Alien: A Simulation of Cardiopulmonary Physiology



Overview

One of the basic properties of life is homeostasis: Despite changing external conditions and threatened internal changes (due to processes such as consumption of oxygen and production of CO2), living things can maintain their internal conditions within narrow limits that are suitable for life.  As an example, consider how the body responds to exercise. During extremely strenuous exercise, the rate of oxygen consumption and CO2 production may increase by a factor of twenty times over the resting rates. It might appear that the tissues would die in less than a minute as they run out of oxygen. However, the cardiopulmonary system can maintain homeostasis even with this severe challenge. Ventilation may increase almost twenty-fold, and blood flow to the muscles may increase about twenty-five times. Oxygen concentration in the muscles does go down, but only slightly. Then, when exercise stops, the blood flow and ventilation gradually return to their resting values. Despite drastic fluctuation in oxygen demand and CO2 production, the system was able to keep blood pH and oxygen and CO2 content of the blood within normal limits.

	Alien will allow you to explore the powerful homeostatic system of cardiopulmonary physiology. Also, because you will be using a computer simulation, you will be able to observe the limits of physiological systems and the collapse of homeostasis when a system is pushed beyond its capacities.

The Alien Exercises

Alien can be used either as a game (Exercise D) or as a series of simulated experiments (Exercises A, B, and C). Because the experiments will familiarize you with the program, you should do them first.

	In Exercise A, you will follow directions in this manual to observe the effect of exercise at sea level, exercise at high altitude, and increasing CO2 in the atmosphere on human physiology.

	In Exercises B and C, you will observe the effect of altitude on running stamina and the effect of running speed on the maximum distance run before exhaustion by a human. In these two experiments, unlike in Exercise A, you must plan the experiments yourself.

	Finally, Exercise D is the Alien game. In the game, you assume the role of a cardiopulmonary physiologist hired by NASA to study an extraterrestrial who has been brought back to earth. The program can simulate the responses of five fictional aliens with physiologies well adapted to their home planets, and thus quite different from human physiology. You can subject the alien (or a human) to exercise, changes in the oxygen or carbon dioxide concentrations in the atmosphere, injections of drugs, and electric shock. Depending on how far the subjects are pushed beyond their limits, they will drop from fatigue, faint, have a heart attack, and finally die (if not saved in time by cardiopulmonary resuscitation—CPR).

	If you can avoid killing your patient, your objective in the Alien game is to experimentally determine the answers to 16 physiological questions. The program will grade you on the accuracy of your answers. Student teams within a laboratory section may compete for the highest score.

�Physiological Variables Displayed by Alien

You cannot use Alien very well unless you understand the variables it displays. These are listed below.

Time (minutes) This is cumulative time since the beginning of the session. Alien simulation time runs slightly more rapidly than real clock time, at about 1.6 simulation minutes/minute.

Ventilation (l/min) (liters per minute) This is the rate at which air moves in and out of the lungs. This is not the same thing as the oxygen consumption rate.

Heartbeats/minute Heart rate is the same as the pulse rate.

Average arterial pressure (mm Hg) (millimeters of mercury) Blood pressure is expressed as the height of a column of mercury that the blood pressure would support. Blood pressure in a resting human rises to a peak of about 120 mm Hg when the heart is contracting and falls to 80 mm Hg when the heart is relaxed. Alien averages these into a single value of 100 mm Hg for the human.

Venous Hb oxygen saturation (%) indicates the percentage of venous hemoglobin that is saturated with oxygen. Oxygen saturation of venous hemoglobin is about 70% for a resting human and may drop to 20% during strenuous exercise.

What information can be gained by measuring the oxygen saturation of venous hemoglobin that could not be gained by measuring the oxygen saturation of arterial hemoglobin?_____________________________________________________________________________________________________________________________________________________________________________________________________________

Oxygen consumed (l) (liters) This is also a value that is cumulative from the beginning of the session. At one point you will be asked to find the rate of oxygen consumption. You must compute the change in oxygen consumed divided by the change in time. To do this, be sure to note both your beginning and ending times and the volume of oxygen consumed at the beginning and at the end of the measurement period.

