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Laboratory Session 8: Spirometry and End-Tidal Gas Fractions
Background

Lung volume measurement has historically not been a major laboratory test on healthy individuals, and especially athletes.  However, research has shown that an alarming proportion of presumably healthy, non-asthmatic athletes actually develop some form of mild to moderate exercise-induced broncho-constriction during and after intense exercise.  Consequently, lung function pre-screening of High School and Collegiate, as well as professional athletes has now become common practice.
To date you have learned how to conduct exercise tests involving indirect calorimetry.  To extend these skills and knowledge, it makes sense to familiarize you with more advanced measurements of spirometry and lung function.

During ventilation, room air is inhaled down the anatomical dead space to the respiratory zone of the lungs.  This leaves a column of room air in the anatomical dead space, and the air that has reached the respiratory zone undergoes external respiration.  You should all now know the computation of alveolar ventilation from tidal volume and breathing frequency (total ventilation).  During external respiration, room air is mixed with alveolar air, and in combination with gas exchange oxygen is removed and carbon dioxide is added.  The end result is to have a time averaged mix of alveolar air that is far less in oxygen content than room air, and far higher in carbon dioxide content.  Remember that for gases content is referred to as a partial pressure (PO2 and PCO2, respectively).

During exhalation, the first air to be removed from the mouth is the column of room air from the conducting zone.  This is followed by a gradual mixing of this conducting zone air with alveolar air.  The gas fractions occurring at the end of expiration are referred to as end tidal air, and reflect alveolar gas fractions; the gas fractions, on average, from the respiratory zone of the lung.  Thus, if you can record the gas fractions as they change over time during inhalation and exhalation, you can then identify the end tidal gas fractions (lowest and highest FEO2 and FECO2, respectively), and from that compute alveolar gas partial pressures.  You can then compute normal resting alveolar gas partial pressures for a given barometric pressure, as well as compare how the alveolar gas partial pressures change with hyperventilation, and during re-breathing from a closed air volume.

For your Introduction, I recommend that you use the references and my section on control of ventilation in my book to briefly explain what controls ventilation, and then comment on how ventilation changes in response to hypoxia and hypercapnia.

The purpose of this laboratory is to familiarize you with the testing of lung volumes and capacities, have you experience the importance of gas partial pressures of CO2 to ventilatory drive, and measure the changing inspired and expired gas partial pressures during resting ventilation.

Spirometry Methods

1. Prepare your mouthpiece and mixing bag set-up.

2. Make sure the instrument cables are correctly connected to the black signal box!!!!

3. Start the Spirometry program.

4. Enter the subject details and enviromentals, as well as calibrate the turbine.

5. Collect data for quiet resting breathing for at least 2 minutes.
6. Proceed to the “Calculations” sub-program to check data.  Close this sub-program and you will be prompted to save the flow and then volume data to different files.  You can browse to save these directly to a jump drive is you want (jump drive will need to have been inserted prior to running the program).

7. Repeated the procedure for resting breathing, followed by a maximal inspiration and maximal expiration.  Save this data.
8. Repeat item 7 above two more times so that you have three examples (3 separate data files) of a forced maximal inspiratory and expiratory cycle.

9. Perform another calibration, and then connect a large mixing bag (rebreathing bag) half full of room air directly to the mouthpiece (ie: remove the T-one-way valve system).
10. Have your subject breath from and into this air, and then immediately start data collection.
11. Within the 3 min of data collection provided from the main graph, you should see a gradual increase in tidal volumes and breathing frequency.  Continue with this air re-breathing until you get noticeably different tidal volumes, or until the subject wants to stop.  Remove the mouthpiece to let the subject breathe “fresh” air.
12. Save this data.
End Tidal Methods

1. Make sure the instrument cables are correctly connected to the black signal box!!!!

2. Start the End Tidal program.

3. Calibrate the turbine and then the gas analyzers.  Make sure you record the barometric pressure, room temperature, and room air partial pressure of water vapor.

4. Start the End Tidal Gas sub-program.

5. Collect data for quiet resting breathing for at least 2 minutes, and save the raw data and end tidal calculated data.

6. Repeat the procedure again but perform 10 deep hyperventilation breaths.  Allow the subject to recovery from the hyperventilation for at least another minute of data collection.  Save the raw data and end tidal calculated data.

