac Anesthe-
sia: The Echo Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-29, 
p. 122.)
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with enhanced LA “kick.77” The “delayed relaxation” pattern is 
often observed in patients with essential hypertension, pressure-
overload LV hypertrophy, and ischemic heart disease (Fig. 10-20).

As diastolic dysfunction worsens, a “pseudonormal” pattern 
replaces after the “delayed relaxation” proile. The pseudonormal 
pattern occurs because E/A becomes >1 as LA pressures progres-
sively increase. As a result, E wave velocity “normalizes” because 
the LA–LV pressure gradient increases when the mitral valve 
opens. The “pseudonormal” pattern may be distinguished from 
a normal pattern by using other indices of diastolic function (e.g., 
pulmonary venous blood low velocity, tissue Doppler imaging)  
or by administration of a vasodilator which may convert a pseudo-
normal proile to a delayed relaxation pattern.86 A “restrictive 
pattern” of transmitral blood low velocity indicates severe LV 
diastolic dysfunction in which LA pressure is markedly elevated 
and LV compliance is further reduced. The E/A becomes >2 as 
the LA–LV pressure gradient is further augmented by increased 
LA pressure (causing a larger peak E wave velocity) concomitant 
with progressive LA contractile dysfunction (decline in peak A 
wave velocity). Failure of a “restrictive” illing pattern to respond 
to administration of a vasodilator and revert to a pseudonormal 
or delayed relaxation pattern is associated with a poor prognosis 
in patients with heart failure81.

Abnormal LV diastolic function may also be determined using 
analysis of the pulmonary venous blood low velocity pattern  
obtained with pulse-wave Doppler echocardiography.87 Most 
often, the pulmonary venous blood low velocity is used in con-
junction with transmitral blood low velocity when quantify-
ing the severity of LV diastolic dysfunction.88 Two large positive 

14

delections (indicating forward low from the pulmonary veins 
into the LA) and a single, small negative relection (demonstrat-
ing retrograde low from the LA to the pulmonary veins, termed 
“atrial reversal”) make up the normal pulmonary venous blood 
low velocity pattern. The irst positive delection is known as the 
“S” (systolic) wave, and occurs during LV systole and early iso-
volumic relaxation before the mitral valve opens.89 This “S” wave 
results from LA relaxation, which facilitates movement of blood 
from the pulmonary veins into the LA. The mitral valve annulus 
also descends toward the LV apex during systole, drawing addi-
tional blood from the pulmonary veins into the LA.90 Thus, it is 
not surprising that LA illing is adversely affected by depressed 
myocardial contractility. Additional LA illing occurs as a result 
of transmission of the RV systolic pressure pulse through the pul-
monary circulation. After the mitral valve opens, blood stored in 
the LA during LV systole enters the LV, an event which allows fur-
ther low from the pulmonary veins into the LA to occur. This 
causes the second positive delection (“D” wave) of the pulmonary 
venous blood low velocity pattern. The “D” wave is dependent 
on the extent of early LV illing and LV compliance.91 The “atrial 
reversal” (“Ar”) wave is determined by LA preload, LA contractile 
state, and LV pressure during late diastole.92

Like transmitral blood low velocity, the pulmonary venous 
blood low velocity proile is age-dependent, as the ratio of “S” 
to “D” waves and the peak velocity of the “Ar” wave increase with 
age.82 These observations emphasize that LA function becomes 
more important to LV illing in the elderly. As LV diastolic func-
tion worsens, LA pressures increase and the “S” wave gradually 
becomes blunted (Fig. 10-21); this allows distinction between 

A B

FIGure 10-20. Transmitral blood flow velocity waveforms obtained using pulse wave Doppler echocardiography under nor-
mal conditions (left) and during delayed relaxation (right). (Reproduced with permission from: Kaplan JA, Reich DL, Savino JS. 
Kaplan’s Cardiac Anesthesia: The Echo Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-31, p. 123.)

