Physiology—Cardiology Physiology and Pathophysiology

The heart is a hollow muscular organ located in the mediastinum.  Two-thirds of the mass of the heart lies to the left of the midline.  The base of the heart, or the broadest part of the heart, is superiodorsally directed and tilted toward the right.  The apex, or pointed end of the heart, is posterioventrally and tilted toward the left.  The apex rests on the diaphragm and is anchored by the pericardial cavity which adds to the efficiency of contraction of the myocardium.  

The heart and the origins of the great vessels are enclosed in the pericardial sac.  The parietal layer of the pericardium, which is composed of dense fibrous connective tissue, is attached to the diaphragm.  The visceral layer of the pericardium, which rests on the heart itself, is separated from the epicardium, the outer layer of the heart itself.  Their fibers, however, are connected with each other, so they are sometimes referred to interchangeably.  The pericardial cavity is a potential space between the visceral and parietal layer.  It normally contains a small layer of serous lubricating fluid that provides a relatively friction free association between the visceral and parietal pericardium, allowing for free movement as the heart goes through its contraction and relaxation activity.  


When the pericardial cavity becomes inflamed, it is known as pericarditis, which can be accompanied by infection.  The parietal layer is not elastic in nature.  As fluid accumulates in the pericardial space, it pushed down on the heart itself because the outer layer cannot expand.  This interferes with the contractile process of the myocardium, therefore compromising its pumping ability.  The great vessels are also compressed, notably the superior vena cava.  Inflammation causes constriction of the superior vena cava, disrupting venous return and causing distention of the veins in the neck because the blood is pooling.

From an embryological standpoint, the heart develops from a pair of blood vessels.  Therefore, the wall of the heart is very similar structurally to the wall of the large blood vessels.  Whether it is a vein or an artery, the vessel has three tunics: the inner endothelial lining, the tunica intima; the middle muscular layer, the tunica media, which is composed of smooth muscle tissue (bigger in arteries than in veins); and the outer layer, known as adventitia, which protects the vessel.  The heart has similar structure: the inner layer of the heart is known as the endocardium.  It is nice and smooth.  It is continuous with the endothelial lining of the vessels that drain and feed the heart; the middle layer is the myocardium.  The myocardium on the left side is 4-5 times thicker than the myocardium on the right side.  This is due to the force that the left side of the heart produces; the muscle layer; the outer most layer is the epicardium, which is sometimes referred to as the visceral pericardium because of the association of the fibers.


The wall of the heart is well-endowed with blood vessels, nerves, and lymph vessels.  Collagen fibers within the wall of the heart provides for the attachment of cardiac muscles and valves.  The fibrous skeleton of the heart, also made of dense fibrous connective tissue, divides the heart into a left and right half and into upper and lower divisions.  The fibrous skeleton electrically isolates the chambers from each other.

The atria are primer pumps.  The ventricles are power pumps.  The atria and ventricle on the right side is separated by the tricuspid valve.  The atria and the ventricle on the left side are separated by the bicuspid valve, a.k.a. mitral valve.  The pulmonary semilunar valve is between the right ventricle and the pulmonary trunk.  The aortic semilunar valve is between the left ventricle and the aorta.  There are no valves between the veins that feed the atria and the atria itself. 


The intra-atrial septum is a small depression called the foramen ovalis, which marks the location of the foramen ovale.  The foramen ovale exists during fetal life.  It is a shunt between the right and left atria, allowing blood to be directed from the right atrium to the left atrium, bypassing the lungs because the lungs are not functioning yet during fetal life.  The ductus arteriosus is between the pulmonary trunk and the aorta performs the same operation as the foramen ovale.  After birth, it closes and becomes a ligament known as the ligamentum arteriosus.  If this does not close, the blood does not oxygenate effectively, leading to cyanosis (blue-baby).

