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Contractility is the “holy grail” of 

Cardiac Function Investigators

• LV Systolic Function – theory

– Early work

– Molecular work

– Chamber work

• LV Systolic Function – assessment

– Pressure

– Volume

– Time



Carroll JD and 

Hess OM. Ch 20, 

“Assessment of 

Normal and 

Abnormal 

Cardiac Function” 

Braunwald’s 

Heart Disease, 

7th ed. 2004.



Excitation – Contraction Coupling

• Excitation-contraction coupling and sarcomere shortening.

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 37.



Otto Frank
• Otto Frank (June 21, 1865 -

1944) was a German 
physiologist. He was educated 
at Munich, Kiel, Heidelberg, 
Glasgow and Strassburg. He is 
best known, along with Ernest 
Starling, for the Frank-Starling 
law of the heart.

• The law states that "Within 
physiological limits, the force of 
contraction is directly 
proportional to the initial length 
of the muscle fiber". (not the 
Otto Frank who was the father of 
Anne Frank)
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Ernest 

Starling

• Ernest Starling was an English physiologist born on April 17, 
1866, in London, and died on May 2, 1927. He worked mainly 
at University College London, although he also worked for 
many years in Germany and France. His main collaborator in 
London was his brother-in-law, William Maddock Bayliss. 

• Starling is most famous for developing the "Frank-Starling 
law of the heart", presented in 1915 and modified in 1919. 

• Other major contributions to physiology included the Starling 
equation, describing fluid shifts in the body (1896)
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The Frank-

Starling 

Curve

• One of the most fundamental causes of variations in stroke 
volume was described by William Howell in 1884 and by 
Otto Frank in 1894 and formally stated by E. H. Starling in 
1918. These investigators demonstrated that as cardiac 
filling increases during diastole, the volume ejected during 
systole also increases. 

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 57.



A. V. Hill

• British physiologist and biophysicist who received (with Otto Meyerhof) 
the 1922 Nobel Prize for Physiology or Medicine for discoveries 
concerning the production of heat in muscles. His research helped 
establish the origin of muscular force in the breakdown of carbohydrates 
with formation of lactic acid in the absence of oxygen. At the University of 
Cambridge (1911-14) Hill began his investigations of the physiological 
thermodynamics of muscle and nerve tissue. Working with a straplike 
(sartorius) thigh muscle in the frog, he was able to demonstrate that 
oxygen is needed only for the recovery, not the contractile, phase of 
muscular activity, laying the foundation for the discovery of the series of 
biochemical reactions carried out in muscle cells that results in 
contraction.

• In 1923 he succeeded Ernest Starling as professor of physiology at 
University College, London, a post he held until his retirement in 1951. 
He continued as an active researcher until 1966.

• Frank and Starling received no Nobel Prize.

• Archibald Vivian Hill, 
September 26, 1886 to 
June 3, 1977
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Milnor – Hemodynamics, 2nd ed., 1989, 

Chapter 10, “Cardiac Dynamics”

Hill

The concept of series elasticity has not proved to be 

appropriate.



Length –

Tension 

Relationships
• Isometric contractions and the 

effect of muscle length on 

resting tension and active 

tension development.

• Any intervention that 

increases the peak isometric 

tension that a muscle can 

develop at a fixed length is 

said to increase cardiac 

muscle contractility. Such an 

agent is said to have a 

positive inotropic effect on the 

heart. 

Mohrman, DE et al. Cardiovascular 

Physiology. 1997. p. 40.



Length –

Tension 

Relationships

• Isometric

• Isotonic

• Afterloaded

isotonic

afterloaded

isometric

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 42.



Milnor – Hemodynamics, 2nd ed., 1989, 

Chapter 10, “Cardiac Dynamics”

Cat papillary 

muscle –

10 mm long and 

0.7 mm diameter

Length-Tension 

Analysis



Early LV Systolic Function Theory

• Model for contraction of afterloaded muscles. A: Rest. B: Partial 
contraction of the contractile element of the muscle (CE), with 
stretching of the series elastic element (SE) but no shortening.
C: Complete contraction, with shortening. (Reproduced, with 
permission, from Sonnenblick EH in: The Myocardial Cell: 
Structure, Function and Modification. Briller SA, Conn HL 
[editors]. Univ Pennsylvania Press, 1966.) 



