II
Cardiovascular System

Theme 1: The Human Heart in Action

1.1 to have an overview of cardiac function in the body as demonstrated by current clinical imaging techniques

· Heart pumps blood into the systemic & pulmonary circulations

· Left side pumps oxygenated blood to the systemic circulation

· Right side pumps deoxygenated blood to the pulmonary circulation

· Fresh oxygenated blood returns to the left side to be pumped into the systemic circulation

Theme 2: Functional Anatomy of the Heart and Circulatory System

2.1 to relate the gross and microscopic structure of the heart and blood vessels to their function

· Heart functions primarily as a pump

· Muscle fiber arranged as a  lattice network

· Intercalated discs: separate each muscle fiber; contains gap junctions

· Gap junctions: allow free passage of ions between muscle fibers, therefore it lowers the electrical resistance between cardiac muscles allowing them to function as a syncytium.  NB-There are 2 functional syncytiums in the heart, the atrial and ventricular, separated by a fibrous ring (electrically inert)

· Fibrous rings:

1. Allow the atria and ventricles to function as two separate pumps


2. ensures a 1-way-transmission of impulses from the atria to the ventricles

· Each muscle fiber contains bundles of myofibrils

· Sacromere:

· Fundamental unit of myofibril

· Occurs in a series of repeating sacromere units in each myofibril

· Each sacromere contains thick myosin and thin actin myofilaments (arranged in a pattern that gives rise to a banded appearance under light microscopy)

· Structural and functional unit of contraction

· Contains Z-lines, A-bands (formed by thick and thin filaments) & I-bands (thin filaments only)

· Blood vessel: in general they contain-

· Tunica intima

· Endothelial cells

· Subendothelial layer

· Tunica media

· Internal elastic lamina

· Gaps (fenestrae)

· External elastic lamina

· Tunica adventitia

· Collagen and elastic fibers

· Vasa vasorum

· Nervi vasorum

· Elastic arteries (e.g. aorta and large branches): walls thinner compared with diameter, tunica media contains more elastic fibers and less smooth muscles.  Functions as a ‘pressure reservoir’, i.e. during relaxation of the heart they recoil and propel the blood forward to maintain a more or less continuous flow

· Muscular arteries (e.g. axillary, brachial arteries): walls relatively thick, tunica media contains more smooth muscle and fewer elastic fibers.  They are capable of greater vasoconstriction and vasodilation → to adjust the rate of blood flow to suit the needs of the structure supplied

· Veins: tunica intima much thinner with relatively little smooth muscle.  Tunica adventitia is the thickest layer with collagen and elastic fibers.  Lumen larger than its comparable artery.  Contains valves to prevent the backflow of blood.  No internal or external elastic laminae.

· Blood flow: Elastic arteries (conducting arteries) → Muscular arteries (distributing arteries) → Arterioles (resistance vessels) → Capillaries → Veins (capacitance vessels) <venules → medium-sized veins → large veins>

Theme 3: Electrical Basis of Cardiac Activity

3.1 to describe the generation and transmission of electrical signals in the heart
· Generation of electrical signals and rhythmic beating are self-contained, therefore signals from the autonomic nervous system (ANS) in the blood only modify the heartbeat, but they do not establish the fundamental rhythm

· During embryonic development, 1% of cardiac cells become autorhythmic (i.e. they generate action potentials repeatedly and rhythmically).  Autorhythmic cells have two functions: 1. as a pacemaker   2. forms the conduction system.

· Autorhythmicity:

· SA node – 90 – 100 action potentials/min

· AV node – 40 – 50 action potentials/min

· Bundle of His, Right/Left Bundle branch & Purkinje fibers – 20–40 action potentials/min

· All these ensures that the cardiac chambers become excited to contract in a coordinated manner → effective pump

· Transmission: SA node (travels via gap junctions of atrial fibers) → AV node → Bundle of His (only electrical connection between the atria and the ventricles)* → Right/Left Bundle Branches (travels in the interventricular septum to the apex of the heart) → Purkinje fibers (conducts action potential to the apex of the ventricular myocardium and then upwards to the remainder of the ventricular myocardium) → ventricular systole

· *Elsewhere, fibrous rings and connective tissue act as electrical insulation between the atria and ventricles

3.2 to explain the significance of AV delay and fibrous ring
· AV delay is caused by:

1.
Fibers with smaller diameters

2.
Lower voltage difference

3.
Relatively fewer gap junctions, this results in a 0.1 sec delay → allows the atria to act as priming pumps for the ventricles because it allows the atria to contract just before the ventricles
· It takes 0.2 sec for ventricles to depolarize after the action potential (AP) arises in the SA node (i.e. 0.05 sec for conduction through atria, 0.1 sec delay at the AV node and 0.05 sec for conduction through to the ventricular myocardium)

· Fibrous rings (non-conducting): separates the atria from the ventricles → separation ensures a ‘1-way transmission’ that is vital for the coordinated spread of impulses (impulses reach the ventricles via the AV node)

3.3 to explain the concept of ‘pacemakers’ and control of SA node discharge
· Autorhythmicity:

· SA node – 90 – 100 action potentials/min

· AV node – 40 – 50 action potentials/min

· Bundle of His, Right/Left Bundle branch & Purkinje fibers – 20–40 action potentials/min

· NB: The specialized conduction system of the heart and the myocardium (under abnormal conditions) are capable of self-excitation

· SA node is the cardiac pacemaker because it discharges at a much higher rate than the rest

· Abnormalities include

1. Heart block

2. Cardiac arrhythmias (irregular abnormal heartbeat)

3. Ectopic pacemakers

3.4 to draw and label the ventricular muscle action potential and to correlate this with underlying ionic events (refer to Prof Hooi’s diagram)

