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EXERCISE PHYSIOLOGY

Exercise Physiology
February 15, 2019
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Richard M. Schwartzstein, M.D.

Summary: 

This session will integrate what you have been learning about control of ventilation, gas exchange, hemodynamics, the autonomic nervous system and control of the circulation to explain what happens to individuals when they exercise. It will give you to opportunity to review and apply these key concepts as you try to explain the mechanisms by which the respiratory and cardiovascular systems work together to enable the body to support major changes in metabolism.

Preparatory Instructions

1) Review (as needed) the sessions on control of ventilation, gas exchange, control of the circulation, and hemodynamics.

2) Reading: read the notes provided below OR Schwartzstein and Parker, Chapter 9 – entire chapter (pp. 183-201)
3) Watch/review the following videos:

· Blood pressure

· Body fluid compartments

· Physical exam – rales/crackles

· Physical exam – JVP

· Fick Principle

4) Readiness assessment questions.

5) Answer the following questions:

A) A patient has a history of poorly controlled hypertension. On exam at rest, his blood pressure is 160/90 mm Hg and he has an S4 on auscultation of his heart. His lung sounds are normal. When he begins to exercise, he quickly becomes short of breath and you hear crackles or rales on his lung exam and his oxygen saturation falls from 98% to 93%. Explain the pathophysiological mechanisms behind these findings:

· Why does he get short of breath so quickly? 

· Why does his oxygen saturation fall? 

· Why does he develop crackles on his lung exam?

The patient likely has LV hypertrophy from his chronic, poorly controlled hypertension; the S4 suggests a reduced LV compliance during filling. With exercise, the muscles of the lower extremities contract and increase venous return to the heart. The increased volume of blood coming to the heart will lead to very high diastolic pressure in the LV because of its low compliance. This will cause pressure to be high in the left atrium, pulmonary veins, and pulmonary capillaries. Because of the increased hydrostatic pressure, fluid will leak from the capillaries into the pulmonary interstitium and possibly into the alveoli. The rise in vascular pressures and the presence of fluid in the lung will stimulate receptors that will contribute to the sensation of dyspnea. The fluid in the lung will also reduce the compliance of the lungs, making them stiffer and increasing the work of breathing.

The oxygen saturation will fall because the fluid in the lung will reduce the diffusing capacity, and with the exercise and associated increase in cardiac output, the contact time between alveoli and red blood cells in the pulmonary capillaries will be reduced, leading to failure to equilibrate oxygen between alveoli and blood.  In addition, there will likely be some degree of V/Q mismatch as fluid accumulates in airways and alveoli.

B) A student has been training for the summer Olympics by running 5 miles/day (her event is the 800 meter race). Over the course of two months, her anaerobic threshold has increased. Explain the mechanisms behind this change in her physiology.

With physical conditioning, the stroke volume during exercise increases, which allows for greater cardiac output and oxygen delivery. In addition, the density of capillaries in the exercising muscles increases, facilitating oxygen delivery to the metabolically active tissue. Finally, with training, the number of mitochondria and associated aerobic enzymes increase. Together, these all lead to greater aerobic capacity and delay the point at which anaerobic metabolism becomes a significant source of energy (anaerobic threshold).
Goals and Objectives: At the end of this session, you should be able…
A.
To describe the response of the respiratory and cardiovascular systems to the increased metabolic demands associated with exercise.

B.
To outline the ways in which integrated function of the two systems maximizes oxygen delivery to the tissues.

C.
To describe factors which contribute to the development of anaerobic metabolism during exercise.

D.
To determine the factors that result in physiological limits for the body during exercise.

E.   To describe the changes in the physiology of exercise that accompany normal aging.
Why you should care…
By understanding the physiology of exercise in normal individuals, you will be able to apply this knowledge to patients with cardiopulmonary disease, many of whom first develop symptoms with activity (they may not call it exercise in the way that you think about going to the gym, but walking a flight of stairs or carrying groceries home from the store is exercise for these people). Without this knowledge, you will not be able to decipher the causes of symptoms and physical finding in these patients.
I. Introduction – Key Questions

A.
Increased metabolic needs of the body during exercise require delivery of more oxygen to active tissues (skeletal muscles) to sustain aerobic metabolism, removal of carbon dioxide from these tissues, increased oxygen delivery to the alveoli (to meet the demand for more oxygen), and increased capacity to remove carbon dioxide from the lungs.