Milnor – Hemodynamics, 2nd ed., 1989, 

Chapter 10, “Cardiac Dynamics”



Milnor – Hemodynamics, 2nd ed., 1989, 

Chapter 10, “Cardiac Dynamics”

Vmax – maximum 

velocity of 

shortening, 

unloaded 

velocity

A.V.Hill (1938) 

skeletal muscle



Milnor – Hemodynamics, 2nd ed., 1989, 

Chapter 10, “Cardiac Dynamics”



Force-Velocity 

Relationship
• Measure peak velocity of 

shortening of the preparation 

during isotonic contractions 

against several different total loads

• Construct a line, extrapolate to 

zero force to find Vmax

• The Vmax point has been shown to 

be closely correlated with the 

actin-myosin ATPase activity of 

the muscle and is thought to 

indicate the maximum possible 

rate of interaction between thick 

and thin filaments within the 

sarcomere 



Milnor – Hemodynamics, 2nd ed., 1989, 

Chapter 10, “Cardiac Dynamics”



Contractility
• What the muscle is capable of doing

• The potential for contraction that the muscle possesses in 
its resting state by virtue of local physicochemical conditions

• Actual performance of the muscle in a given setting is 
subject to the limitations imposed by external mechanical 
conditions on the ability of the muscle to respond

• Conceptional definition: “The ability to shorten and develop 
force that is conferred on muscle cells by their 
physicochemical state.”

• Operational definition: Nonexistent – presumably would 
include at the very least the measurement of force, length, 
velocity, and time, all expressed in some kind of 
multidimensional matrix

• “Index” of contractility: an outward and visible sign of the 
inward condition of the myocardium



Milnor – Hemodynamics, 2nd ed., 1989, 

Chapter 10, “Cardiac Dynamics”

Stress-strain curve is approximately exponential in shape

Data obtained from quick-release method; Stress – afterload per unit muscle 

cross section – g/mm2; Strain – ratio of change in length to postrelease length



Stress-Strain and Length-Tension

• Stress is like tension, strain is like length



Correspondence  

Between Length-

Tension and 

Pressure-

Volume

Chamber property

Vs

Muscle fiber property

Mohrman, DE et al. 

Cardiovascular Physiology. 

1997. p. 56.
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Milnor –

Hemodynamics

, 2nd ed., 1989, 

Chapter 10, 

“Cardiac 

Dynamics”



Milnor – Hemodynamics, 2nd ed., 1989, 

Chapter 10, “Cardiac Dynamics”



Length –

Tension 

Relationships

• Effect of norepinephrine 

(NE) on isometric (A) 

and afterloaded (B) 

contractions of cardiac 

muscle 

Mohrman, DE et al. Cardiovascular 

Physiology. 1997. p. 44.



Carroll JD and Hess OM. Ch 20, “Assessment of Normal and Abnormal Cardiac 

Function” Braunwald’s Heart Disease, 7th ed. 2004.

Increase contractility Increase volume



Treppe, or Staircase Phenomenon

• Changes in heart rate influence cardiac contractility

• A small amount of extracellular Ca2+ enters the cell during the 
plateau phase of each action potential

• As HR increases, more Ca2+ enters the cells per minute

• There is a buildup of intracellular Ca2+ and a greater amount of 
Ca2+ is released into the sarcoplasm with each action potential

• Thus, a sudden increase in rate is followed by a progressive 
increase in contractile force to a higher plateau

• This behavior is called the staircase phenomenon (or treppe)

• Changes in contractility produced by this intrinsic mechanism 
are sometimes referred to as homeometric autoregulation

• The importance of such rate-dependent modulation of 
contractility in normal ventricular function is not clear at present 

• Bowditch phenomenon is another name (Milnor, p. 280)



Carroll JD and Hess OM. Ch 20, “Assessment of Normal and Abnormal Cardiac 

Function” Braunwald’s Heart Disease, 7th ed. 2004.

Increase in dP/dtmax during increases in contractility 

produced by pacing tachycardia, isoproterenol, and 

exercise



Milnor – Hemodynamics, 2nd ed., 1989, 

Chapter 10, “Cardiac Dynamics”



Preload Effects 

on fiber 

shortening and 

on stroke 

volume

Effect of changes in 

preload on cardiac 

muscle shortening 

during after-loaded 

contractions A and on 

ventricular stroke 

volume B. 

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 58.



Afterload 

Effects on fiber 

shortening and 

on stroke 

volume
Effect of changes in 

afterload on cardiac 

muscle shortening 

during afterloaded 

contractions A and on 

ventricular stroke 

volume B. 

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 59.



Contractility 

Effects on fiber 

shortening and 

on stroke volume
Effect of norepinephrine (NE) on cardiac muscle 

shortening during afterloaded contractions A and on 

ventricular stroke volume B. 

The Vmax value is commonly used as an index of 

the state of contractility of isolated cardiac muscle. 

Myocardial contractility cannot be directly measured 

in patients. 

The maximum rate of pressure development 

(dP/dtmax) during the isovolumetric contraction 

may be used as an index of contractility on the 

grounds that, in isolated cardiac muscle 

preparations, changes in contractility and Vmax 

cause changes in the rate of tension development 

in an isometric contraction. 

Decreases in left ventricular dP/dtmax below the 

normal values of 1500 to 2000 mmHg/s indicate 

that myocardial contractility is below normal. 