· Phase 4 – resting membrane potential: -90 mV; determined mainly by K+ potential (Nerst equation) because the membrane is most permeable to K+.  Na+ and Cl- permeability slight.  (note the importance of electrical and concentration gradients)

· Phase 0 – Action potential: arrival of depolarization stimulus → opens voltage-gates fast Na+ channels → massive influx of Na+ ions (i.e. down concentration and electrical gradient) → rapid upstroke

· Phase 1 – Rapid repolarization: ‘rebound’ phenomenon causes exit of some Na+ ions → fast depolarization.  The positive potential in the cell results in two events: 1. Inactivation of Na+ channels  2. Movement of Cl- ions into the cell (down electrochemical gradient)

· Phase 2- Plateau of AP: important feature of cardiac AP (around -35mV), prolongs the duration of AP and refractory period.  Activation of two mechanism to maintain plateau:

1. Slow Ca2+ channels 

2. Slow Na+ channels → therefore inward movement of Ca2+ and Na+ balanced by outward movement of K+ and inward movement of Cl-.  Inward movement of Ca2+ also important in determining the strength of cardiac contractions.  (channels can be blocked by Verapamil)

· Phase 3 – Rapid repolarisation phase: includes

1. Inactivation of slow Ca2+ channels and slow Na+ channels

2. ↑ K+ permeability (via voltage-gated K+ channels) → therefore more K+ ions leave the cells (down concentration gradient) and less Ca2+ ions enter → -90mV resting potential is restored

· Restoration phase: restoration of ionic levels by two ATP requiring pumps and an exchanger:  1. Na-K ATPase   2. Ca-ATPase   3. Na/Ca exchanger

3.5 to explain the significance of a long refractory period in the ventricular action potential
· Plateau phase: prolongs action of AP & the refractory period (due to inactivation of Na+ channels in Phase 1)

· Significance: prevents tetanization → therefore allows the contraction of cardiac muscle to be almost over before the next stimulus can excite the heart and generate another round of contraction; i.e. prevents maintained contraction

· Refractory period of cardiac fiber is longer than the contraction itself

3.6 to correlate transmission of electrical activity and ECG

· Body fluids are good conductors, therefore fluctuations in potential that represent the algebraic sum of the APs of myocardial fibers can be recorded extracellularly, i.e. ECG

Theme 4: The Electrocardiogram (ECG)

4.1 to list common clinical indications for doing an ECG and to appreciate clinically useful information that may be obtained
· Clinical indications

1. Suspected disturbances in cardiac rhythm and condition

2. Localisation and assessment of ischemic damage

3. To assess the size of the various chambers of the heart

4. To assess the effects of changes in electrolyte concentrations on the body on heart function

5. To localize the heart anatomically

· Useful info:

1. Diagnosis of cardiac ischemia and infarction

2. Changes in blood electrolyte concentrations, i.e. K+ and Ca2+
· Other diagnoses:

1. Pathological Q waves in V1 and V2 – tissue necrosis

2. Elevated ST segments in V1 and V3 – tissue injury

3. Deep and symmetrically inverted T waves in V2 to V6, lead I and aVL – tissue ischemia

4.2 to draw and label a typical lead II ECG; and identify the cardiac events associated with each wave
· P wave
- Atrial depolarization

(0.06 – 0.10sec)

· QRS
- Ventricular depolarization
(0.04 – 0.10sec)

· T wave
- Ventricular repolarisation
(0.2 sec) 

·  Ta wave – Atrial repolarisation; difficult to identify; occurs during PR interval and QRS

· PR (PQ) interval:
approximates AV conduction time, i.e. AV delay
(0.12 – 0.20sec)

· QT interval:
ventricular depolarization and repolarisation

(0.40 – 0.43sec)

· ST interval:
ventricular repolarisation



(0.32 sec)

4.3 to set-up an ECG (practical) and explain the use of 3 sets of leads
· 12-lead ECG: 10 electrodes needed, 4 for the limbs and 6 on the chest

· Standard limb leads (4 e): Lead I, II, and III representing the superior, right and left sides of the heart

· Unipolar Precordial Leads (6 e): Leads V1, V2, V3, V4, V5 and V6, representing the various sections of the heart.  NB: aVL and aVF looks at the ventricles; aVR ‘looks at’ the cavities of the ventricles

4.4 to correlate abnormal conduction with changes in ECG

· Abnormal conduction, i.e. Conduction blocks

· Sinoatrial block: Lack of P waves with AV node as the pacemaker.  Not uncommon.

· Atrioventricular block: Transmission of impulse through AV node is blocked or slowed.  Severity classified as 1st, 2nd and 3rd degrees;

· 1st degree: 

· All atrial impulses do reach the ventricles BUT are excessively delayed

· Prolongation of the PR interval

· 2nd degree

· Not all atrial impulses reach the ventricles (e.g. a 2:1 block indicates that for every 2 atrial impulses only 1 reaches the ventricles)

· Therefore 2 P waves for every QRS complex

· 3rd degree

· No atrial impulses reach the ventricles

· Therefore no correlation between P and QRS waves (complete dissociation)

· Ventricles beat its own intrinsic beat of 40/min

· Premature contractions: may originate in any region of the conductive pathway of the heart including the atria, AV node, AV bundle or ventricles.  Types:

1. Premature atrial contraction: premature P wave followed by normal QRS complex (PR interval may be shorted if focus is close to AV node)

2. Premature contractions from AV node or AV bindle: P waves not seen, i.e. superimposed on the QRS complex

3. Premature ventricular contractions: abnormal-looking QRS complex (as impulses are conducted through ventricular muscle rather than Purkinje fibers), T wave is inverted

· ‘Re-entrant’ phenomenon: establishment of re-entrant pathways of conduction → local repeated self-excitation → paroxysmal tachycardia (arise suddenly, lasts for a short period of time, occurs in spurts); causes:

1. Ventricular dilation

2. ↓↓ velocity of conduction resulting from blockage of conduction system

3. Ischemia

4. ↑↑ blood K+ levels; causes of re-entrant phenomenon → Atrial and ventricular fibrillation

· Atrial Fibrillation


· i.e. in atrial enlargement secondary to valvular defects or ventricular failure → lengthening of conductive pathways (slowing of conduction predisposes re-entrant activity). 