1.
Must maintain normal levels of oxygen and pH in blood.

2.
Must redistribute blood flow throughout body (from metabolically less active tissue to metabolically more active tissue) to maximize efficiency of the work being done by the cardiac pump.

B.
Two pumps (pulmonary and cardiac) each of which must direct fluids (gas or liquid) through a system that depends upon both bulk flow and diffusion. 

C.
Where are the limits?  In disease states characterized by shortness of breath (dyspnea) and reduced exercise capacity, we must search for the factor(s) that limit the individual’s ability to do more activity. What are the normal reserves of the respiratory and cardiovascular systems? Which system is malfunctioning? An understanding of the physiology of exercise will allow you to analyze and diagnose the factors that limit activity in a patient with a complaint that her exercise capacity is reduced.

D.
The study of exercise physiology brings together many of the principles we have been examining in the cardiovascular and pulmonary sections of this course.  For example, one needs to consider the following:

1.
Factors that determine cardiac output and the ways in which the body can increase cardiac output.

2.
The relationships between oxygen delivery, oxygen extraction, and oxygen demand.

3.
Flow through tubes (airways and blood vessels).

4.
The respiratory controller and the factors that affect ventilation during exercise.

5.
Acid-base changes during exercise, and the body’s adaptation to these changes.

II. Metabolic Demands

A.
Energy sources - aerobic metabolism.

Under resting conditions, body utilizes combination of carbohydrates and fat to generate ATP.  Metabolism of carbohydrate results in greater carbon dioxide production per molecule of oxygen consumed than when fat or protein is burned.  The ratio of carbon dioxide molecules produced to oxygen molecules consumed is termed the respiratory quotient (RQ). [Note: recall the “R” value in the alveolar gas equation.]

The RQ for carbohydrate is 1.0; the RQ for fat is 0.71.  During exercise the body switches from utilizing a mixture of fuels to relying primarily upon carbohydrates for energy.  Consequently, the RQ rises during exercise and the respiratory system must accommodate the increase in carbon dioxide production.

SEE FIGURE 1 (below)
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figure 1: Carbon dioxide production (VCO2) during moderate exercise, i.e., at an oxygen consumption (VO2) of 2 l/min based on different respiratory equivalents representing the use of pure carbohydrate for energy (R=1), fat (R=0.7), or a mixed source of fuel (R=0.85).  Burning carbohydrates results in greater production of carbon dioxide per ml of oxygen consumed than other fuels.

The proportion of carbon dioxide in inhaled gas is near 0% of the gas; on exhalation, we breathe out gas with 4-5% CO2, which equates to about 200 ml/min  of CO2 in a resting state (CO2 production).
QUESTION 1:  Explain the effect on respiratory function associated with switching from the usual “mixed diet” prevalent in the US to a diet that is exclusively carbohydrates in a patient with severe lung disease and limited pulmonary reserve.
The respiratory quotient (R) tells you how much CO2 is produced per molecule of oxygen consumed in metabolism. If one is supplied with and only “burns” carbohydrates for fuel, the R goes from 0.8 (standard diet) to 1.0, i.e., more CO2 is made for each molecules of oxygen consumed. If you have severe lung disease, you may not be able to increase ventilation sufficiently to eliminate the CO2, which might accumulate in the system leading to hypercapnia and a respiratory acidosis.
Oxygen consumption is a measure of the metabolic activity of the body.  We assess oxygen consumption by measuring the difference between the amount of oxygen that enters the body (i.e., is inhaled) and the amount that is exhaled.  The gas we inhale has 20.9% oxygen; the gas we exhale has about 15-16% oxygen.

