
Gernot Wagner

Hjärtcentrum / Thoraxanestesi
Norrlands Universitetssjukhus

Umeå

Cardiovascular Physiology and Pharmacology

Lecture overview:

Part I
Cellular cardiac physiology

Determinants of systolic function

Myocardial oxygen consumption and supply
Oxygen delivery

Part II

Inotropic drugs

ST-utbildning

2019-03-28



Gross Anatomy of LV

Ellipsoid shape

Different orientation of muscle bundles:
Subendocardial / subepicardial: helical 
→ longitudinal shortening, „twisting“

Midmyocardium: spherical 
→ radial shortening



Differences to RV

Less wall thickness
Crescent shaped
Contracts in a peristaltic manner, „bellows-like“ action
Interventricular septum / LV provide a splint
Systolic interventricular dependence



Cardiac Myocyte Anatomy (1/3)

Sarcomere = basic unit of contraction



Cardiac Myocyte Anatomy (2/3)

Myofilaments: 
thin (actin, tropomyosin, troponin complex)
thick (myosine, titin)

Myofibril: myofilaments in parallel and sarcomeres in series



Cardiac Myocyte Anatomy (3/3)

Cardiac myocyte is engineered for contraction and relaxation, not 

for protein synthesis



Excitation-Contraction Coupling

Actin



Inotropic Drugs



Calcium-Myofilament Interaction

Actin



Myosin-Actin Interaction



Laplace’s Law

Increase in wall stress: myofilaments require more energy to 
develop this degree of enhanced tension → greater O2 demand

Wall stress not uniformly distributed → greatest subendocardial

Facilitates the conversion of the contractile behavior of the 
individual sarcomeres in vitro into global chamber function in vivo



Frank-Starling Relationship

Length-tension relationship

Related to:
Increased Ca2+ sensitivity of troponin C
Decrease in spacing between thick and thin filaments → increased 
number of cross-bridges
Titin-induced elastic recoil



Determinants of Pump Performance



Preload (1/3)

Definition:
- Sarcomere length immediately before contraction
- Ventricular load at the end of diastole before contraction

Measurement:
Sonomicrometry, conductance catheter technique → invasive
Radionuclide angiography, dynamic MRI → noninvasive
2D TEE, real-time 3D TEE



Pressure-Volume Diagram

Measurement:
Catheter in LV chamber



Preload (2/3)

Measurement:
Catheter in LV chamber



Preload (3/3)

Measurement:
Pressure „upstream“ from LV chamber to estimate LVEDV



Afterload (1/3)

Definition:
- The tension which needs to be generated in the myocardium before 
shortening will occur
- End load / systolic load on the ventricle after contraction has begun 
- External resistance to emptying

Four major components:
▪Physical properties of arterial blood vessels (e.g. diameter, elasticity)

▪LV end-systolic wall stress (pressure development, geometric changes)

▪Total arterial resistance (arteriolar smooth muscle tone)

▪Physical properties of blood (e.g. rheology, viscosity, density)



Afterload (2/3)



Afterload (3/3) 



Contractility (1/5)

Definition:
The intrinsic ability of the myocardium to contract (length 
independent activation)

Mechanism:
↑increased Ca++ influx during AP
↑increased Ca++ release by SR
↑increased Ca++ sensitivity of troponin C

Regulating factors:



Contractility (2/5)

Indices of LV-contractility:



Contractility (3/5)

Mechanisms that can alter force generation are:
Changes in preload: length-dependent
Changes in inotropy: length-independent

Force-velocity relationship:

↑velocity of fiber shortening →
↑rate of ventricular pressure development →
↑maximal dP/dt (rate of pressure change) during isovolumetric          
contraction



Contractility (4/5)

End-systolic pressure-volume relation = maximal pressure 
developed at any given LV-volume



Contractility (5/5)

Stroke work (Nm) = pressure (N/m²) x volume (m³)

SW = MAP x SV
SW = (mmHg x ml) / 7500 = Joule

Cardiac power (Nm/s) = pressure (N/m²) x flow (m³/s)

CP = MAP x SV x HR
CP = (mmHg x liter/min) / 451 = Watt



Cardiac Work

Pressure-volume area (PVA) represents total mechanical energy 
generated by ventricular contraction

Stroke work = external work, kinetic energy
Potential energy = internal work, contributes to inefficiency

PVA linearly related to MVO2 (myocardial oxygen consumption)

Cardiac efficiency = SW/PVA 
Cardiac efficiency = SW/MVO2



Cardiac efficiency

Coupling = transfer of kinetic energy / stroke work between two
elastic chambers (LV and arterial circulation)

Coupling = LV elastance / arterial elastance

Ideal couling: Ees / Ea ≥ 1



Cardiac efficiency

Coupling = transfer of kinetic energy / stroke work between two
elastic chambers (LV and arterial circulation)

Coupling = LV elastance / arterial elastance

Ideal couling: Ees / Ea ≥ 1



Myocardial Oxygen Supply and Demand



Myocardial Oxygen Supply and Demand

Bohr effect:

The affinity of hemoglobin for oxygen

is reduced by a reduction in pH.