·  Poorly defined P waves with normal QRS rhythm, QRS rhythm is irregular

· Ventricular Fibrillation

· Most serious and potentially fatal; complete and uncoordinated depolarization of ventricular musculature → useless pump as the heart contracts out of sync with the others; causes: 1. cardiac ischemia  2. electric shock

NB: a fibrillation heart may be converted into a sinus rhythm by applying a high voltage current along the vertical axis of the heart for a brief period.

NB: fibrillation is the rapid and chaotic beating of many individual muscle fibers of the heart, consequently it is unable to maintain an effective synchronous contraction.  The affected part of the heart then ceases to pump blood.

Theme 5: Cardiac Mechanics – Excitation Contraction Coupling & the Cardiac Cycle

5.1 to describe how cardiac depolarization leads to contraction and to explain the role of calcium
· Players: Actin & myosin

· Myosin filament is a chain of myosin molecules; myosin is a big protein with a rid-like & a globular domain (globular domain has an ATPase activiy and interacts with actin → forming a bridge between actin and myosin filaments

· Actin is a smaller protein; actin filaments are made of two intertwining chains of actin molecules associated with tropomyosin and the troponin regulatory molecules (i.e. Troponins C, I and T)

· Length of both filaments unchanged during contraction

· Sliding model → during relaxation, tropomyosin regulatory molecule prevents the 2 filaments from interacting with each other; during contraction,, Ca2+ binds to Troponin C → conformational changes in Tropomyosin/troponin complex → interaction of the two filaments (via the globular portion of myosin molecule) → activates myosin ATPase activity → energy is generated → allows conformational changes in the myosin molecule allowing the ‘power stroke’ of head and sliding of actin filament → sacromere shortens, ↓ I band width, no change in A band width

· Removal of Ca2+ from Troponin C terminates contraction

· Role of Ca2+:

1. Plateau phase (during AP via slow Ca2+ channels)

2. Interaction of actin and myosin filaments

3. Strength of muscular contraction

· T tubules have a large quantity of negatively charged mucopolysaccharides that complexes with Ca2+ → storage

· As T tubules open directly into the ECF, Ca2+ concentration in ECF directly determine the strength of cardiac muscle contraction.  (skeletal muscle contraction is predominantly dependant on the release of Ca2+ from the sarcoplasmic reticulum) NB: T tubule volume in cardiac muscles are 25X that of skeletal muscles

· In cardiac muscles, although all muscle fibers are activated, the amount of Ca2+ released is subsaturating for Troponin C binding sites, i.e. ↑↑ in release of Ca2+ or amount of Ca2+ entering the cell leads to ↑↑ contractility of muscle fiber

· Process: AP spread from the cell surface into the interior of the cardiac muscle along T tubules → depolarization of the T tubules → activates voltage gated Ca2+ channels → Ca2+ enters the cell (>important in cardiac muscles) → this facilitates the release of more Ca2+ from the sarcoplasmic reticulum (>important in skeletal muscle) → conformation changes in regulatory proteins

· Removal of intracellular Ca2+:

1. Ca2+ ATPase pump, i.e. situated in the sarcoplasmic reticulum; phospholamban is associated with this pump and it inhibits Ca2+ transport; phospholamban can be inactivated by 1. ↑↑ Adrenergic activity   2. ↑↑ in intracellular [Ca2+] → Ca2+ transport is allowed and the cardiac muscle is allowed to relax

2. Na/Ca Exchanger: 1 Ca2+ molecule out, 3Na+ molecules in.  NB: Importance of Na+ gradient → as ↑↑ intracellular [Na+] slow down the pump; inhibited by digitalis

3. Ca2+ ATPase pump, i.e. in the plasma membrane; here the phospholamban molecule is incorporated directly into the pump

5.2 to describe changes in ventricular pressure, aortic pressure and atrial pressure during the cardiac cycle and to correlate these with valve closure (heart sounds) and flow of blood (volume)
· Cardiac cycle: 0.8 sec (atrial systole 0.1 sec; ventricular systole 0.3 sec;  relaxation (quiescent) period 0.4 sec); Normal heart rate 75 beats/min

· Atrium:

· Atrial depolarization, P wave → followed by atrial contraction (atrial systole)

· Atrial contraction accounts for 20-30% of ventricular filling → 4th heart sound

· Atrial diastole (0.7 sec) → drop in atrial pressure → closure of AV valves → transient ↑↑ in atrial pressure → 1st heart sound

· Ventricle: P wave → followed by QRS complex (which represents ventricular depolarization and precedes ventricular contraction); ventricular systole (0.3 sec) is divided into 2 phases:

1. Isometric contraction: pressure ↑↑ very rapidly with little change in volume (ventricles contact in the closed system).  When pressure in ventricles>pressure in aorta and pulmonary arteries → semi-lunar (SL) valves open → period of ejection of blood (this marks the beginning of phase 2)

2. Isotonic contraction: ↓↓ in ventricular volume (due to blood ejection).  Rapid ejection → followed by period of reduced ejection and finally protodiastole → semi-lunar valves close (when pressure in ventricles<pressure in aorta and pulmonary arteries) → 2nd heart sound

· Ventricular diastole follows ventricular systole; divided into several phases

1. Isometric (isovolumetric) relaxation: Pressures in ventricle falls rapidly as ventricles relax in a closed system.  NB: Both the SL and AV valves are closed, v wave in atrial pressure curve indicates flow of blood into the relaxed atria before the AV valves open.