The interior surface of the heart has irregular columns of muscle tissue, called the trabeculae carnae.  They are more numerous on the left side than on the right side.  From these trabeculae carnae, the papillary muscles arise.  From the ends of the papillary muscles, we get the chordate tendinae, which are attached to the cusps of the valves.  The chordate tendinae come off the ventricular walls, so they are on the inferior surface of the valves.  The arrangement of the papillary muscles and chordate tendinae functionally prevent valvular prolapse.  The muscles do not open or close the valves.  All of the valves in the heart open and close based on pressure and pressure only.  When ventricular pressure is greater than atrial, the valve can only close so much because of the chordate tendinae.
Electrophysiology of the Heart


The heart does not need any outside influence in order for it to beat because it is supplied by an intrinsic conduction system.  It starts at the SA node, located on the posterior wall of the right atrium.  Fibers from the SA node distribute the message to both the right and left side.  The AV node is in the right atrium as well.  The AV bundle, or bundle of His, divides into a right and left bundle branch.  The bundles branch off into fibers to the myocardium of the right and left ventricles.  These fibers are known as the Purkinje fibers.  When the AV node receives the electrical signal from the SA node, the AV node holds the charge for about 0.1 second, allowing the atrial time to go through their systolic phase while the ventricles are still in their diastole.  The atria and ventricles are never in systole at the same time.


The membranes of the cells that make up the SA node do not have the ability to effectively keep sodium ions out of the cell.  This gives them a pacemaker potential.  They have no true resting membrane potential.  In a normal healthy heart that is untrained, this happens approximately 0.8 second.  This gives us an average resting heart rate of 72bpm.  All areas of the heart are capable of generating their own action potential without any outside influence.  The atrial musculature itself can generate an action potential approximately 60x per minute.  The AV node can generate action potentials of about 40x per minute.  The ventricular musculature can generate an action potential of about 20x per minute.  So as we travel deeper into the heart, the rate of spontaneous depolarization decreases.  The SA node depolarizes at the fastest rate, making it the pacemaker of the heart.  The rest of the heart is absolute refractory.

Electrophysiology of cardiac muscle tissue: Cardiac muscle is very similar to skeletal muscle.  The only difference is that in cardiac muscle, the muscle cells are short, branched, and they are interconnected.  Adjacent cardiac muscle cells are also separated from each by gap junctions, also known as intercalated discs.  These structures have an electrical resistance that is 1/400 the electrical resistance that exists between cells where there are no gap junctions; therefore the electrical resistance is low, allowing electrical impulses to pass through them very rapidly.  It is so rapid that electrical impulses that originate at any point in the mass of myocardial cells can pass at warp speed to all other cells that are interconnected by gap junctions.  Because all of these cells are electrically joined, the mass of myocardial cells that are electrically associated with each other behave as a single, functional unit, known as a syncytium.  The all-or-none law states that either all of the cells in the atrial mass will contract or none of them will.  This is due to their unique histology.  There are no motor units in cardiac tissue.

The resting membrane potential (RMP) in normal cardiac muscle ranges between -85 and -95mV (inside compared to outside).  The action potential in cardiac muscle rises to about +20 and +30mV (inside compared to outside) and then exhibits a plateau, which lasts in ventricular muscle for about 0.3 seconds.  When then get rapid repolarization.  The presence of this plateau allows for the muscle contraction to last 20-30x longer in cardiac muscle than in skeletal muscle.  


What is the reason of the plateau?  In both skeletal muscle and cardiac muscle, the initial depolarization is due to the opening of the same type of fast sodium channels.  The opening of these channels allows large numbers of sodium ions to enter the cell, but those channel only remain open for a few ten-thousands of a second, and then abruptly close.  In cardiac muscle, however, there is a second group of channels not found in skeletal muscles, known as slow calcium/sodium channels.  These channels are different because they open a little later but remain open for several tenths of a second.  During the time while they are open, large amounts of calcium and sodium continue to flow into the cell, prolonging the depolarization.  This is what causes the plateau in the cardiac muscle potential.  The calcium ions also excite the contractile process.  Immediately after the onset of the action potential, the permeability of the cardiac muscle cell membrane to potassium decreases about 5-fold.  This reduces the outflow of potassium from the cell during the plateau.  This prevents early repolarization.  When the slow calcium/sodium channels finally close, the inflow of calcium and sodium stops and the membrane’s permeability to potassium dramatically increases.  All the potassium trapped inside the cell can now leave, allowing the membrane to return back to its resting level.

The refractory period is a period of time when contractile tissue will not respond to another stimulus.  The absolute refractory period of ventricular tissue is between 0.25-0.3 seconds, which is approximately the duration of the action potential.  There is also a relative refractory period of about 0.05, during which a greater than normal stimulus can excite the tissue.
Cardiac Cycle


The cardiac cycle is a repeating pattern of relaxation (diastole) and contraction (systole) which consists of electrical, mechanical, and acoustical events in that order.  Atrial systole occurs during ventricular diastole.  Ventricular systole occurs during atrial diastole.