Venous oxygen p. p. (mm Hg) indicates partial pressure of oxygen in the venous blood The total pressure of a mixture of gases is the sum of the pressures of the individual gases in the mixture. Oxygen makes up 21% of the volume of dry air. The pressure resulting from O2 concentration alone is the oxygen partial pressure (PO2). At sea level, all the gases that make up the air (oxygen, nitrogen, argon, carbon dioxide, and others) exert enough total pressure to raise a column of mercury 760 mm. The partial pressure exerted by O2 is 21% of 760 mm sufficient pressure to raise a column of mercury 159 mm.

Partial pressure is a measure of oxygen concentration in the air, in the blood, or in the tissues. PO2 is 159 mm Hg in air and about 100 mm Hg in the alveoli of the lungs and in the blood leaving the alveolar capillaries (at this point hemoglobin is 100% saturated with oxygen). In the tissues and in the venous capillaries that carry blood away from these tissues, PO2 falls to 40 mm Hg, at which point the blood is approximately 70% saturated. During extremely strenuous exercise, the tissue value of PO2 may drop to 20 mm Hg, and unconsciousness will occur if it drops to 10 mm Hg.

�Arterial carbon dioxide p. p. (mm Hg) indicates partial pressure of carbon dioxide in the arterial blood In humans, even small increases in PCO2 above the resting value of 40 mm Hg will result in hyperventilation, a major function of which is to expel excess CO2. Note that CO2 makes up only 0.03% of dry air.

Calculate the partial pressure of CO2 in the air (in mm Hg). (Find 0.03% of 760 mm Hg, the total air pressure.) ________ At rest, the PCO2 of venous blood entering the alveoli of the lungs is about 45 mm Hg. The PCO2 of arterial blood leaving the alveoli is about 40 mm Hg.

Explain why carbon dioxide concentration in terms of venous PCO2 would be expected to be much higher than atmospheric PCO2. ________________________________________

		________________________________________________________________________

	It may seem surprising that even after passing through the alveoli, PCO2 remains high. Keep in mind that venous blood discharges CO2 into the lungs and picks up O2. Therefore, alveolar air is enriched in CO2 and depleted in O2. Arterial CO2  levels reflect alveolar gas composition. PO2 is 159 mm Hg in the atmosphere, but only 100 mm Hg in the alveoli (and in the blood leaving the alveolar capillaries).  PCO2 of the blood entering the alveoli at 45 mm Hg is reduced only to 40 mm Hg upon exiting from the lungs.

	In this simulation, we measure arterial (rather than venous) PCO2 because an excess CO2 concentration in the venous blood will continue to be reflected in the arterial blood. Also, levels of CO2 in the arterial blood are monitored by respiratory centers in the medulla of the brain, which exert significant control over the ventilation rate; this rate will be increased if the current ventilation is not dispelling CO2 rapidly enough.

	Arterial pH The normal pH of human arterial blood is 7.4. Changes in the pH of the blood have many important physiological effects. For example, during exercise, higher levels of cellular respiration result in increased levels of CO2 in the tissues, some of which is carried in the blood as carbonic acid. Anaerobic respiration by fatiguing muscles produces lactic acid. Higher acidity (lower pH) of the arterial blood causes the respiratory center in the medulla of the brain to signal for an increase in ventilation, which helps to clear excess CO2 from the system. If CO2 is present in concentrations that exceed the lungs' ability to expel it, measurements of arterial pH can give an indication that homeostatic mechanisms are having difficulty compensating for these concentrations of CO2.

Percent fatigue In this simulation, the only factor taken into account as a cause of fatigue is an accumulation of lactic acid in the muscles, due to anaerobic respiration. In this program, the index of fatigue is arbitrary: 100% fatigue causes collapse from exhaustion. Fatigue increases only during exercise, and diminishes during periods of rest, as increased availability of oxygen allows lactic acid to be metabolized to pyruvate.

Stress index (graphics display only) This is an arbitrary index indicating overall physiological excitement. In this simulation, a stress index of 45 results in cardiac arrest in humans.

To help you understand some of the relationships among the variables, Table AA1 outlines some of the cardiopulmonary changes that occur during exercise.



�The Alien Digital and Graphical Displays

The digital display shows the all variables above as continuously updated numbers.

The graphical display is  accessed by pressing the Graphical Display button. Pressing this button a second time returns you to the digital display. The graphics display shows a plot heart rate, blood pressure, ventilation rate, and stress for about 4 minutes into the past. Tic marks on the y-axis of this graph are multiples of the resting values. Values greater than eight times the resting value are off-scale.