Normal oxygen consumption at rest is approximately 250 ml/min.  During exercise, it can rise to 3000 ml/min. Oxygen consumption depends on the ability of the body to deliver oxygen AND the ability of the muscles to extract oxygen from the blood AND utilize it within mitochondria to support aerobic metabolism. These capacities diminish with age leading to a decrease in the maximal physical performance of healthy individuals, as they get older.

B.
Anaerobic metabolism

As the demand for energy increases, the body must supplement aerobic metabolism with anaerobic energy production.  Generally this occurs at about 40-60% of the maximal oxygen consumption for the individual; beyond this point, the body is using a combination of aerobic and anaerobic metabolism.

Anaerobic metabolism results in the production of lactic acid which, after combination with a buffer such as sodium bicarbonate, leads to the formation of carbonic acid and finally, carbon dioxide.



Glucose ( 2 Lactic Acid + 2 ATP


Lactate- H+  + NaHCO3 ( NaLactate + H2CO3

H2CO3 ( H2O + CO2
Thus, anaerobic metabolism leads to a further stress on the respiratory system as the amount of carbon dioxide produced increases (note: in this case the “extra” carbon dioxide is the consequence of buffering of acid; it is not the direct result of the generation of energy).  Recall that anaerobic metabolism is not nearly as efficient as aerobic metabolism:  only 2 ATP molecules are produced anaerobically per molecule of glucose compared to 36 ATP’s per molecule of glucose aerobically.

Anaerobic threshold is defined as the point during exercise at which increased lactate production can be detected.  This can be assessed by sampling blood repeatedly during exercise (not always that easy to do) or by looking at changes in the slope of carbon dioxide production as work load increases (slope increases as more carbon dioxide is exhaled than would be expected from aerobic metabolism alone, i.e., the carbon dioxide being exhaled once the individual has exceeded anaerobic threshold represents both the carbon dioxide produced by tissue metabolism and the CO2 that results from buffering of excess hydrogen ions [this technique is termed the V-slope method of ascertaining anaerobic threshold]). 
Since ventilation must increase as CO2 production increases, one can plot the change in ventilation as a function of workload or oxygen consumption; when the slope of the curve increases, one can infer that CO2 elimination has increased and the individual has passed the anaerobic threshold.
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Question 2:  What do you expect to happen to the respiratory quotient once a person has passed anaerobic threshold? Why?
The respiratory quotient is the ratio of CO2 production to O2 consumption. We measure CO2 production by measuring the CO2 in the exhaled gas; since the inhaled gas essentially has no CO2 in it, everything exhaled is considered to be produced by the body. Once you pass the anaerobic threshold, one develops a metabolic acidosis (lactate builds up); the acid is buffered by bicarbonate in the blood, which leads to the formation of carbonic acid, which dissociates to CO2 and water. The CO2 is exhaled and increases the amount of CO2 coming out of the body each minute. Thus, CO2 production increases and the respiratory quotient increases; RQ may exceed 1.0 under these conditions.
III.
The Respiratory System during Exercise

A.
The Controller

1.
Multiple mechanisms probably at play to explain the increased ventilation associated with exercise.

2.
Phase 1 – The neurological phase

Ventilation increases before metabolic activity is significantly stimulated, i.e., before major changes in oxygen consumption or carbon dioxide production.  This phase thought to be neural in origin and the stimuli to breathe may arise from the central and/or peripheral nervous system.  Electrical stimulation of areas in the hypothalamus in animals has been shown to produce respiratory responses that mimic those observed during exercise.  Similarly, stimulation of nerves that reproduce the sensory experience of limb movement in paralyzed animals has been associated with increases in phrenic nerve activity.

3.
Phase 2 – The metabolic phase

Ventilation rises in concert with changes in oxygen consumption and carbon dioxide production. While it is not clear what the “messenger” is, since PaO2 and PaCO2 do not change, the origins of this increase in ventilation are thought to be chemical in nature.  Speculation that there is increased sensory input from the carotid chemoreceptors due to greater flux in arterial PCO2 or that there are receptors in the lungs that monitor total carbon dioxide flow coming back to the lungs.  Definitive evidence is lacking.