The upper chambers contract simultaneously followed in about 0.1-0.2 later by ventricular contraction on both sides.  During atrial and ventricular diastole, venous return of blood fills the atria and because the AV valves are open, fills the ventricles.  At rest, the ventricles are about 80% filled with blood prior to atrial systole.  Contraction of the atria adds the final 20% to the ventricles.  The volume of blood in the ventricles at this point is known as the end diastolic volume (EDV).  At rest, contraction of the ventricles ejects about 65-66% of the EDV, leaving behind the end systolic volume (ESV).  The difference of the EDV and the ESV is the stroke volume (SV), which is the volume of blood expelled from the heart with each beat.  Ejection fraction is the percent of the EDV that is ejected.  It is about 65-66% in healthy heart at rest.
Stages of the Cardiac Cycle


When the ventricles are in diastole, the systemic blood pressure is about 80mmHg.  From that point, the cardiac cycle proceeds as follows (left-sided perspective):

1) Isovolumetric contraction implies that the ventricular volume is not changing.  The only way this occurs is if the AV valves and the semilunar valves are closed.  The valves are closed because at this point the pressure in the aorta is greater than the pressure in the ventricle and the pressure in the atrium is greater than the pressure in the ventricle.  At this point, the pressure is increasing in the chamber.    

2) Ejection – blood is ejected from the ventricle.  This occurs as soon as the ventricular pressure exceeds the pressure in the aorta.  At that point, the semilunar valve is pushed open and blood starts to exit the ventricle.  The ventricle continues to contract even as blood is being expelled from the ventricle.  The ventricle will continue to contract until the pressure in the ventricle and the aorta reach 120mmHg.  At this point, the ventricles begin to relax
3) As the pressure in the left ventricle begins to fall, back pressure from the aorta closes the semilunar valve.  At this point, the pressure in the aorta will fall to 80mmHg and the pressure in the left ventricle will fall down to almost 0mmHg.

4) Isovolumetric relaxation – the AV and semilunar valves are closed.  This phase is very short in duration and lasts only until the pressure in the ventricle falls below the pressure in the atria.  As soon as this happens, the AV valve will open.

5) Rapid filling – venous return is pouring through the atria and filling the ventricle by about 80% because of the open AV valve

6) Atrial systole – the atria contract, pushing the remaining 20% of blood into the ventricle, giving us or EDV
EKG


A standard EKG has a P wave, QRS complex, and T wave.  The P wave is atrial depolarization, which causes atrial systole.  QRS complex is depolarization of the ventricle, leading to ventricular systole.  T wave is repolarization, leading to ventricular diastole.  Atrial repolarization occurs during ventricular depolarization.  Since the ventricles are so massive, their depolarization masks atrial repolarization.


A skilled clinician can determine 5 things from an EKG: 1) heart rate 2) rhythm 3) axis 4) hypertrophy 5) infarct.
Heart Sounds


Heart sounds are caused by closing of the valves.  “Lubb” is the first heart sound.  It is caused by closing of the AV valves.  The AV valves closing are associated with ventricular systole, which is when the pressure in the ventricles is greater than the pressure in the atria.  “Dupp” is the second heart sound.  It is caused by the closing of the semilunar valves.  The semilunar valves closing are associated with ventricular diastole, which is when the pressure in the aorta is higher than the ventricles.


The aortic semilunar valve is best heard on the right side of the sternum in the second intercostal space.  The pulmonary semilunar valve is best heard on the left side of the sternum in the second intercostal space.  The tricuspid and bicuspid valve are both heard in the 5th intercostal space: the tricuspid is heard on the right side and the bicuspid is heard on the left side.

Cardiac Output


Cardiac output (Q) is a function of heart rate and stroke volume.  In a heart rate of about 72bpm and a stroke volume between 70-80ml/beat, we have an average cardiac output of 5000ml/min (5 L/min).  Any increase or decrease in cardiac output must be accompanied by an increase or decrease in heart rate and/or stroke volume.

Heart Rate


Normal heart rate is about 72bpm because the SA node is depolarized about once every 0.8 seconds.  In the intact body, both divisions of the ANS are continuously active on the myocardium.  The catecholamines (EPI and NE) of the SNS both increase the rate at which the SA node fires.  They also increase conduction rate through the AV node, making those agents positive chronotrophs.  They also increase the force of atrial and ventricular contraction, making them positive inotrophs.  As a result, they increase the cardiac output because they are increasing heart rate and stroke volume.