Exercise A		Demonstration Experiments

In the following experiments, you will observe the physiological effects of exercise at sea level (Part 1), of exercise at high altitude (Part 2), and of increasing atmospheric concentrations of CO2 (Part 3). These experiments rapidly illustrate some of the more dramatic and important features of Alien.

Objectives

Determine the changes in metabolic rate, ventilation rate, heart rate, and blood pressure that accompany exercise at sea level.

Explain how the body compensates for the stress of exercise.

Describe how the conditions in a low-oxygen atmosphere disrupt the exercise homeostasis maintained under normal oxygen conditions.

Describe how the body compensates for increasing concentrations of carbon dioxide in the air and how this homeostasis collapses when carbon dioxide concentration exceeds the limits of compensation.

PART 1. EXERCISE AT SEA LEVEL

Vigorous exercise is one of the greatest stresses the body must withstand, and the body's ability to compensate for it is an example of the effectiveness of homeostasis. At rest, the rate of oxygen consumption is about 0.2 liters/min; during exertion, consumption may rise to 20 times this amount. It might be expected that such massive increases in oxygen demand might cause oxygen shortages in the tissues within seconds. Yet the partial pressure of oxygen (PO2) in venous blood only drops from 40 mm Hg to about 20 to 30 mm Hg. Carbon dioxide partial pressure (PCO2) in the arterial blood rises only slightly, from 40 to 45 mm Hg, and with prolonged exercise, PCO2 returns to the resting value or even lower. Maintaining blood gases within a range consistent with life is the result of compensation by the cardiovascular system and the lungs. Receptors in the brain and in the carotid artery respond to increased concentrations of CO2 in the blood by causing a rapid increase in ventilation. Rapid blood flow purges CO2 from body tissues and supplies oxygen. Then this same rapid blood flow takes venous blood to the lungs where it can take on additional oxygen and discharge its CO2.

a.	Why does venous oxygen concentration (in terms of PO2) decrease during exercise? ________________________________________________________________________

________________________________________________________________________

When exercise is so strenuous as to result in extreme fatigue and, eventually, collapse, the physiological changes—in heart rate, ventilation, partial pressures of oxygen and carbon dioxide, and so on—tend to return to normal values.



Table AA1 details the effects of exercise on the Alien variables.

Table AA1  The Effects of Exercise on the Variables Used in Alien

Variable�Change�Reason��Oxygen

Consumption�Increases�ATP is rapidly consumed and ADP becomes more abundant. This increases the rate of most metabolic reactions.��Ventilation rate�Increases�Increased metabolism produces more CO2, which stimulates the respiratory center in the medulla. Also, the motion of the body directly excites the respiratory center.��Heart rate�Increases�The excitement of exercise increases sympathetic stimulation of the heart, which causes a more rapid rate of firing of the sino-atrial node. Also, lack of oxygen in exercising muscles increases blood flow through them, which increases the rate at which blood is returned to the heart.��Arterial

pressure�Increases�Lactic acid and CO2 plus nervous impulses to contracting pressure muscles excite the “vasomotor” center in the medulla. The center constricts arterioles in nonexercising parts of the body, raising blood pressure and diverting blood to the contracting muscles.��Venous oxygen�Decreases�Exercising muscles consume more oxygen. But reduction in tissue oxygen and acidification caused by increased CO2 cause hemoglobin to give up oxygen more readily to needy tissues.��Arterial CO2�Increases then

decreases�Exercising muscles generate more CO2. This and the greater acidity caused by both carbonic acid and lactic acid (from anaerobically respiring muscles) strongly stimulate the respiratory center in the medulla, which stimulates ventilation, and CO2 is removed more rapidly from the lungs.��Arterial pH�Decreases�First, CO2 combines with water in plasma to form carbonic acid. Later, lactic acid formed by anaerobic respiration in the muscles causes an additional lowering of blood pH.��Fatigue�Increases�If muscles cannot be supplied with oxygen rapidly enough, anaerobic respiration creates lactic acid. In addition, the muscles' reserves of glycogen become depleted.��

Procedure

Start the Alien program (instructions for installing and running Alien are found elsewhere).



Indicate that you want to do the experiments and that you do not need instructions.