2. Period of rapid inflow: when pressure in ventricles ↓↓ below that in the atria → AV valves open → 3rd heart sound.  Volume in ventricles ↑↑ but pressure does not change significantly

3. Diastasis: period of slower filling

4. Atrial systole: causes ↑↑ in atrial pressure → a wave in the atrial pressure curve

· ‘Lub’ → 1st sound, ‘Dub’ → 2nd sound

5.3 to draw a ventricular function curve and to differentiate between contractility and Starling’s law in the regulation of cardiac contraction

· Ventricular function curve: Stroke volume vs Ventricular end-diastolic volume

· Contractility: ‘Capacity for becoming shorter in response to a suitable stimulus’; also defined as a change in the work performed by the heart NOT brought about by a change in initial fiber length

· Starling’s Law: ‘energy of contraction is proportional to the initial length of the muscle fiber (i.e. preload stretch)’

· There are 2 principle mechanisms intrinsic to the heart that allows it to ↑↑ cardiac output (CO):

1. Frank Starling mechanism: within limits, the heart is able to adjust its pumping capacity to handle the changing volume of blood delivered to it.  How:

a. ↑↑ in blood volume → ↑↑ degree of stretch on cardiac muscle

b. Stretch also aligns actin and myosin filaments to allow a greater force to be generated

c. ↑↑ sensitivity of actin and myosin filaments to Ca2+ (due to the stretch)

d. ↑↑ Ca2+ entry into the cell with a depolarization stimulus.  NB: ↑↑ atrial pressure → ↑↑ ventricular filling → ↑↑ the stretch on the cardiac muscle

2. Autonomic Control: controls both heart rate (HR) and contractility of the heart.  ↑↑ sympathetic discharge → ↑↑ strength of cardiac contraction (CO vs Right atrial pressure curve)

· Increasing HR to a limit → ↑↑ CO.  Further ↑↑ in HR also ↑↑ cardiac ‘contractility’.  BUT when the HR exceeds a certain limit, cardiac function is compromised due to ↓↓ in cardiac contraction (↓↓ time in diastole → ↓↓ ventricular filling, ↓↓ coronary blood flow, excessive metabolic demands compromise cellular function) 

Theme 6: Function of the Circulatory System

6.1 to identify the components of the circulatory system and to explain their functions
· The need for the circulatory system: 1. Absorption of nutrients and oxygen   2. Getting rid of waste materials.  NB:  Importance of diffusion, e.g. in muscle tissue, no cell is further than 20μm from the blood.  The components are as follows:

· Arteries: functions as high pressure conduits transporting blood to tissues

· Arterioles: control the amount of blood entering the capillary system and are the main site of ‘peripheral resistance’ (due to the relatively small diameter of the vessels and their thick walls) i.e. a kind of step-down transformer

· Capillaries: function to exchange fluid, nutrients and other substances required for the maintenance of the cell between the blood and the interstitial fluid

· Venules: collect blood from the capillaries and interstitial fluid and return it to the circulation; venous system is the ‘major reservoir’ of blood in the body, i.e. 64% of blood is in the veins/venules/sinuses

· Lymphatics: serves to return excess extravasated fluid to the circulation

6.2 to discuss the control of blood flow to tissues
· Factors affecting blood flow to tissues: 

1. Local factors 

· Tissue itself   

· Humoral   

· Autonomic   

2. CO and BP

· Tissue itself: Most important factor in the control of its own supply; under normal conditions, the need of tissues supersede other control mechanisms → to ensure adequate blood supply commensurates with their metabolic requirements; 2 mechanisms to match supply with demand:

1. Acute mechanism: Theory 1- sudden ↑ in metabolic state of tissues → ↑↑ accumulation of metabolites and vasodilator substances (e.g. adenosine, CO2, lactic acid, histamine, K+ and H+ ions) → relaxation of tone of sphincters controlling blood supply to the microcirculation // Theory 2 – O2 important for maintaining blood vessel tone → therefore a lack of O2 → vasodilation

2. Long term mechanism: Changes in the vascularity of tissues → the main mechanism utilized in matching supply with demand, i.e. ‘Angiogenesis’ → which is aided by peptides that include endothelial cell growth factor (ECGF), fibroblast growth factor (FGF) and angiogenin

· Humoral regulation: The regulation by substances secreted into body fluids (either interstitium or circulation), e.g. hormones;

1. Vasoconstrictor substances → i. Norepinephrine (general vasoconstrictor effect; main source in sympathetic nerves)   ii. Angiotensin II   iii. ADH

2. Vasodilator substances → i. Epinephrine (dilates vessels in the skeletal muscles and liver; main source in adrenal medulla)   ii. Bradykinin   iii. Histamine   iv. Prostaglandins   NB: ii-iv are released during tissue injury → repair process

NB: Adrenergic receptors in vascular smooth muscle – 2 types: α and β receptor;

Norepinephrine → acts primarily on α-receptors → vasoconstriction (weaker effect on β-receptors)

Epinephrine → acts primarily on β-receptors → vasodilation (BUT with ↑↑ [epinephrine], vasoconstriction predominates

· Autonomic (neural) regulation: Sympathetic vs Parasympathetic; Sympathetic is more important; general vasoconstriction results from ↑↑ sympathetic stimulation and vasoconstriction from inhibition of sympathetic tone