The PNS via vagal nerve endings secrete ACH, which hyperpolarizes the SA node, bringing it further away from threshold.  This decreases the rate at which it fires.  This makes ACH a negative chrontroph.  It also decrease conduction rate through the AV.  ACH decreases the force of atrial contraction but has no significant effect on ventricular musculature, so ACH does not have an effect on SV.  
Frank-Starling Law of the Heart


The Frank-Starling law of the heart says that if you put more blood in the ventricle, you stretch the ventricular wall and therefore stretch out the sarcomeres, allowing them to contract with more force.


Stroke volume is regulated by EDV.  EDV is also referred to as preload.  Stroke volume is directly proportional to preload.  An increase in preload will result in an increase in stroke volume.  Stroke volume is also directly proportional to the force of contraction.  The greater the force on contraction, the greater the stroke volume.


    In order to eject blood, the pressure generated by the ventricle must be greater than the pressure in the aorta.  The pressure in the aorta, sometimes referred to as the mean aortic pressure, is actually an impedance to the ejection of blood because it keeps the aortic semilunar valve closed.  The pressure in the aorta is referred to as the afterload.  Stroke volume is indirectly proportional to afterload.  If afterload is too high, the stroke volume will be less.  The heart compensates for this by increasing the force of contraction.  This can weaken the heart muscle.

Venous Return



EDV, therefore stroke volume and cardiac output, are affected by venous return.  Without venous return, there is no cardiac output.  Venous return is based on total blood volume and venous pressure.  Since the veins are much more compliant, they can distend and hold a much greater volume of blood.  At rest, about 2/3 of the blood volume are located in the veins.  The mean venous pressure is about 2mmHg and is due primarily to the pressure drop between the arterioles to the capillaries and then to the venules.  In the venules, the pressure is about 10mmHg.  At the junction of the SVC and IVC, as they enter the right atrium, the pressure is between 0-1mmHg.  This ensures venous return.


There are three assist mechanisms to back up the pressure difference that normally exists and ensure venous return: 1) sympathetic nervous stimulation of the veins – the veins have a tunica media made up of smooth muscle tissue.  This smooth muscle responds to the sympathetic nervous system.  When stimulated, the tone of that muscle increases (contracts), making the veins less compliant, raising venous pressure, and increasing venous return.  2) Skeletal muscle pump – based on the principle that large veins ascend through skeletal muscle.  Voluntary contraction of these skeletal muscles squeezes on the veins, pushing the blood up toward the heart.  3) Pressure difference that occurs between the thorax and the abdomen that results from diaphragmatic movement during ventilation.  
Hemodynamics


Hemodynamics is the physics of blood flow.  Flow is the change in pressure divided by the resistance.  Flow is directly proportional to pressure difference and inversely proportional to the frictional resistance.  Blood flow is influenced by three factors: 1) length of the vessel.  The longer a vessel is, the greater the resistance, therefore decreasing the flow of the blood.  The shorter a vessel is, the smaller the resistance, therefore increasing the flow of blood; 2) viscosity of blood.  As viscosity increases, resistance increases, therefore decreasing the flow.  As viscosity decreases, the resistance is decreased, therefore increasing the flow. *3) radius4 (r4).  If the radius of a blood vessel is increased, the resistance is decreased, therefore increasing the flow.  If the radius of a blood vessel is decreased, the resistance is increased, therefore decreasing the flow.  If the radius of a blood vessel is changed, it will dramatically change the resistance; therefore dramatically change the flow because the radius is raised to the 4th power.  Vasoregulation is the change in the radius of the blood.  It can be constriction or dilation.  Vasoregulation is the single most powerful flow regulatory mechanism that our body possesses.

PATHOPHYSIOLOGY
Diseases of the Blood
Anemias

Anemias are the most common type of blood disorders in the US.  Although there are many types of anemias, they are all associated with abnormal oxygen transport.  This can be due to hemorrhaging, hemolysis, poor RBC synthesis, or kidney problems (associated with a lack of erythropoietin).  Anemic patients are typically pale, their mucous membranes are light in color, and weak and fatigue easily due to inadequate oxygen supply.  Anemias are studied by categories.