Indicate that you wish to study a human in the Bring in Alien screen.

When the digital display screen is displayed, wait a few seconds and then press the Pause Experiment button to pause the simulation. Fill in the first column of Table AA2 with the resting values of heart rate, ventilation rate, arterial PCO2 and venous PO2.

Start the simulation again by pressing the Resume Experiment button. Then select the Exercise tab and quickly raise the treadmill speed to 8 m/sec (a 3.4 minute mile). Follow the directions that appear on the screen. 

Watch the Percent fatigue variable; when it reaches 100% the subject will drop from exhaustion. Using both the digital and the graphics displays, watch the trends in venous oxygen as the subject approaches exhaustion. Just before the subject collapses, pause the simulation (Pause Experiment button) and record data in the second column of Table AA2.

Table AA2  Human  Response to Exercise at Sea Level (Oxygen = 159 mm Hg)

�

Resting�

Exhaustion�0.5 minutes

after collapse*�1.0 minutes

after collapse†��Ventilation������Heartbeats/minute������Venous PO2������Arterial PCO2������Arterial pH������Time of collapse:________

*Time of collapse + 0.5 minutes:________

†Time of collapse + 1.0 minutes:________

Continue the simulation. When the subject collapses, pause the simulation, write the simulation time at the bottom of Table AA2, compute what the simulation time will be at 0.5 and 1.0 game minutes after collapse, and record these at the bottom of Table AA2. This will help you keep track of the time. Resume the simulation, pause at 0.5 and 1.0 game minutes after collapse, and record your data in the third and fourth columns of Table AA2.

Why does ventilation rate increase as the subject exercises?________________________�________________________________________________________________________

How do the large increases in heart rate (and blood pressure) during vigorous exercise help to maintain homeostasis?_______________________________________________

	_______________________________________________________________________

What evidence do you see that blood-gas homeostasis is being maintained despite the stress of exercise?_________________________________________________________

	_______________________________________________________________________

	_______________________________________________________________________

	_______________________________________________________________________

Of the variables listed in Table AA2, which is the first to return to normal resting values after exercise? Why do you think this variable is the first to normalize?_______________

	_______________________________________________________________________

	_______________________________________________________________________

	_______________________________________________________________________

Why do all the variables in Table AA2 gradually return to their resting values after exercise stops?___________________________________________________________

	_______________________________________________________________________

	_______________________________________________________________________

	_______________________________________________________________________

PART 2. EXERCISE AT HIGH ALTITUDE

Human homeostatic mechanisms operate less efficiently at high altitudes. For example, at the top of Mt. Everest, about 30,000 ft (or 9,000 m) above sea level, there is only one third of the amount of oxygen in the air that would be available at sea level. No matter how fast the lungs ventilate and the blood flows, the system cannot deliver enough oxygen to the tissues. Venous oxygen (PO2) dips below the lethal level (5 mm Hg) and cardiac arrest occurs. Body tissues continue to respire, but with no blood flow and no ventilation, venous PO2 drops even faster and soon there is no oxygen in the venous blood. Meanwhile, arterial CO2 rises rapidly, and brain death occurs within a simulation minute (simulation minutes are slightly shorter than actual minutes).

Procedure

Press the New Human button to remove the fatigued human subject and bring in another one. Pause the simulation after it has been running a few seconds and record the resting values in the first column of Table AA3. Press the Resume Experiment button to continue.

Table AA3  Human Response to Exercise at 9,000 m (Oxygen = 50 mm Hg)

�Resting�Unconsciousness�Venous PO2�����5 mm Hg�0 mm Hg��Ventilation������Heartbeats/minute������Venous PO2������Arterial PCO2������Arterial pH������Select the Oxygen tab and lower the oxygen from 159 mm Hg to about 50 mm Hg—about the same oxygen content that would be present at the top of Mt. Everest.

Select the Exercise tab and rapidly raise the treadmill speed to 8 m/sec. If you do not do this rapidly, the subject may faint from lack of oxygen before you start significant exercise.

This time watch venous oxygen, which will go much lower than in Exercise A, Part 1. When the subject becomes unconscious, immediately pause the simulation and record the data in the second column of Table AA3. Unpause the program and continue watching venous oxygen.