A B

FIGure 10-21. Pulmonary venous blood flow velocity waveforms obtained using pulse wave Doppler echocardiography under 
normal conditions (left panel) and in the presence of increased LA pressure (right panel). (Reproduced with permission from: 
Kaplan JA, Reich DL, Savino JS. Kaplan’s Cardiac Anesthesia: The Echo Era, 6th ed., St. Louis, Elsevier Saunders, 2011, Figure 5-33, 
p. 125.)
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normal and pseudonormal transmitral blood low velocity pat-
terns because the “S” to “D” ratio falls below one in the latter 
condition.87 These changes become even more exaggerated in the 
presence of a restrictive illing pattern because LV diastolic and LA 
pressures are further elevated. The “S” wave may be completely 
abolished or even reversed concomitant with an enhanced “D” 
wave under these circumstances. Thus, pulmonary venous blood 
low velocity patterns also provide very useful information about 
the pathophysiologic changes associated with developing LV dia-
stolic dysfunction. Other indices of diastolic function, including tis-
sue Doppler imaging93 and color M-mode propagation velocity,94 
may also be used to deine the progression of LV diastolic dysfunc-
tion. They will be discussed in detail in Chapter 26.

Pericardium

The heart, proximal great vessels, venae cavae, and pulmonary 
veins are contained in the pericardium. The pericardium sepa-
rates the heart from other structures in the mediastinum and lim-
its the heart’s displacement through its diaphragmatic and great 
vessel attachments. The luid in the pericardium (plasma ultrail-
trate, lymph, and myocardial interstitial luid; total volume of 15 
to 35 mL) acts as a lubricant that facilitates cardiac movement. 
The pericardium is much less compliant than LV myocardium,  
and has very limited volume reserve (Fig. 10-22).95 As a result, 
acute increases in pericardial volume (e.g., tamponade) cause 
pronounced elevations in pericardial pressure that restricts ill-
ing of the LV and other cardiac chambers.96 Since the atria 
and RV have thinner walls than the LV, pericardial restraint is 
most apparent in these chambers. Indeed, the diastolic pressure 

and volume of the RA, LA, and RV is determined primarily by 
pericardial restraint and not by the relative compliance of these 
chambers alone. LV illing is also profoundly affected by the 
pericardium.97 A parallel upward shift of the EDPVR occurs as 
a result of an acute increase in pericardial pressure.98 This shift 
in the EDPVR indicates that LV pressure must be increased for 
each LV volume and explains why LV illing is impaired in the 
presence of pericardial tamponade. Whereas the pericardium 
is acutely noncompliant, a chronic, gradual increase in pericar-
dial pressure (e.g., a slowly developing pericardial effusion or 
biventricular dilatation) causes the pericardium to stretch. This 
compensatory response increases the pericardium’s compliance 
and reduces its restraining effects, allowing the heart to continue 
functioning without precipitous hemodynamic collapse.

The inluence of the pressure and volume of one ventricle 
on the function of the other is known as ventricular interdepen-
dence. The pericardium plays a crucial role in ventricular inter-
dependence because it equally restrains the RV and the LV. As a 
result, an acute increase in RV pressure and volume (e.g., volume 
overload) causes the pressure within the pericardium to increase 
as well. This action compresses the LV, reducing its effective com-
pliance and impairing its illing.99 Not surprisingly, LV distention 
has a similar effect on the RV and limits RV illing through an 
identical mechanism.100 Ventricular interdependence may be 
readily appreciated by examining changes in RV and LV ill-
ing during spontaneous ventilation.101 Since intrathoracic pres-
sure declines during inspiration, venous return to the right side 
of the heart increases and produces modest dilation of the RV. 
The result of this RV distention is a corresponding increase in 
pericardial restraint of the LV, which limits LV illing and causes 
a small decrease in stroke volume and mean arterial pressure. 
This ventricular interaction effect between the RV and the LV is 
reversed during expiration. Notably, pericardial tamponade102 
or constrictive pericarditis103 exaggerates the normal respiratory 
changes in RV and LV illing and produces the phenomenon 
known as pulsus paradoxus. It is important to realize that spon-
taneous ventilation is critical in these conditions because negative 
intrathoracic pressure assists venous return, whereas cardiovas-
cular collapse may ensue with the initiation of positive pressure 
ventilation because venous return may be profoundly limited.