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 60.



Observing the Squeeze



Starling's law of the heart or 

the Frank–Starling law.

A. Length–tension relationship for the human triceps muscle. The passive 
tension curve measures the tension exerted by this skeletal muscle at each 
length when it is not stimulated. The total tension curve represents the 
tension developed when the muscle contracts isometrically in response to a 
maximal stimulus. The active tension is the difference between the two. 

B. Length–tension relationship for cardiac muscle. The values are for canine 
heart

"energy of 

contraction is 

proportional to 

the initial 

length of the 

cardiac 

muscle fiber." 

The relation 

between SV 

and EDV is 

called the 

Frank–Starling 

curve 



Contractility 

and the 

Frank-

Starling 

Curve

• Effect of changes in myocardial contractility on the Frank–Starling curve. The 
curve shifts downward and to the right as contractility is decreased. The 
major factors influencing contractility are summarized on the right. The 
dashed lines indicate portions of the ventricular function curves where 
maximum contractility has been exceeded; i.e., they identify points on the 
"descending limb "of the Frank–Starling curve. EDV, end-diastolic volume. 
(Reproduced, with permission, from Braunwald E, Ross J, Sonnenblick EH: 
Mechanisms of contraction of the normal and failing heart. N Engl J Med 
1967;277:794. Courtesy of Little, Brown, Inc.) 



ESPVR –

End-

Systolic 

Pressure-

Volume 

Relation

• The effect of increased contractility upon the left 
ventricular end-systolic pressure-volume relationship.

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 69.



Pressure-Volume Loops

• Effect of systolic and diastolic dysfunction on the pressure–volume loop of 
the left ventricle. Left: Systolic dysfunction shifts the isovolumic pressure–
volume curve (see Figure 29–2) to the right, decreasing the stroke volume 
from b–c to b'–c'. Right: Diastolic dysfunction increases end-diastolic volume 
and shifts the diastolic pressure-volume relationship upward and to the left. 
This reduces the stroke volume from b–c to b'–c'. (Reproduced, with 
permission, from McPhee SJ, Lingappa VR, Ganong WF [editors]: 
Pathophysiology of Disease, 4th ed. McGraw-Hill, 2003.) 



Indices of Contractility

• Pressure: peak positive dP/dt, or dP/dt/P

• Tension-time index (area under the systolic portion of 
the aortic pressure curve)

• Maximum acceleration of blood ejected

• Ventricular function curves (end-diastolic volume vs 
stroke work) – (stroke work is the integral of the 
instantaneous hydraulic power over one cardiac cycle 
– or the area of the pressure volume loop)

• Peak of time-varying elastance (Emax) slope of the 
ESPVR

• Stroke volume

• Ejection fraction
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Effects of Various Conditions on Cardiac Output

Condition or Factora

No change Sleep

Moderate changes in environmental temperature

Increase Anxiety and excitement (50–100%)

Eating (30%)

Exercise (up to 700%)

High environmental temperature

Pregnancy

Epinephrine

Decrease Sitting or standing from lying position (20–30%)

Rapid arrhythmias

Heart disease

aApproximate percent changes are shown in parentheses.



Components Regulating Cardiac 

Output

Interactions between the components that regulate cardiac output and 

arterial pressure. Solid arrows indicate increases, and the dashed arrow 

indicates a decrease. 



Fluid 

Distribution 

in the Body

Major body fluid compartments with average volumes indicated for a 

70-kg human. Total body water is about 60% of body weight. 

Mohrman, DE et al. Cardiovascular Physiology. 1997. from p. 2.



Vascular 

Properties

• Structural characteristics of the peripheral vascular system.

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 93.



Distribution 

of Cardiac 

Output

Cardiovascular circuitry indicating the percentage distribution of 

cardiac output to various organ systems in a resting individual 

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 5.



Carroll JD and Hess 

OM. Ch 20, 

“Assessment of 

Normal and 

Abnormal Cardiac 

Function” 

Braunwald’s Heart 

Disease, 7th ed. 

2004.

Normal patient

Apex to base



Carroll JD and Hess 

OM. Ch 20, 

“Assessment of 

Normal and 

Abnormal Cardiac 

Function” 

Braunwald’s Heart 

Disease, 7th ed. 

2004.

Base of the heart

End-systolic image 

and local 

trajectories
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Normal and 

Abnormal Cardiac 

Function” 

Braunwald’s Heart 

Disease, 7th ed. 

2004.

Apex of the heart
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Summary

• Contractility is not well defined

• Contractility cannot be measured

• Indices of contractility are quite 

imperfect

• The LV ejection fraction interpreted in 

the physiologic context of HR and 

preload and afterload and milieu is my 

personal favorite
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Exercise 

Changes in 

Blood Flow

Mohrman, DE et al. Cardiovascular Physiology. 1997. p. 185.
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