When venous oxygen reaches 5 mm Hg, record the data in the third column of Table AA3. Finally, when venous oxygen reaches 0 mm Hg, record the data in the fourth column.

Continue to note the change in arterial CO2 until the subject dies.

Why did exercise cause a failure of homeostasis in this case? ______________________

		________________________________________________________________________

		________________________________________________________________________

		________________________________________________________________________

How did the physiological responses in this experiment differ from those that occurred in 

Part 1?_________________________________________________________________

		________________________________________________________________________

		________________________________________________________________________

Why did arterial CO2 remain at fairly normal values until cardiac arrest, but then rapidly increase?________________________________________________________________________________________________________________________________________

		________________________________________________________________________

		________________________________________________________________________

PART 3. INCREASING ATMOSPHERIC CO2

Increasing atmospheric carbon dioxide provides another demonstration of how the cardiovascular system and the lungs maintain homeostasis. As moderate amounts of CO2 are added to the atmosphere, the subject can easily compensate by increasing his ventilation rate. Large increases in atmospheric CO2 cause only minor increases in arterial CO2. But eventually the subject is breathing as fast as is possible, and no further compensation can occur—the limits of homeostasis have been reached. After this point, further increases in atmospheric CO2 cause equal increases in arterial CO2, and soon the respiratory center in the brain becomes depressed and death follows.

Procedure

Bring in another fresh human subject. Pause the simulation (press the Pause Experiment button) after it has been running a few seconds and record the data in the first column of Table AA4.

Resume the simulation by pressing the Resume Experiment button. Select the Carbon Dioxide tab and raise the CO2 to 30 mm Hg. Note how arterial CO2 and ventilation rise briefly, but then rapidly settle down to a new equilibrium. When equilibrium is reached (little change occurring), pause the simulation, and record data in the second column of Table AA4.



�Table AA4  Human Response to Increasing Partial Pressures of CO2

�0 mm Hg�30 mm Hg�60 mm Hg�120 mm Hg��Ventilation������Arterial PCO2������Arterial pH������Raise the CO2 to 60 mm Hg. Again note the surge in arterial CO2 and ventilation. At equilibrium, pause and record data in the third column of Table AA4.

Finally, change the atmospheric CO2 to 120 mm Hg. Note the trends in arterial CO2 and ventilation. Cardiac arrest will soon occur. When it does, pause the simulation and record data in the fourth column of Table AA4. Don’t worry about CPR immediately. The subject has abundant venous oxygen and is not in danger of rapid death.

Use CPR to save your subject

Unpause and bring the atmospheric CO2 back to 0 mm Hg. 

Select the CPR tab.

Press the Initiate Heart Massage button to start heart massage.

Press Increase Ventilation and set the respirator at a 15 liters/min ventilation rate.

When the subject's heart starts beating again, press Quit CPR to end CPR. As you do, note the surge of ventilation, the decline of CO2, and the restoration of normal conditions.

Answer the following questions:

The success of homeostasis can be measured by how large a difference the system can maintain between the concentration of atmospheric CO2 and the concentration of arterial CO2. That is, without homeostasis, arterial and atmospheric CO2 would always be equal; if homeostasis operated perfectly and had no limitations, then arterial CO2 would always remain constant despite all changes in atmospheric CO2. What evidence do you have that the human system can maintain homeostasis at 30 mm Hg of atmospheric CO2? ________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

How is homeostasis maintained at 30 mm Hg of CO2? ________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

Is homeostasis less effective at 60 mm Hg of CO2 than at 30 mm Hg?________ Why? ________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

Why does homeostasis collapse at 120 mm Hg of CO2? ________________________________________________________________________

________________________________________________________________________

________________________________________________________________________



Exercise B		The Effect of Altitude on Running Stamina

As altitude increases, oxygen continues to make up 21% of the atmosphere, but its partial pressure declines. The following table shows some representative altitudes and oxygen partial pressures:

Table AB5  Oxygen Partial Pressures (mm Hg) at Some Sample Altitudes

New York, NY (10 m)	159

Table Rock, SC (955 m)	143

Mt. Mitchell, NC (2,030 m)	126

Telluride, CO (2,710 m)	116

Pike's Peak, CO (4,340 m)	94

Mt. McKinley, AK (6,200 m)	73

Himalayan peaks (7,000 m)	65

Mt. Everest (8,848 m)	50

Jet airliners (10,000 m)	42��Because of this decline, the distance a human can run before fatigue is heavily influenced by altitude. Without sufficient oxygen, efficient aerobic respiration cannot occur. Anaerobic respiration produces lactic acid that accumulates in the muscle tissue, lowers the pH of blood in these tissues, and reduces the capacity of the muscle fibers to contract, producing sensations of muscle soreness, stiffness, and fatigue. Anaerobic respiration produces ATP, but inefficiently, and soon muscle glycogen has been exhausted. Without ATP, the muscle must stop contracting. Even if the person rests, low oxygen continues to hamper muscle activity, since recovery from fatigue (repayment of the “oxygen debt”) and conversion of lactic acid to pyruvic acid to enable further production of ATP cannot occur if oxygen is not available.

Objectives

Determine the relationship between partial pressure of oxygen in the atmosphere and the distance that can be run before exhaustion, and explain the results.

Procedure

Return to the O.R. screen. Press the New Human button to bring in another human volunteer.

You will choose the oxygen partial pressures you wish to use, but first, begin with 159 mm Hg (normal PO2 at sea level), which will serve as a standard for comparison. The partial pressure of oxygen should be 159 mm Hg when the human subject “arrives” on the screen.

Select the Exercise tab and increase the treadmill speed to 5 m/see (a marathon runner's pace). Note the starting time on the screen (not on a clock or a watch) as the speed reaches 5 m/sec. Record this value at the bottom of Table AB6.

When Percent fatigue reaches 100% the subject will drop from exhaustion. While waiting for this to happen, watch changes in the venous partial pressure of oxygen, the arterial partial pressure of CO2, and arterial pH.

When the subject drops from exhaustion, note the finishing time and record it at the bottom of Table AB6. You may want to pause the simulation by pressing the Pause Experiment button. In the first column of Table AB6, record the venous PO2, arterial PCO2 and arterial pH at the moment of collapse.

Table AB6  Effect of Decreasing Partial Pressure of Oxygen on Human Running Performance

�PO2 (159)�PO2(      )�PO2(	  )�PO2(	  )�PO2(	  )��Venous PO2�������Arterial PCO2�������Arterial pH�������Distance run*�������Starting  time ________

Finishing time ________

*Distance run = speed (m/sec) ( 60 ( (finishing time � starting time)

Calculate and record the distance as the distance run at sea level.

From the O.R. screen, press the New Human button to bring in a new human volunteer.

Select the next altitude. Use your judgment to select four or five altitudes you believe will represent the full range of human performance, from unimpaired to total inability to exercise. You may use an oxygen partial pressure not listed in Table AB5.

Let the subject equilibrate at the new altitude for at least 3 game minutes. In Table AB6, write the partial pressure of oxygen in the parentheses (	) at the top of the appropriate column. Repeat steps 2 through 7 at this altitude. Record any episodes of unconsciousness or cardiac arrest. If the subject passes out before the 3-minute waiting period is up, the distance run is zero.

Repeat the directions in step 9 until you feel you have collected enough data to describe the relationship between partial pressure of oxygen and running stamina. Mark appropriate intervals on the vertical Y-axis, then graph your results in Figure AB1.



�Figure AB1 Graph of the

relationship between partial
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running stamina.
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Answer the following questions.

Why did the directions advise you to let the human remain at an "altitude" for a few minutes before testing running stamina?_______________________________________

________________________________________________________________________________________________________________________________________________

Using your graph, predict the oxygen partial pressure (and altitude) at which a human can remain conscious but running is impossible._________________________________

At low partial pressures of oxygen, "exercise" usually ends not in fatigue but in unconsciousness. Why?____________________________________________________

________________________________________________________________________

In real (not simulated) humans, do you think that unlimited running stamina could be achieved by increasing the partial pressure of oxygen? Why or why not? (Hint: Why does lack of oxygen limit running endurance? If oxygen were present in higher concentration, what would then limit running performance?