1. Sympathetic nervous system: Regulates blood flow by regulating 

· Tone of blood vessels; i.e. sympathetic nerves innervate all vessels except true capillaries (precapillary resistance vessels including arteries and arterioles have abundant sympathetic innervation → allows neural control of peripheral resistance) NB: Role of norepinephrine and vasoconstriction;

· Cardiac function → sympathetic stimulation ↑↑ HR and ↑↑ force of cardiac contraction

2. Parasympathetic nervous system: exerts a tonic inhibitory influence on the heart beat (vis vagus nerve); its role on blood vessel tone is unclear

NB: Vasomotor centre (in the medulla oblongata) transmits impulses to sympathetic nervous system, controls 1. vascular tone   2. cardiac function; consists of 1. vasoconstrictor area (C1)   2. vasodilator area (A1)   3. receives sensory impulses from the vagus → feedback to the two areas → provides reflex regulation of vascular tone

6.3 to describe factors controlling capillary fluid exchange and to explain the concept of Starling forces
· Diffusion is important for solute exchange between plasma and interstitial fluid.  Bulk flow, a passive process, is more important for regulation of large volumes of blood and interstitial fluid (Bulk flow occurs because some pressures promote the filtration of water and solutes from capillaries into the surrounding interstitial spaces)

· Factors determining fluid exchange:

1. Capillary pressure (CP): major pressure that moves fluid out of the capillary; 

Arterial end → 17-37 mmHg; Venous end → 10-17 mmHg

2. Interstitial Fluid pressure (IFP): i.e. pressure in the interstitium; has a value of -3mmHg (maintained by the lymphatic drainage system)

3. Plasma Colloid Osmotic Pressure (PCOP): major pressure that draws fluid into the circulation; caused by the semi-permeable nature of the cell membrane which excludes osmotically active solutes; importance of plasma proteins to this pressure (Albumin is the most important, accounting for 75% of total colloid osmotic pressure), averages 28mmHg

4. Interstitial Fluid Colloid Osmotic Pressure (IFCOP): small proteins are able to diffuse out of the capillary membrane; averages 8mmHg

· Calculations: Net Filtration pressure (NFP) = (CP + IFCOP)-(PCOP + IFP) 

At arterial end → net outward force of 13mmHg

At venous end → inward force of 7mmHg

· Starling’s Law of the capillaries, i.e. the equilibrium between pressures promoting filtration and reabsorption of water and solutes in the capillaries

· Therefore looking from the perspective of an equilibrium situation (Starling equilibrium) with a mean capillary pressure of 17.3mmHg, there is still a net outward force of 0.3mmHg → net filtration of fluid into the interstitium → lymphatic system removes this fluid

· Flow of fluid (i.e. blood) through a vessel is determined by

1. difference in pressure at the 2 ends 

2. resistance to flow

Theme 7: Cardiac Output

7.1 to explain the relationship between cardiac output (CO), stroke volume (SV) and heart rate (HR)
· CO is the volume of blood pumped into the aorta per minute

· Relationship: CO = SV x HR

7.2 to know the normal values of CO, SV and HR
· Normal CO : 5 L/min

· Normal SV: 70 ml

· Normal HR: 70 beats/min

7.3 to discuss factors affecting CO
· Given the equation: CO = SV x HR, SV and HR are factor that control CO

· SV: affected by:

1. Stretch on the cardiac muscle (Starling’s law)

2. Contractility

· Starling’s law is affected by venous return (which is in turn affected by i. blood volume in circulation   ii. total peripheral resistance   iii. contractile state of the veins or blood pooling   iv. muscular pump   v. respiratory pump) [use ventricular function curves] 

· Cardiac contractility is affected mainly by ANS

· Venous return determines preload

· HR: SA node provides the basic rhythm (therefore changes in the HR are effected at the SA node); ANS regulated at the cardiovascular centre (in the medulla oblongata); Sympathetic impulses from cardiovascular centre → travel via cardiac accelerator nerves → 1. ↑ rate of spontaneous depolarization at the SA and AV nodes (↑↑ HR)   2. ↑↑ contractility of atria and ventricles, i.e. norepinephrine enhances Ca2+ entry into cardiac fibers via slow Ca2+ channels – ↑↑ contractility/SV

7.4 to explain how inadequate CO may arise
· Equation: CO = SV x HR

· HR and SV are not entirely independent parameters.  In fact HR affects contractility (SV component), i.e. Force-frequency relationship

· ↑↑ HR: ↓↓ SV, because there is a compromise in the diastolic time i.e. 1. ↓↓ ventricular filling time   2. ↓↓ coronary blood flow

· Such a scenario is responsible for inadequate CO

· NB: Preload vs Contractility vs Afterload (e.g. hypertension)

7.5 to explain how CO is measured
· there are two main methods:

1. Direct Fick method:

· Amount of substance taken up by and organ=arteriovenous (AV) difference x blood flow (BF)

· Therefore BF=Amount of substance taken up by an organ





AV difference
· Therefore to measure the BF to the lungs (which under normal conditions is equal to CO), i.e. BF = CO,

· CO (L/min) = 
O2 taken up (ml/min)




AV difference (ml/L)

· An O2​ meter is used to measure the O​2 taken up

· Any arterial sample can be used for areterial O2 levels

· Catheterization of pulmonary artery is done for venous O2 levels

2. Indicator Dilution method:

· Dye injected is carried by blood through the heart and lungs into the circulation.  Knowing the amount of dye injected, the average concentration in the blood as it passes through once in the circulation, and the time it takes to make that one pass, we can calculate the BF

7.6 to define cardiac failure and to explain how the body responds to cardiac failure

· Definition: Failure of the heart to pump blood at a rate sufficient to meet the metabolic requirements of tissue and/or the ability to pump sufficiently only at elevated filling pressures.