Pernicious anemia is characterized by the decrease in the number of mature erythrocytes.  There are two substances that are necessary for RBC synthesis and maturation: an intrinsic factor normally secreted in gastric juice and vitamin B12.  The intrinsic factor is essential for the vitamin B12 to be absorbed from the GI tract.  In pernicious anemia, the intrinsic factor is not secreted, so even if there is a normal amount of vitamin B12, it cannot be absorbed.  Patients with pernicious anemia have a decrease in the number of mature RBCs and an increase in the number of immature RBCs.  Typically in pernicious anemia, the immature RBCs are called reticulocytes and normoblasts.  These patients have low RBC counts and low hematocrit.  This type of anemia does respond to vitamin B12 shots.  

Hypochromic anemia is typically an iron-deficient anemia.  People with this anemia have the right number of RBCs but they lack the proper amount of hemoglobin.

Hemolytic anemias are all associated with the rupturing of RBCs.  Once the RBC ruptures, it cannot transport oxygen.  Erythroblastosis fetalis is a hemolytic type of anemia which occurs when the mother is Rh- and the father is Rh+.  Mixing of these can occur during the birth process, affecting the child. The mother’s blood sees the Rh+ from the infant as a foreign body.  She will then produce antibodies against the Rh positive blood.  This could be a problem in subsequent pregnancies.  We can administer an Rh immunoglobulin during delivery to suppress the antibody-antigen reaction.  

Sickle-cell anemia is a problem with the formation of hemoglobin and RBCs.  The RBCs are sickle-shaped and tend to rupture, producing a yellowish color is the sclera of the eye.  There is no cure for this condition, so we just treat the symptoms.


Aplastic anemia is when the bone marrow stops functioning so that leukocytes and thrombocytes are not produced along with erythrocytes.

We could have the opposite of anemia, where too many RBCs are produced. Polycythemia could cause the hematocrit to rise as high as 80 (normal is about 40-45).  This causes a tremendous increase in viscosity, blood volume, and place a large demand on the heart.  RBC counts are said to reach as high as 11-12 million per cc.  Normal is between 4-6 million.

Bleeding Diseases


Hemophilia is characterized by the inability of the blood to clot properly.  It is a hereditary disease that usually only affects males but is transmitted by females.  Presents with hemorrhaging from small cuts.

Thrombocytopenia is characterized by spontaneous hemorrhages in the skin, mouth, and internal organs.  It is a deficiency of platelets.  

Leukemia

Leukemia is cancer of the tissues that form WBCs.  There are generally two categories: myelogenic and lymphocytic.  The difference between them is the site of the disease.  In myelogenic, the cancer is in the bone marrow.  In lymphocytic, the cancer is in the lymph tissue.
Diseases of the Heart


Diseases of the heart include: Coronary artery disease is when flow through the coronary artery is compromised; hypertensive heart disease is caused by chronic high blood pressure, resulting in myocardial hypertrophy; cor pulmonale is a right-sided heart condition when the right side of the heart fails, usually due to pulmonary disease.  This leads to pulmonary HTN, resulting in right ventricle hypertrophy and dilation; congestive heart failure is when the heart loses its ability to be an effective pump.  As a result, pressure builds up in both the pulmonary and systemic circuits.  Pressure builds and fluid oozes out of the vessels.  Right heart failure causes swelling in the ankles, distension of the veins in the neck, and enlargement of the spleen and liver because the veins cannot empty properly.  It is all associated with a diminished venous return.  Left heart failure presents initially with shortness of breath due to pulmonary edema.


Valvular disorders are associated with the four valves of the heart.  Stenosis occurs when the valves do not open properly.  Regurgitation occurs when the valves do not close properly.
Diseases of the Vessels


Arteriosclerosis is typically associated with aging.  Could affect all arteries.  It is characterized by thickening of the tunica intima.  Atherosclerosis is a form of arteriosclerosis where the intima is coated with plaque.


Aneurysms are weaknesses in the wall of the vessel, causing them to balloon out.  When they are found, they can be repaired.  Abdominal aortic aneurysm is the most serious type of aneurysm because if it ruptures, death occurs.  

Thrombus is a fixed clot.  Embolus is when the clot breaks and moves through the vascular system.


Varicose veins are dilations of the vessels due to blood pooling.  Hemorrhoids are varicose veins of the rectum.  