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________



Exercise C		Running Distance and Running Speed

The slower a human runs, the farther the runner can go before becoming exhausted. This is a familiar fact to us, but why is it true?  If sprinting 100m at 10 m/sec utterly exhausts an athlete, why isn't the same athlete exhausted by covering the same 100m by walking at 1 m/sec? The answer is that the sprinter is using anaerobic respiration and the walker using aerobic respiration. As we have seen, anaerobic respiration yields energy quickly, but uses glycogen in muscles very inefficiently and produces toxic lactic acid. Aerobic respiration is efficient and produces only CO2 and water as waste products, but it is slow, in part because there are many more steps in the pathway of aerobic glycolysis, in part because some time is required for oxygen to be delivered from the lungs to the blood to the cells.

Thus, the slower the pace, the larger the role of aerobic respiration, allowing the athlete to consume muscle glycogen with maximum “fuel efficiency.” Sprint track events such as the 100-m dash (100m at about 10 m/sec) are run almost entirely anaerobically, a mile run (1,609m at about 6.7 m/sec) is about 50% anaerobic, and a marathon (42,194m at about 5.2 m/sec) is only about 2% anaerobic.

In this exercise you will investigate the relationship between running speed and the distance a human can run before exhaustion.

Objectives

Graph the relationship between the distance a human can run before fatigue and the speed of running.

Explain the shape of the resulting curve.

Procedure

From the O.R. screen, press the New Human button and bring in another human subject.

It is most efficient to proceed from the fastest running speeds down to the slowest (because eventually you will reach a speed that is so low that the human will be able to keep running indefinitely). The fastest a human subject can run is 10 m/sec. Therefore, select the Exercise tab and quickly raise the treadmill speed to 10 m/sec. Note the time on the screen when the treadmill reaches this speed. Record this value as the starting time in Table AC7.

When Percent fatigue reaches 100%, the subject will drop from exhaustion. While waiting for this to happen, watch changes in the venous partial pressure of oxygen, the arterial pressure of CO2, and arterial pH.

When the subject drops from exhaustion, note the finishing time. You may want to pause the simulation by pressing the Pause Experiment button.. At the moment of collapse, write the partial pressure of venous oxygen, partial pressure of arterial CO2, and arterial pH in the 10 m/sec column of In Table AC7.

In Table AC7, record the distance run at 10 m/sec.

Table AC7  Distance Run before Exhaustion at Various Running Speeds

�10 m/sec�    m/sec�    m/sec�    m/sec�    m/sec��Starting time�������Finishing time�������Distance run*�������Venous PO2�������Arterial PCO2�������Arterial pH�������*Distance run = speed ( 60 ( (finishing time � starting time)

Press the New Human button to bring in another human volunteer.

You must now choose at least four other speeds. Remember that at some low speed (approximating a jog), the subject will be able to keep running indefinitely. Your lowest speed should be just slightly faster than this, enough to cause fatigue in about 8 to 10 simulation minutes. Your four speeds should be evenly spaced between this low speed and 10 m/sec.

Select the next running speed. It should be slower than 10 m/see but still a rapid running speed that you feel an average, college-age human could not maintain for a long period. Record the chosen speed in the first blank space to the right of 10 m/sec in Table AC7.

Select the Exercise tab to raise the treadmill to this new speed, note the starting time, and repeat steps 3 through 5 for the new speed.

Repeat step 9 for the three other speeds.

Mark appropriate intervals on the vertical Y-axis, and then graph your results in Figure AC2.



��Figure AC2  Graph of the
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Why does the curve turn sharply upward at low running speeds?____________________

________________________________________________________________________

In the Alien simulation, is there a speed at which fatigue does not increase and running can continue indefinitely? Explain why or why not. ______________________________

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

In the Alien simulation, the only factor taken into account as a cause of fatigue is lactic acid accumulation due to anaerobic respiration in the muscles. How is this an oversimplification? What other factors help to explain why an individual eventually becomes exhausted even when jogging very slowly for a long distance? ______________

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

If a human were running in a low-oxygen atmosphere (say at 90 mm Hg of oxygen instead of 169), how would your distance versus running speed curve be different? _____

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________



Exercise D		Answering the Questions

The Alien game poses 16 questions (shown below) about physiology that allow you to test your skill at problem-solving, gathering data, and accurately computing results. You may choose either a human or a fictitious extraterrestrial subject. These extraterrestrials are somewhat similar to humans in that they use oxygen, expel carbon dioxide, and have lungs and hearts, but they are adapted to the conditions of their home planets, which are quite different from those of Earth. For example, Vega 1 is a larger planet than Earth, with a stronger gravitational force, a denser atmosphere, and more than 15 times the oxygen partial pressure of Earth. Delta Aurigae 1 is a vast, dark world with a crushing, nearly liquid carbon dioxide atmosphere thousands of kilometers thick, and only a trace of oxygen. In contrast, Tau Ceti 2 is smaller than Earth's moon, but retains a light atmosphere. The aliens' physiologies reflect adaptations to these conditions.