7. Start the Tidal Volume & End Tidal Gas sub-program.

8. Repeat the procedure again but perform the re-breathing trial as per the spirometry lab.  However, this time connect the gas sample line to the port connector on the turbine.  Save the raw data for tidal volumes, the raw data for gas fractions, and end tidal calculated data.  Note; the gas fractions at the end of inspiration represent those of the re-breathed air.  The gas fractions at the end of expiration represent end-tidal or alveolar air.

Data Processing

9. Import your text file data into Excel.

10.  Work out how to compute/detect the following from your files:

Mean tidal volume (insp and exp); vital capacity, inspiratory reserve volume, expiratory reserve volume, force expired volume in 1 s (FEV1) (this should be the mean of your 3 trials, or the mean of two similar trials with one dicarded)

11. Use the computed end-inspiration and end tidal data to convert gas fractions to the changing values for the re-breathing air and end tidal gas partial pressures (PAO2 and PACO2). (Dr. Robergs will show you to do this in lecture the week after the lab)

Results

1. Graph normal vs. hypercapnic tidal volume data.

2. Graph your best maximal inspiratory and expiratory cycle.  Label the following: tidal volume, vital capacity, inspiratory reserve volume, and expiratory reserve volume.

3. Compare your lung volumes and FEV1 to normative data for your age, and gender.

4. Graph the changing gas fractions for inspired and expired air, and the change in inspired and expired volumes for one complete breathing cycle.  Label all features of this data set.

5. Graph the end inspiration and end tidal gas fractions for O2 and CO2 across all your data collection time period for normal breathing, as well as hyperventilation and also re-breathing.

6. Graph the end-inspiration and end-tidal (alveolar) gas partial pressures for O2 and CO2 across all your data collection time period for normal breathing, as well as hyperventilation and also re-breathing.
7. What were the lowest FEO2 and PAO2 attained during re-breathing?  Use the lowest PAO2 to calculate the barometric pressure that would need to occur to get this value from standard room air (think – this is not hard!).  Then use the following equation to convert this pressure to an altitude. (barometric pressure = 760 x e-(m/7924)); where m = altitude in meters; 1 m = 3.28 ft)

8.  Table the data for end-inspiration and end tidal conditions for normal air breathing, the most extreme values for hyperventilation, the most extreme values for re-breathing, and the pressure and altitudes that these values would represent.

9. Other useful formulae: 1 Torr = 1 mmHg; PIO2 = (Pb – 47) x 0.2095); PAO2 = (Pb – 47) x FAO2)

Discussion

Comment on your data and the physiology of asthma and exercise-induced broncho-constriction.  What testing needs to be done to detect exercise-induced broncho-constriction?

Why is an increasing PaCO2 such a potent stimulant to ventilation?

Explain the changes in gas fractions across a breath for normal breathing.

Explain the changes in gas fractions or partial pressures during each of hyperventilation and re-breathing.

Discuss the control of ventilation caused by each of hypoxia and hypercapnia.

What geographical locations in North America represent the equivalent altitude mimicked by your most extreme re-breathing condition (for PAO2)?

Is hyperventilation effective in raising PAO2?  What is the negative consequence of this for the body?

How do researchers test the influences of hypercapnia and hypoxia on ventilation?

References

1: Millward D, Paul S, Brown M, Porter D, Stilson M, Cohen R, Olvey E, Hagan J. The diagnosis of asthma and exercise-induced bronchospasm in division I athletes. Clin J Sport Med. 2009 Nov;19(6):482-6. PubMed PMID: 19898076.

2: Katz I, Moshe S, Levin M, Slodownik D, Yagev Y. Does exercise cause asthma? Occup Med (Lond). 2008 Oct;58(7):480-4. Epub 2008 Aug 25. PubMed PMID: 18725382.

3: Burge PS, Robertson A. Exercise-induced asthma, respiratory and allergic disorders in elite athletes. Allergy. 2008 Aug;63(8):1084. PubMed PMID: 18691310.