Also some evidence that receptors in skeletal muscles may be activated by changes in the chemical milieu associated with exercise and that these receptors then send information to the brain leading to increased ventilation.  These receptors have been termed ergoreceptors or metaboreceptors.
4.
Phase 3 – The compensatory phase

The additional increase in ventilation, above that expected based on oxygen consumption, which is associated with heavy exercise and the onset of anaerobic metabolism, the development of metabolic acidosis, and the resulting need to eliminate a greater load of carbon dioxide.  Increased levels of norepinephrine may also stimulate ventilation during this phase.

B.
The Pump

1.
Increased neural impulses from the central nervous system are transmitted to the muscles of the chest wall to increase tidal volume and respiratory rate.

2.
Initial increases in ventilation are accomplished by enlarging the tidal volume.  After a doubling of tidal volume, respiratory rate becomes a more important mechanism for increasing minute ventilation.  Very large increases in tidal volume would eventually require the individual to breathe at less compliant portions of the pressure-volume curve for the lung and chest wall.


QUESTION 3:  In a patient with pulmonary fibrosis, a condition in which there is scarring of the lung causing it to be stiff or less compliant, how would you expect the respiratory rate to change during exercise compared to a normal individual? Why?
Because of the reduced compliance of the lungs, most patients will adopt a rapid, shallow breathing pattern to minimize the work associated with distending the lungs.
3.
For healthy individuals, there is great excess capacity within the ventilatory pump, i.e., exercise ventilation rarely approaches the maximal ventilation achievable by the system. [Note: maximal sustainable ventilation during exercise can be estimated by multiplying the FEV1 by a factor of 35-40; in a normal individual, maximal ventilation may be as high as 140-160 L/min.]

C.
The Gas Exchanger

1.
Dead Space:  During exercise, the proportion of each breath that is dead space ventilation decreases (or, looked at from the other side, the greater proportion of each breath that is alveolar ventilation increases).  This results from two factors: a) larger tidal volumes, which minimizes the impact of “anatomic dead space” on each breath; and b) more even distribution of perfusion throughout the lung as cardiac output increases (alveolar dead space is diminished).  At rest the dead space to tidal volume ratio (VD/VT) is approximately 0.3; during exercise this may drop below 0.2.

2.
Alveolar-arterial Oxygen Difference:  There is a slight widening of the A-aDO2 during exercise in normal individuals.  Capillary blood volume increases during exercise (favors gas exchange), but transit time in the alveolus for any given red blood cell decreases (unfavorable for gas exchange; in the extreme this may lead to a “diffusion limitation” for gas exchange, i.e., the ability of oxygen to cross from the alveolus to the red blood cells is limited by the rate of diffusion given the brief time the RBC is in the pulmonary capillary and in contact with the alveolus).  

Hyperventilation during heavy exercise raises the alveolar O2 (recall the alveolar gas equation) while arterial PO2 stays steady.  Arterial PO2 does not rise in part because of the marked desaturation of the venous blood returning from the metabolically active skeletal muscles (see discussion below under cardiovascular system).

III.
The cardiovascular system during exercise
A.
The cardiac pump must deliver oxygen-saturated hemoglobin to the metabolically active tissues and return desaturated blood now bound with carbon dioxide to the lungs.

B.
Oxygen delivery to the tissues

Cardiac output  (Qt) is the volume of blood pumped by the heart to the systemic tissues each minute.