Oxygen Content (CaO2)

CaO2= (1.39×Hb×sO2) + (0.23×pO2)

1 mol Hb: 64500 g

1 mol O2: 22400 ml

89600 mlO2 / 64500 gHb

1.39 mlO2 / gHb

Functional saturation = sO2

Fractional saturation = FO2Hb



Myocardial Oxygen Supply and Demand

Coronary perfusion pressure (CPP)

= aortic diastolic pressure – LVEDP



Myocardial Oxygen Supply and Demand



Ohm‘s Law

U = R×I

CPP = coronary vascular resistance×coronary blood flow

𝐶𝑃𝑃

𝐶𝑉𝑅
= CBF

MAP−CVP = SVR×CO

SVR = 
𝑀𝐴𝑃−𝐶𝑉𝑃

𝐶𝑂
×80

Normal range: 800 -1500 dyne∙sec/cm5



Systemic Vascular Resistance



Oxygen Delivery (DO2)

CaO2= (1.39×Hb×sO2) + (0.23×pO2)

DO2 = CO×CaO2

DO2 = [SV×HF]×[(1.39×Hb×sO2) + (0.23×pO2)]

Hypoxia: 

„The condition in which there is an insufficient supply

of oxygen to the tissues to maintain normal cellular

function. It may be generalized or regional.“



Classification of Hypoxia

DO2 = [SV×HF]×[(1.39×Hb×sO2) + (0.23×pO2)]

Hypoxemic hypoxia:

→ abnormal reduction in pO2

Anemic hypoxia:

→ failure of oxygen-carrying capacity of blood

Ischemic hypoxia:

→ failure of perfusion

Histotoxic hypoxia:

→ failure of oxidative phosphorylation



Blood Pressure

Blood pressure is a determinant but not an indicator of

tissue perfusion

Autoregulation

Regional organ perfusion – local resistance



Inotropic Drugs - Overview

▪ Calcium

▪ Catecholamines:
Dopamine
Dobutamine
Adrenaline
Noradrenaline
Isoprenaline
Ephedrine

▪ Cardiac glycosides: Digoxin

▪ Posphodiesterase III inhibitors: Milrinone

▪ Calcium sensitizers: Levosimendan

▪ Cardiac myosin activators: Omecamtiv Mecarbil



Inotropic Drugs – Mechanism of Action



Adrenergic and Cholinergic Receptors



Adrenergic and Cholinergic Receptors



Potential Adverse Effects

Intracellular Ca2+ overload
→ arrythmias, coronary vasoconstriction, decreased
myofilament sensitivity to Ca2+

Hypotension
→ decreased coronary perfusion

Myocardial O2 supply / demand imbalance



Dobutamine (Dobutrex, 1978)

Positive inotropic effect with weak vasodilating effect

Synthetic catecholamine: racemic mixture of two enantiomers

No effect on diastolic function (lusitropy) 

Dosage: 2-10-15 μg/kg/min 

Dose activity: 

<3 μg/kg/min: usually no effect on BP or BP drop 

5-10 μg/kg/min: β1 effect, increased CO

>10 μg/kg/min: α1 effect



Milrinone (Corotrop, 1987)  

Positive inotropic and vasodilating effect → inodilator:
→ decreased afterload → unloading the left ventricle →
→ decreased LVEDV → decreased wall stress

→ no increase in MVO2 

→ increased cardiac efficiency (SW/PVA)

Little chronotropic effect

Positive lusitropic effect

Pulmonary vasodilation

Dosage:

Loading 50 μg/kg over 10 minutes, maintenance 0.375-0.75 μg/kg/min. 

Hemodynamic improvement within 5-15 minutes. Half-life 2-3 hours.

Dosage activity:

<0.375 μg/kg/min: usually moderate effect on circulation 

0.5-0.75 μg/kg/min: increased CO



Applied Physiology

Isolated working rodent hearts under constant ventricular loading 

conditions (constant left atrial pressure and aortic blood pressure)



Applied Physiology

“Thus our data support the notion that milrinone’s effects may be 

primarily or even exclusively that of arterial and venodilation, thus 

lowering myocardial afterload and enhancing performance.”



Levosimendan (Simdax, 2000) 

Positive inotropic and vasodilating effect → inodilator

Same effect on myocardial function as Milrinone

No increased intracellular cAMP / Ca2+ concentrations

Opening of ATP-sensitive K+ channels in vascular smooth muscle

→ vasodilation

Opening of ATP-sensitive K+ channels (mitochondrial) in cardiomyocytes

→ cardioprotective effect

Dosage:

Loading 6-12 μg/kg/min for 10 minutes, maintenance 0.05-0.2 μg/kg/min 

for 24 hours. Hemodynamic improvement within 5-10 minutes. Long 

lasting effect for several days due to active metabolites.

Dosage activity:

0.05-0.2 μg/kg/min: usually moderate effect on BP, BP drop



LEVO-CTS Trial (03/2017)



CHEETAH Trial (03/2017)



Omecamtiv Mecarbil

Cardiac myosin activator:

Augments the speed of ATP hydrolysis 
with consequent Pi release

Total number of myosin heads bound 
to actin filaments increases

“More hands pulling on the rope”

→ prolongs ejection time
→ increases stroke volume
→ no increase in intracellular cAMP
→ no increase in MVO2

Galatic-HF: phase III trial, 8000 patients, 800 sites, 2017



Guidelines



Guidelines



LeoPARDS Trial (10/2016)



LeoPARDS Trial (10/2016)

Treatment group:

→ higher HR but same CI

→ higher percentage of patients on 

norepinephrine on higher doses

→ increased effective arterial elastance

due to increased SVR

→ increased ESV → decreased SV



Key messages part II:

Inotropes:

→Different mechanisms of action

→Afterload reduction as a major 

component in inodilators

→Conflicting results in studies 

Key messages part I:

Sarcomere
Laplace‘s law

Definitions preload, afterload, contractility

Myocardial oxygen supply and demand
Ohm‘s law

Hypoxia