· Causes:

Preload →

Myocardial →


Afterload
anemia


myocardial ischaemia/infarction
hypertension

thiamine deficiency
arrhythmias


tamponade

severe bradycardia

· Compensatory mechanisms: In mild heart failure, the adjustments help to improve circulation and restore normal CO under resting conditions with a lower cardiac reserve.  In severe cardiac failure, adjustments may contribute to decompensated cardiac failure and cause further deterioration of the circulatory system.

· Acute compensatory mechanisms – Starling’s law and sympathetic reflexes

When the heart fails acutely → ↑↑ blood volume in the heart → ↑↑ stretch on heart walls → ↑↑contraction (in accordance with Starling’s law)

Acute cardiac failure → baroreceptors sense ↓↓ in arterial pressure → feedback to vasomotor centre → ↑↑ sympathetic discharge → 1. ↑↑ cardiac contractility   2. arterial constriction (↑ total peripheral resistance → ↑ BP → maintain tissue perfusion)

Venoconstriction → shifts balance towards ↑ venous return → ↑ CO

· Long-term compensatory mechanisms – Retention of fluid by the kidneys

· Underperfusion of kidneys in cardiac failure → Na+ and H2O retention by the kidneys, achieved by

1. ↓ GFR: cardiac failure → ↓ afferent arteriolar pressure → ↓ GFR → ↓ renal output (marked ↓)

2. Activation of RAA system: ↓ BF to kidneys → ↑ rennin production by glomerular cells → ↑ angiotensin II production → 1. arteriolar constriction   2. ↓ GFR   3. vasoconstriction (→ ↑ TPR and ↑ BP)   4. ↑ aldosterone production from adrenal cortex

3. ↑ Aldosterone production: ↑↑ Na+ and H2O reabsorption from the renal tubules → expansion of ECF volume

· Left ventricle failure → pulmonary edema.  Right ventricle failure → peripheral edema in feet and ankles

· Symptoms: 1. dyspnea   2. orthopnea   3. paroxymal nocturnal dyspnea

· Signs: Pulse pressure diminished, cold and pale extremitits, raised central venous pressure, urine volume ↓↓, signs of fluid retention (edema, ascites, hepatomegaly, jaundice)

Theme 8: Blood Pressure

8.1 to explain the concept of blood pressure (BP) and describe the factors affecting systolic and diastolic pressure
· BP: The pressure of blood on the walls of the arteries, dependent on the energy of heart action, elasticity of arterial walls, volume and viscosity of the blood.

· BP affected by:

1. rate of blood flow, i.e. Ohm’s law Q = (P1 - P2) / R

2. resistance – proportional to (length x viscosity) / radius4
3. velocity of blood flow, i.e. velocity = flow rate / cross sectional area

· Systolic pressure: affected by preload (e.g. Starling’s law), contractility (e.g. ANS) and afterload (i.e. viscosity and volume of blood)

· Diastolic pressure: more affected by elasticity of aorta and preload (i.e. venous return) 

8.2 to define systolic, diastolic and mean blood pressures
· Systolic pressure: the pressure in the arterial system, at the height of systole

· Diastolic pressure: the pressure during diastole due to the recoil of the aorta

· Mean arterial pressure (MAP) = Diastolic Pressure + 1/3 Pulse pressure

Mean arterial pressure in the circulation is closer to the diastolic value because the diastole is of a longer duration.  Pulse pressure is the result of pressure wave emanating from the aorta; pulse pressure is controlled by 1. stroke volume   2. compliance (=distensibility x original volume) → therefore pulse pressure = Systolic pressure – Diastolic pressure

· Mean blood pressure (MBP)= Mean aortic pressure – Mean right atrial pressure

· Normal BPs:
SP = 120mmHg

DP = 80 mmHg

Mean aortic BP = 90 to 100 mmHg

8.3 to discuss the relationship between mean blood pressure, cardiac output and  total peripheral resistance
· MBP = Mean aortic pressure – Mean right atrial pressure

· BUT, normal right atrial pressure = 0 mmHg!!

· Therefore MBP = CO x TPR, changes in CO or TPR leads to a change in MBP

· TPR: arterioles are the main site of resistance (resistance usually affected by length, viscosity and radius); Radius and caliber of arteriole controlled by 1. reflex control   2. local tissue regulation   3. ANS   4. paracrine substances

8.4 to discuss the importance of maintaining blood pressure and to explain how it is monitored and regulated in the body in the short term and long term
· Critical importance of BP control to survival: Too ↓↓ BP results in inadequate perfusion of tissues, too ↑↑ BP results in morbidity and eventual mortality

· Acute (short term) control of BP:

1. Baroreceptors: Baroreceptors are nerve endings embedded in both 1. carotid sinus   2. aortic arch → impulses travel via glossopharyngeal (IX) nerves and vagus (X) nerves respectively → feedbacks to vasomotor centre (in medulla oblongata)

e.g. Sudden ↑ BP (e.g. in transfusion) → impulses from the nerve endings → inhibit efferent discharge from vasomotor centre → vasodilation and ↓ in rate and strength of cardiac contraction

e.g. Sudden ↓ BP (e.g. hemorrhage or standing after lying down for prolonged periods) → ↓ transmission of impulses to vasomotor centre → sympathetic discharge → HR and contractility → normalize BP

NB: Baroreceptors are responsive to mean pressures between 50 – 170 mmHg; speed and greatest accuracy of regulation at 100 mmHg → ensures effective control at normal physiological pressure.  Baroreceptors reset themselves every 1 – 2 days.