Systemic oxygen delivery   is the total volume of oxygen transported to the systemic tissues per minute.  As the blood passes through the capillaries in the tissues of the body, some of the oxygen leaves the blood and enters the surrounding cells.  The remainder of the oxygen stays in the blood and returns to the heart and lungs.  The total amount of oxygen delivered to the tissues is the product of the cardiac output and the oxygen content of the arterial blood (CaO2):

systemic O2 delivery = Qt  X  arterial blood oxygen content

The oxygen that is not used by the tissue returns in the venous blood from the various tissue beds (i.e., “mixed venous blood” – blood mixed together in the right heart from the different tissue beds = venous O2 content or CVO2) to the heart:

oxygen returning = Qt  X  mixed venous blood O2 content

Oxygen consumption is the amount of oxygen used by the tissues and is equal to the difference between what is delivered to the tissues and what is returned to the lungs.
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O2 = Qt  (CaO2 - CvO2)

with CaO2 representing arterial oxygen content, CvO2 representing mixed venous oxygen content.  This relationship is the Fick equation, and is based on the principle of conservation of mass.  
In normal individuals, the capacity of the heart to deliver oxygen to the tissues and the capacity of the muscles to extract and utilize the oxygen are the limiting factors for maximal oxygen consumption and exercise performance.  NOTE:  When using the Fick equation to calculate cardiac output, one must either measure oxygen consumption directly or estimate it from tables of “normal values.”  Using an estimate may give very erroneous measures of cardiac output in a critically ill patient in the intensive care unit.

SEE FIGURE 2 (below) 

	[image: image5.wmf]


figure 2: The Fick relationship for oxygen transport.  Systemic oxygen delivery is the product of cardiac output and arterial oxygen content.  The rate at which oxygen is returned to the heart is the product of the oxygen content of mixed venous blood (venous blood found in the large veins, e.g., vena cava, representing blood coming back from a range of tissue beds – since the blood in the superior vena cava and the inferior vena cava typically have different O2 content [O2 content is typically lower in the blood from the SVC than IVC]), and cardiac output.  The ideal place to measure mixed venous oxygenation is in the pulmonary artery where the blood from all parts of the body has been “stirred” by the action of the heart. The difference between the oxygen delivered to the tissues and the oxygen returned to the heart is the oxygen consumption.

Skeletal muscles have a variable ability to extract oxygen from the blood and utilize it for aerobic metabolism depending upon the level of “fitness” of the individual.  With physical training, the muscle becomes a better “aerobic machine.”

Elements of Fitness-Physiological Changes with Training:

· Increased stroke volume (enhanced delivery)

· Increased density of capillaries in muscle (enhanced delivery)

· Increased density of mitochondria and mitochondrial proteins to support aerobic metabolism (enhanced utilization)

· Increased muscle protein synthesis (enhanced utilization)

QUESTION 4: In a patient who is unable to increase cardiac output, how would the body compensate to support the increased aerobic metabolism associated with exercise?
To sustain aerobic metabolism in the presence of fixed or limited cardiac output and increased metabolic demand, the body will extract more oxygen from each cc of blood going through the capillaries supplying the metabolically active tissues. The difference in O2 content between the alveolar and venous blood in the tissue will increase.

C.
Increases in cardiac output

In a normal individual, cardiac output can be increased by pumping more blood with each ventricular contraction (stroke volume) or by raising the heart rate.  Stroke volume can be doubled and heart rate can be tripled from resting values; thus, cardiac output can be raised by a factor of six (recall that ventilation can be increased by a factor of 20 from resting values during exercise).

Changes in heart rate and stroke volume during exercise are, in part, regulated by the autonomic nervous system.  Parasympathetic activity to the heart decreases and sympathetic activity increases.  In addition, circulating catecholamines such as epinephrine increase contractility of the myocardium and heart rate.

Increases in venous return (augmented both by muscular contraction around the veins in the extremities and by vasoconstriction mediated by stimulation of the sympathetic nervous system) lead to greater end-diastolic ventricular volumes and a change in the position of the myocardium on the Starling curve.  With the myocardial cells in a more advantageous position on their length-tension curve, a greater stroke volume and cardiac output can be achieved.

D.
Redistribution of blood flow and changes in blood pressure

At rest only 15-20% of blood flow goes to the skeletal muscles.  This may increase to 80% during exercise.  Blood flow must be redirected from the splanchnic and renal beds to the skeletal muscles.  The sympathetic nervous system is largely responsible for this redistribution along with local vasoregulatory mechanisms, e.g., release of metabolic vasodilators.  Activation of the sympathetic nervous system causes vasoconstriction (stimulation of alpha receptors on vessels), but in metabolically active tissues, the drop in oxygen levels, along with the accumulation of acid and other metabolic byproducts, causes local vasodilatation. 