4: Weiler JM, Bonini S, Coifman R, Craig T, Delgado L, Capão-Filipe M, Passali D, Randolph C, Storms W; Ad Hoc Committee of Sports Medicine Committee of American Academy of Allergy, Asthma & Immunology. American Academy of Allergy, Asthma & Immunology Work Group report: exercise-induced asthma. J Allergy Clin Immunol. 2007 Jun;119(6):1349-58. Epub 2007 Apr 16. PubMed PMID: 17433829.

5: Butcher JD. Exercise-induced asthma in the competitive cold weather athlete. Curr Sports Med Rep. 2006 Dec;5(6):284-8. Review. PubMed PMID: 17067494.

6: Anderson SD, Caillaud C, Brannan JD. Beta2-agonists and exercise-induced asthma. Clin Rev Allergy Immunol. 2006 Oct-Dec;31(2-3):163-80. Review. PubMed

PMID: 17085791.

7: Dickinson JW, Whyte GP, McConnell AK, Nevill AM, Harries MG. Mid-expiratory flow versus FEV1 measurements in the diagnosis of exercise induced asthma in elite athletes. Thorax. 2006 Feb;61(2):111-4. Epub 2005 Oct 14. PubMed PMID: 16227323; PubMed Central PMCID: PMC2104577.

8: Hermansen CL, Kirschner JT. Identifying exercise-induced bronchospasm: treatment hinges on distinguishing it from chronic asthma. Phys Sportsmed. 2005 Dec;33(12):25-30. PubMed PMID: 20086345.

9: Hermansen CL, Kirchner JT. Identifying exercise-induced bronchospasm. Treatment hinges on distinguishing it from chronic asthma. Postgrad Med. 2004 Jun;115(6):15-6, 21-5. Review. PubMed PMID: 15216571.

10: Tancredi G, Quattrucci S, Scalercio F, De Castro G, Zicari AM, Bonci E, Cingolani S, Indinnimeo L, Midulla F. 3-min step test and treadmill exercise for evaluating exercise-induced asthma. Eur Respir J. 2004 Apr;23(4):569-74. PubMed PMID: 15083756.

11: Kippelen P, Caillaud C, Coste O, Godard P, Préfaut C. Asthma and exercise-induced bronchoconstriction in amateur endurance-trained athletes. Int J Sports Med. 2004 Feb;25(2):130-2. PubMed PMID: 14986196.

12: Storms WW. Review of exercise-induced asthma. Med Sci Sports Exerc. 2003 Sep;35(9):1464-70. Review. PubMed PMID: 12972863.

13: Ogston J, Butcher JD. A sport-specific protocol for diagnosing exercise-induced asthma in cross-country skiers. Clin J Sport Med. 2002 Sep;12(5):291-5. PubMed PMID: 12394201.

14: Rundell KW, Im J, Mayers LB, Wilber RL, Szmedra L, Schmitz HR. Self-reported symptoms and exercise-induced asthma in the elite athlete. Med Sci Sports Exerc. 2001 Feb;33(2):208-13. PubMed PMID: 11224807.

15: Rundell KW, Wilber RL, Szmedra L, Jenkinson DM, Mayers LB, Im J. Exercise-induced asthma screening of elite athletes: field versus laboratory exercise challenge. Med Sci Sports Exerc. 2000 Feb;32(2):309-16. PubMed PMID:10694112.
16: Kim Prisk G, AR Elliot, JB West. Sustained microgravity reduces the human ventilatory response to hypoxia but not hypercapnia. J Appl Physiol 2000;88:1421-1430.

17: Lane R, L Adams, A Guz. The effects of hypoxia and hypercapnia on perceived breathlessness during exercise in humans. J Physiol 1990;428:579-593.

18: Sata F, M Nishimura, T Igarashi, M Yamamoto, K Miyamoto, Y Kawakami. Effects of exercise and CO2 inhalation on intersubject variability and heart rate responses to progressive hypoxia. Eur Resp J. 1996;9:960-967.

19: Whipp BJ, SA Ward. Determinants and control of breathing during muscular exercise. Br J Sports Med 1998;32:199-211.