2. Chemoreceptors: two kinds 1, arterial   2. cardiopulmonary chemoreceptors

a. arterial chemoreceptors: specialized cells sensitive to O2, CO2 and H+ levels, 2 groups → aortic bodies (located adjacent to aorta at aortic arch) and carotid bodies (located at junction of bifurcation of the common carotid artery); main role is for the control of respiration (minor role in circulatory system); severe hypoxia (or acidosis) → stimulates receptors → vasomotor centre → effectd changes in cardiac function.  NB. The major function of aortic body stimulation is ↑ HR, contractility and vasoconstriction

b. Cardiopulmonary receptors: located in all heart chambers and along intrathoracic vessels; sensitive to nociceptive stimuli including bradykinins and prostaglandins; stimulation of these receptors → strong vagal discharge → vasodilation and hypotension; NB: these receptors may mediate the hypotension associated with cardiac ischemia

3. Low pressure receptors: located in atria and pulmonary arteries; function is to monitor blood volume in the body.

· CNS Ischemic Response: i.e. effect of cerebral ischemia on the vasomotor centre; when ↓ BP < 60 mmHg → blood flow to CNS neurons is compromised → cerebral ischemia → build up of CO​2 and H+ → strongly stimulates vasomotor centre (maximum stimulation at 15 – 20 mmHg) → ‘last ditch stand’ → powerful response that can cause the shut down of blood supply to the peripheral organs in an attempt to maintain BP and hence blood supply to the brain
· Example of acute regulation of BP: Change in posture → ↑ hydrostatic pressure (lower limbs) → ↑ venous pooling → ↓ venous return → ↓ EDV → ↓ SV → ↓ CO and BP → ↓ baroreceptor stimulus → vasomotor centre → 

1. vasoconstriction

2. ↑ HR 

3. ↑ contractility

4. ↑ epinephrine

· Long term regulation of BP: major role for kidneys; NB: renal output curve; equilibrium point is where arterial BP is brought to for a given salt intake → as pressure ↑, so does excretion of salt and water (aka pressure diuresis)

Importance of RAA system: Angiotensin II → 

1. potent vasoconstrictor of arteries (↑ TPR)

2. ↑ aldosterone secretion (↑ reabsorption of Na+, Cl- and H2O) 

3. ↑ ADH (↑ H2O reabsorption by recruiting H2O channels)

4. thirst centre in hypothalamus is activated – the ↑ TPR and ↑ blood volume → ↑ BP

8.5 to define hypertension and to discuss its pathophysiology
· Definition: DP > 90; SP > 140 (on two separate examinations)

· Major causes of hypertension: Primary hypertension most common with 90% of cases; Renal and endocrine abnormalities are the most common of secondary hypertension

· Primary Hypertension: 2 groups depending on sensitivity of BP to salt intake

1. Salt-sensitive: 60% of primary hypertensives i.e. failure of kidneys to excrete evcess salt due to insensitivity of RAA system → ↑ volume expansion, ↑ CO and ↑ BP

2. Abnormal Na+ transport: generalized membrane defect (due to Na/K ATPase defect) → leads secondarily to ↑ intracellular Ca2+ → hyperactive vascular smooth muscle → persistent vasoconstriction and ↑ resistance in circulation

· Secondary Hypertension: Renal and endocrine causes

1. Renal Hypertension – due to: 

· Vascular causes (→ inadequate renal perfusion → activation of RAA)

· Parenchymal causes (e.g. inefficient handling of Na+ by the kidneys)

Most likely cause, can be corrected by ↓ salt intake or ↑ salt excretion

2. Endocrine Hypertension – due to:

· Oral contraceptives (e.g. estrogen → ↑ angiotensinogen production in the liver)

· Primary aldosteronism

· Adrenal medulla tumor (→ ↑ epinephrine and norepinephrine)

· Hypercalcemia (↑↑ blood Ca2+ → sensitivity of vascular smooth muscle to vasoconstrictive stimulus)

· Acromegaly

· Coarctation of aorta and renal artery stenosis → ↓↓ blood delivery to kidneys → JG cells detect this → secretes rennin → etc etc

· Effects of hypertension on:

1. Heart: excess workload → left ventricular hypertrophy; inadequate perfusion of cardiac muscle → angia pectoris → myocardial infarction → death!!

2. Neurological effects: stroke

3. Renal effects: renal failure

8.6 to explain how haemodynamic shock may arise
	Type of Shock
	Causes

	1. Hypovolemic shock
	- due to inadequate blood volume → ↓ CO

- e.g. Hemorrhage, loss of plasma (burns and intestinal obstruction)

	2. Cardiogenic shock
	- ‘pump’ failure

- e.g. Myocardial infarction, valvular disease and arrythmias

	3. Extracardiac obstructive shock
	- due to obstruction to outflow of ventricular filling of the heart

- e.g. tamponade, constrictive pericarditis, massive pulmonary embolism

	4. Septic shock
	- due to disseminated infection throughout the body

- e.g. peritonitis, gangrene, severe skin infections

- characteristics: marked vasodilation and ↑↑ CO

- frequent complication: disseminated intravascular coagulation (DIVC)

	5. Anaphylactic shock
	- due to immunological reactions to foreign bodies (anaphylaxis)

- e.g. drug allergies, insect bites, mismatched transfusion

- characteristics: widespread dilation and exudation of fluid into the interstitium

	6. Neurogenic shock
	- occurs in deep general anesthesia with loss of vasomotor tone due to a depressed vasomotor centre

	NB: 4 -6 can be grouped as ‘Distributive shock’


· Response of body to hypovolemic shock: at the acute stage, the priority of the brain is to maintain circulation to the 1.heart   2.brain

1. Blood vessels: vasoconstriction everywhere except the heart and brain (i.e. sympathetic impulses from the vasomotor centre – maximum stimulation at 15 – 20 mmHg)

2. RAA system: ↓ circulating blood volume → ↓ GFR → ↑ angiotensin II → 1. vasoconstriction   2. ↑ aldosterone secretion (↑ salt and water retention → ↑ blood volume)

3. ADH: released in response to hyperosmotic stimuli (from baroreceptor and stretch receptors in the heart).  Osmoreceptors sense ↑ osmolarity and feeds info to 1. thirst centres   2.supraoptic nucleus (→ADH release)

· When compensatory mechanisms are inadequate to correct severe circulatory shock → a condition of irreversible or decompensated shock occurs → positive feedback results with 1. further cardiac depression   2. ↓ venous return, e.g.