Table AD8  Questions to be answered in Exercise D.

�

�	What is the subject's:											Human				Alien

resting* oxygen consumption rate (liters/min)?

exercising† oxygen consumption rate (liters/min)

resting heart rate (beats/min)?

exercising heart rate (beats/min)?

resting arterial blood pressure (mm Hg)?

exercising arterial blood pressure (mm Hg)?

total blood volume (liters)?

resting cardiac output (liters/min)?

exercising cardiac output (liters/min)?

resting cardiac stroke volume (mL/beat)?

exercising stroke volume (mL/beat)?

In exercise, is increased cardiac output caused more

by increased heart rate or larger stroke volume?

lung volume (liters)?

maximum running speed (m/sec)?

maximum distance run at 50% of maximum speed?

Can the subject live in Earth's atmosphere?

�

*  Resting indicates that the subject is unstressed, unfatigued, awake, and alert.

†  Exercising indicates that the subject has been running for 0.5 minutes at 50% of the maximum rate.

Objectives

Set up procedures and experiments for answering physiological questions about the cardiopulmonary system.

Procedure

Select the Bring in Alien tab.

You will then need to choose to experiment with a human or with one of the five aliens. Follow your instructor's directions.

If you use an alien, note the first screen showing the home planet conditions of the alien. As you experiment with your alien, study its adaptations to its conditions.

Answer the questions in any order you choose, but please note that since the “resting” and “exercising” questions alternate, answering questions in numerical order is probably the most time-consuming way to proceed. Instead, read through all questions and first answer the ones requiring resting data. Then answer the exercising questions. Remember that the “exercising” state in Alien means after 0.5 minutes of running at 50% of the maximum rate.

Before answering any exercising question, you must find the maximum running speed for your alien. The subject may collapse either from exhaustion or from being unable to run faster. You must find the speed just below the one that causes the subject to collapse with the message, “He's fallen! He can't go that fast!” If you exceed the maximum speed, bring in another subject and increase the speed to just under the preceding value. The message, “The subject has collapsed from exhaustion!” does not mean that you have found the maximum speed. Try another subject.

Some questions require specific experiments. For example, the questions about total blood volume, cardiac output, and stroke volume can be answered by selecting the Blood & Heart tab. The question about total lung volume is answered by selecting the Lung Volume tab. Be careful to use the correct units when recording answers.

If your subject becomes fatigued or has a cardiac arrest, do not wait for recovery. Select the Bring in Alien tab and bring in a fresh subject.

Write your answers opposite the questions above. When you want to evaluate your accuracy, select the Answers tab and give your answers. If you wish to pass by a question and not answer it, press the Next button as directed on the screen. You may return to the experiments after answering any of the questions, but once you have given an answer, you will not get another chance at that question as long as you keep the current subject.

When you have answered all the questions, you will receive a percentage grade on your accuracy. Report this grade to your instructor.

�Name _________________________	Alien Worksheet 

Section ________________________



To answer the questions below, read pages 1-5 in this manual. Complete this worksheet and bring it to the class period in which the Alien simulation will be used.



What is homeostasis?









How does the cardiopulmonary system help to maintain homeostasis?









What is meant by the partial pressure of an atmospheric gas? How is partial pressure measured?









Is a partial pressure of oxygen of 40 mm Hg higher or lower than the partial pressure of oxygen in the atmosphere?_________



Is a partial pressure of carbon dioxide of 40 mm Hg higher or lower than the partial pressure of carbon dioxide in the atmosphere?_________



Why does the partial pressure of oxygen in the body's tissues decrease during exercise?









Why does blood pH decrease (become more acid) during exercise?









Briefly describe some of the effects of exercise on the following: ventilation rate, heart rate, oxygen in the tissues, and carbon dioxide in the blood.
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Distance run (m)



150



100



50



Oxygen partial pressure (mm HG)



Distance run (m)



		2			4			6			8		    10