Increases in blood pressure seen during exercise facilitate the increase in blood flow to these working tissues. Blood pressure rises because of the increased contractility of the myocardium (increased activity of the sympathetic nervous system, and release of catecholamines from the adrenal gland) and increased cardiac output.  Systemic vascular resistance goes down because of the vasodilatation of the arterioles in the active muscle, which would tend to lower blood pressure; the increased cardiac output, however, more than compensates for the decreased SVR. 

Remember:  MAP-CVP = CO X SVR

If cardiac output goes up to a greater degree than SVR goes down, blood pressure will increase. If blood pressure does not rise with exercise or it falls during exercise, one should suspect a problem with the heart’s ability to contract.
IV.
Exercise and Age – change in normal physiology over time

A.
Changes in the cardiovascular system as one gets older are less evident at rest than during exercise.

B.
Oxygen consumption:  Peak oxygen consumption ([image: image6.wmf]V
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O2 max) declines approximately 50% between the ages of 20 and 90 years in healthy, sedentary men and women. This decline is attributable to a 30% decrease in cardiac output and to a 20% decrease in oxygen utilization.


Changes in skeletal muscle with aging: decreased mitochondrial DNA, decreased mitochondrial protein synthesis and enzyme activity ( decreased mitochondrial ATP production ( decreased oxygen consumption and physical endurance. In addition, there is decreased muscle protein synthesis with age. Reduced activity levels make these changes more pronounced.

C.
Cardiac Output:  Cardiac output (abbreviated CO or Qt) is the product of heart rate and stroke volume. With age, the magnitude of the increase in cardiac output with exercise declines. This is primarily due to a reduction in the maximum heart rate response to exercise (maximum heart rate during exercise is approximated by the equation: Max HR=220-age).

D.
Heart rate:  With exercise, plasma concentrations of epinephrine and norepinephrine rise to greater levels in the elderly compared to their younger counterparts.  Sympathetic ((-adrenergic receptor) stimulation results in an increase in heart rate, and (alpha stimulation) leads to contraction of arterial smooth muscle.  Both the heart rate and the arterial smooth muscle response to exercise become blunted with age. (maximum heart rate during exercise is approximated by the equation: 

Max HR=220-age)
E.
Stroke volume:  Stroke volume remains constant with age. While the rate of early ventricular filling decreases, the age-associated prolongation of the relaxation phase of cardiac contraction allows for a 30% increase in the end-diastolic filling volume (preload) and the maintenance of the stroke volume (recall the Starling curve!). 
F.
Ventilation:  FEV1 declines with age due to a reduction in elastic recoil. Hence, the maximal sustainable ventilation achievable declines. However, the normal respiratory system has sufficient reserve capacity that the older individual is still not limited by the respiratory system during exercise.

IV.
Summary

A.
“The Ventilatory Pump” - must meet the demands of increased oxygen consumption and carbon dioxide production.  There are tremendous ventilatory reserves in normal individuals.  Ventilation and gas exchange are unlikely to limit exercise in the normal person.

B.
“The Cardiac Pump” - must meet the demands of the tissue by increasing oxygen delivery to metabolically active cells.  Exercise capacity is dependent upon redistribution of blood to skeletal muscles, the ability of the heart to deliver oxygen, and the ability of the tissues to extract and use oxygen.  In normal individuals, the capacity of the cardiac pump determines the limits of our physical performance.
Summary Points

· The amount of carbon dioxide produced as a byproduct of aerobic metabolism varies with the material being used as a fuel source.

· The respiratory quotient is the ratio of carbon dioxide produced per unit of oxygen consumed by the body.  The fuel used by the body determines the RQ. For carbohydrate, the RQ is 1.0, for fats it is 0.7, and for protein it is 0.8. For a typical American diet, we estimate RQ to be 0.8.