1. <60mmHg → pressure become insufficient to pump blood through coronary arteries

2. depression of vasoconstriction (due to ↓ blood supply to vasomotor centre)

3. ↑ permeability of capillaries

4. acidosis that suppresses CNS

5. intravascular clotting

8.7 to explain the effects of exercise on the circulatory system and the body’s response to exercise

· CO ↑ in strenuous exercise about 5 to 7 fold to cope with ↑ metabolic demand of active muscles.  ↑↑ in blood supply is achieved by 1. ↑ CO   2. local effects at the muscles

· Increase in CO: can ↑ between 20-30L/min; maintained by 1. local vasodilation of skeletal blood vessels   2. ↓ TPR (normally, ↑ in cardiac function → ↑ CO → BUT reflex peripheral vasoconstriction → ↑ TPR → return of CO to normal)

1. ↑ HR: at commencement of exercise; ↑ sympathetic stimuli and inhibition of parasympathetic; anticipatory ↑ HR due to 1. psychic stimuli (acting on vasomotor centre)   2. reflexes in active muscle and its feedback on vasomotor centre.  HR is the main factor in ↑ CO in untrained individuals.

2. ↑ SV: SV increases from 60-70ml to 125-150ml; ↑ is due to 1. cardiac contractility (secondary to ↑ sympathetic stimuli)   2. ↑ venous return (due to reflex vasoconstriction in veins, massaging action of contracting muscles on the veins, presence of 1-way valves)   3. breathing movements (acts as a pump that draws blood into abdominal and thoracic veins during inspiration and discharging blood into the right atrium during expiration)

3. ↑ TPR: vasoconstriction in non-skeletal muscle blood vessels is more than balanced by concomitant vasodilation in blood vessels of skeletal muscles → net ↓ TPR (especially true in isotonic exercise that involve lots of muscle groups).  In isometric exercise, limited muscle groups are involved → ↑ TPR

4. BP: changes depend on type of exercise

Isotonic exercise (e.g. swimming) → minimal ↑ BP (due to a ↓ TPR)

Isometric exercise (e.g. weights) → ↑ BP (due to ↑ TPR)

These are important info when recommending evercises for cardiac patients

· Local factor in the muscles:

1. ↑ blood flow to muscles: active muscles have between 15 – 25 fold increase blood flow as compared with its inactive state, achieved by:

· Vasodilation: due to ↓ O2 in the muscles → inability to maintain vascular tone

· ↑ production of vasodilator substances, e.g. adenosine, K+, lactic acid, CO2 and heat

· Vasodilator nerves in skeletal muscles: epinephrine produced by the adrenal medulla (during exercise stress) acts on β receptors in the skeletal muscle blood vessels to effect vasodilation

2. Arteriovenous Oxygen difference: exercise ↑ AV O2 difference → more efficient extraction of O2 from the blood by tissues; ↑ metabolism in muscles → ↑ pCO2 , ↑ [H+], ↑ 2,3-DPG and ↑ temperature → these factors combine to shift O2-hemoglobin dissociation curve to the right → results in a 3-fold more efficient release of O2 from the blood

Theme 9: The Cardiovascular System in Health and Disease

9.1 to correlate the functions of the heart with its structure and to appreciate how perturbations of normal function result in disease

· The heart’s primary function is a muscular pump

· Arrhythmias in Sinus Rhythm (SA node)

1. Sinus Tachycardia: heart beat > 100 beats/min; ECG normal except that intervals between QRS complexes are shorter; causes: ↑ sympathetic discharge, ↓ parasympathetic discharge

2. Sinus Bradycardia: heart beat < 60 beats/min; normal in athletes who have a greater stroke volume with each heart beat; causes: reflexes from circulation ↓ heart rate in response to the greater stroke volume, ↑ parasympathetic stimulation

3. Sinus Arrhythmias: normal phenomenon where the heart rate varies with phases of respiration (caused by a variation in the parasympathetic output to the heart); during inspiration, impulses from the vagus nerves (from stretch receptor in the lungs) feedback to inhibit the cardioinhibitory area in the medulla oblongata → ↓↓ tonic vagal inhibition of heart rate → ↑↑ heart rate

NB: The SA node acts as the ‘pacemaker’ for the heart and together with the rest of the conductive pathway, helps to synchronize and coordinate each heart beat → ensure maximum efficiency; therefore when this pacemaker function is affected the efficiency of the heart as a muscular pump is put to question.  E.g. conduction blocks, premature contractions, atrial and ventricular fibrillations (refer to 4.4)

· Ischemic heart disease (IHD): excess cholesterol in blood vessels → atherosclerosis (in coronary vessels) → sudden blockage of coronary vessel (i.e. embolus) → infarction → is ischemic event occurs over time, vessels emerge slowly over a few days to ↑ blood flow, preventing infarction

NB: subendocardial layer of the left ventricular myocardium is the most susceptible to an ischemic insult due to high pressure during systole, which transiently stops blood flow

· Stenosis (narrowing of valve by scar formation or congenital defect) of mitral, aortic semi-lunar valves may cause backflow of blood (e.g. Mitral insufficiency)