Atrial Function

The mechanical properties of the LA are often overlooked in dis-
cussions of cardiac physiology. This is unfortunate because the 
LA acts as a contractile chamber, a reservoir (storage of blood 
before mitral valve opening), and a conduit (analogous to an 
extension of the pulmonary veins) and its function is crucial to 
LV performance. The maximum velocity of shortening of LA 
myocardium is equal to or greater than LV myocardium under 
similar loading conditions.104. LA emptying fraction (similar to 
LV EF) is dependent on LA contractility and preload unless the 
LA is dilated to the point at which its myoilaments are stretched 
far beyond normal operating length,105 such as may occur when 
LA pressures are chronically elevated as a result of severe LV dia-
stolic dysfunction or mitral regurgitation. Under these condi-
tions, the LA may no longer be capable of contributing to EDV as 
a contractile chamber. The LA response to changes in autonomic 
nervous system activity, inotropic medications, and anesthet-
ics is very similar to that of the LV.106,107 The afterload faced by 
the LA during contraction is determined by LV compliance and 
pressure during late diastole. This observation implies that the LA 
must perform greater work in the presence of LV diastolic dys-
function because its afterload is increased. Like the RV, the LA 
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FIGure 10-22. Pressure–volume relation of the pericardium (blue) 
compared with the LV end-diastolic pressure–volume relation (EDPVR; 
orange). Note that large increases in pericardial occur after reserve 
volume is exceeded. (Reproduced with permission from: Kaplan JA, 
Reich DL, Savino JS. Kaplan’s Cardiac Anesthesia: The Echo Era, 6th ed., 
St. Louis, Elsevier Saunders, 2011, Figure 5-35, p. 127.)
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is more susceptible to acute increases in afterload than the LV 
because the LA has thinner walls and less muscle mass. Thus, the 
LA emptying fraction may initially increase early during develop-
ing LV failure.108 Subsequently, LA contractile dysfunction occurs 
as the chamber dilates in response to reduced LV compliance 
and increased pressure.109 LV diastolic dysfunction also causes 
remodeling and reduced compliance of the LA, which further 
limit pulmonary venous return.

The LA also serves reservoir and conduit functions. The reser-
voir function of the LA is determined by LA relaxation, LV base 
descent during systole, transmission of RV stroke volume, and LA 
compliance. Thus, LA ischemia, hypertrophy, or dilation often 
attenuate reservoir function, as do LV or RV contractile dysfunc-
tion.90,92 Diseases in which LA compliance is reduced are also 
associated with impaired LA illing and contribute to pulmonary 
venous congestion.37,110 The LA appendage plays an important 
role in LA illing, as exclusion or excision of the LA appendage 
reduces the compliance of the LA as a whole.111,112

Exercise enhances both LA contractility and reservoir func-
tion.113 The latter effect is important because greater reservoir 
capacity causes a larger LA–LV pressure gradient during early LV 
illing, thereby facilitating additional blood low to the LV dur-
ing conditions requiring greater LV stroke volume and cardiac 
output. Conduit function is also been augmented in endurance 
athletes.114 Compensatory increases in LA emptying fraction and 
declines in passive LA emptying occur as the LA begins to dilate 
in healthy elderly subjects. 115 LA dilation initially augments the 
ratio of LA reservoir to LV stroke volume (termed “storage frac-
tion”),116 but comes at a cost because this dilation increases in LA 
wall stress and contributes to eventual LA contractile dysfunction 
and the onset of atrial arrhythmias in the elderly.117
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