· Oxygen consumption is a measure of the metabolic activity of the body.

· Anaerobic threshold is the level of oxygen consumption at which the body begins to accumulate lactic acid because it has exceeded its aerobic capacity and is utilizing anaerobic metabolism to a greater degree to meet the energy needs during exercise.

· Once anaerobic threshold has been reached, the body must compensate for the associated metabolic acidosis that occurs; ventilation increases to levels above and beyond what is needed to eliminate carbon dioxide produced from aerobic metabolism.

· Anaerobic threshold is determined by the capacity of the respiratory and cardiovascular systems to deliver oxygen to the muscles and by the ability of the muscles to utilize oxygen to support aerobic metabolism.

· Ventilation increases during exercise in three phases: the neurological phase, the metabolic phase, and the compensatory phase.

· Ventilation during exercise increases via a combination of enlarged tidal volume and increased respiratory frequency. A healthy individual will double tidal volume during moderate to severe exercise. Further increases in tidal volume are energy inefficient because of the reduced compliance of the respiratory system at higher lung volumes.

· The dead space to tidal volume ratio drops during exercise in a healthy person due to enlarged tidal volume, and to more even perfusion of the lung (which reduces alveolar dead space) as cardiac output increases.

· The alveolar-arterial oxygen gradient widens slightly during heavy exercise in normal individuals. The PAO2 goes up with hyperventilation, while PaO2 stays constant (partly due to decrease in mixed venous O2 content, and partly due to faster transit of RBCs through the alveolar capillary).

· The heart has an intrinsic pacemaker that establishes the rate at which contraction occurs. The pacemaker is under the control of the autonomic nervous system.

· Cardiac output is the volume of blood pumped by the heart each minute.

· The force of contraction of the heart muscle is determined, in part, by the volume of the ventricle at the end of diastole. The amount of blood ejected with each contraction of the ventricle is the stroke volume.

· The force with which the ventricle contracts, termed contractility, is enhanced by activation of the autonomic nervous system.

· Systemic blood vessels dilate in the presence of hypoxia in the tissue. This is in contrast to pulmonary vessels, which constrict when exposed to low levels of PO2 in the alveolus.

· The accumulation of acid in the muscle causes the oxygen-hemoglobin dissociation curve to shift to the right. This facilitates the release of oxygen from hemoglobin and subsequent diffusion of oxygen to the tissue.

· Oxygen delivery, the amount of oxygen transported to the tissues each minute, is the product of cardiac output and the oxygen content of the arterial blood.

· The amount of oxygen utilized by tissue to support metabolic processes is reflected in the difference in the oxygen content of arterial and venous blood, i.e., the A-VO2 difference.

· The Fick equation allows you to calculate the cardiac output if you know the oxygen consumption and the A-VO2 difference. The Fick principle describes the ability of the tissue to extract more oxygen per ml of blood flowing through its capillaries when cardiac output drops or tissue demand increases; this principle underlies the body’s ability to maintain aerobic metabolism under these conditions.

· The heart increases cardiac output by a combination of increased stroke volume and heart rate. In a healthy person, stroke volume will double during moderate to severe exercise and heart rate may increase two to three-fold.

· Stroke volume increases during exercise as a consequence of increased filling of the ventricle (due to increased venous return) and increased contractility (due to activation of the sympathetic nervous system).

· The Starling curve illustrates the relationship between end-diastolic volume of the ventricle and the stroke volume.

· During exercise, selective constriction of blood vessels serving the internal organs and dilation of arterioles in muscles results in the redistribution of an increased fraction of cardiac output to the muscles.

· During exercise, maximal sustainable ventilation is approximately 40 times the FEV1.

· Healthy individuals are limited in the amount of exercise they can perform by the cardiovascular system. The ability of the heart to deliver oxygen and the muscles to utilize oxygen reflect the fitness of the individual.

· With age, individuals have reduced ability to deliver and utilize oxygen due to changes in the heart, vasculature, and muscles. This results in normal age-related decrements in maximal oxygen consumption and exercise capacity.
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