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FOREWORD

Opinions, interpretations, conclusions and recommendations are chose of the
author and are not necessarily endorsed by the U.S. Army.

Where copyrighted material is quoted, permission has been obtained to use
such material.

Where material from documents designated for limited distribution is
quoted, permission has been obtained to use the material.

Citations of commercial organizatioas and trade =lames ia this report do
not constitute an official Department of the Army endorsement or approval of
the products or services of these organizations.

_ In conducting research using animals, the investigator(s) adnered to tiie
"Guide for the Care and Use of Laboratory Animals," prepared by the Committee

on Care and Use of Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Council (NIH Publication No. 86-23, Revised 1985).

_ For the protection of human subjects, the investigator(s) have aJhered tO
policies of applicable Federal Law 45CFR46.

In conducting research utilizing recombiaant DNA technology, the
investigator(s) adhered to current guidelines promulgated by the National
Institutes of Health.
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Introduction. The studies we are currently undertaking, and that were proposed in the

original contract application, are concerned with mechanical limitations to breathing in

heavy exercise, in normoxia and hypoxia. Most previous work on this topic gave rise to the

concept that ventilation in heavy exercise never achieved mechanical limits, and that either

the limitation to this ventilation, or its cost, would rarely if ever be a factor in the limitation

of physical performance. Our previous studies, on the other hand, have indicated that

indeed the gas exchange function of the lung can fail in very heavy exercise, and that in

some instances, very fit persons may play a major role in limiting their oxygen transport and

C02 transport, and acid base regulation. Thus it was our specific goal here to study the

metabolic cost of breathing and to find whether mechanical limits to ventilation were

indeed ever achieved in heavy exercise, in normoxia and hypoxia.
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Body. The Methods we used were adaptations of established techniques and included:

a) the definition of limitations to expiratory flow as determined in a body plothysmograph,

b) definition of the limitations to pressure development by the inspiratory muscles, c)

measurement of dynamically determined end-expiratory lung volume (FRC) and the flow

volume and pressure volume profile of tidal breathing in heavy exercise. These techniques

were used to define the mechanical limits to inspiration and expiration. We then applied

these to normal, healthy males of widely varying fitness levels as they exercised progressively

to maximum short-term exercise. Thus far we have obtained the following major findings:

1) In most healthy young adults studied, we found very efficient regulation

of the lung and chest wall mechanics. For example, progressive exercise saw

a progressively reduced and expiratory lung volume, which is accomplished

with active expiration. This meant that the inspiratory muscles, including the

diaphragm, were placed at a much longer length for the subsequent

inspiration and were thus able to develop considerable tension to reach the

high tidal volumes recorded in heavy exeicise. In moderately fit individuals,

some limitation to expiratory flow was usually reached. But this only occurred

at the very extreme exercise levels, and at very low lung volumes. The

capacity of inspiratory muscles to develop pressure decreased with increasing

flow rate (velocity of shortening) and with increasing lung volume during

progressive exercise; but the peak inspiratory pressure actually achieved

during exercise rarely exceeded 50% of the capacity of the inspiratory muscles

to generate pressure.
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2) We determined the oxygen cost of exercise ventilation by having the

subjects mimic (at rest) the actual work breathing that they accomplished

during sub maximal or maximal exercise. At maximal exercise, the oxygen

cost of respiration averaged 10% of the total body V02. In some subjects,

ie, especially those who approached expiratory and low inspiratory flow

limitation in very heavy exercise, the oxygen cost of ventilation reached 13-

15% of maximal oxygen consumption.

3) Fatigue of the respiratory muscles was not evident in these subjects as

they were able to continue the work of breathing they experienced during

exercise for three to ten times longer (at rest) than the exercise period itself.

4) A fitter group of subjects, ie, endurance athletes, all showed substantial

limitation to expiratory flow and to pressure generation by inspiratory muscles

at maximum exercise. That these subjects had reached the capacity for flow

generation during expiration on the one hand, and pressure generation by

the inspiratory muscles on the other, was demonstrated by superimposing a

C02 load for them to breathe at maximum exercise. This showed that their

minute ventilation was unable to rise any higher, nor was their pressure or

flow:volume loop enlarged beyond that obtained during maximum exercise

air breathing.
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Conclusions. We have, more precisely than ever before, defined the mechanical

limitations to normal exercise in healthy persons. In most instances in the normal or

moderately fit individual, the ventilatory requirement is such that mechanical limitations are

barely reached on expiration, but not to inspiratory muscles in heavy exercise and fatigue

of respiratory muscles is not a factor. On the other hand, the oxygen cost of ventilation

may be quite high, even in these subjects who do not reach limitation, ie, 10-15% of the

total body 02 cost which would represent a substantial potential "steal" of blood flow and

oxygen consumption from locomotor muscles.

Conclusion I. The greater the level of physical fitness, the greater the maximum exercise

load achieved, the greater the probability that mechanical limitation to flow on expiration

and to pressure generation by inspiratory muscles on inspiration will be achieved over a

substantial part of the tidal breath. This results in an even higher oxygen cost of

respiration in these subjects that reach mechanical limitation. On the other hand, it is only

in very rare instances that we observed that this mechanical limitation interfered with the

provision of sufficient alvelor hyperventilation in these subjects to achieve adequate gas

exchange and arterial oxygenation and acid-base regulation.

6



References.

1) Henke, K.G., M. Sharratt, D. Pegelow, and J.A. Dempsey. Regulation of End-

Expiratory Lung Volume During Exercise. J. Appl. Physiol, 65:921-927, 1988.

2) Dempsey, J.A. and K. Henke. Some Rules and Exceptions in the Response of the

Pulmonary System to Muscular Exercise. Epidemiology. Behavior change. and Intervention

in Chronic Lung Disease. (L. Hall and G. Meyer, editors), Human Kinetics Publ,

Champaign. pp 199-223, 1988.

3) Dempsey, J.A., E. Aaron, and K. Henke. Pulmonary Function in Prolonged Exercise.

Perspectives in Exercise Science and Sports Medicine--Vol. 1: Prolonged Exercise. (D.R.

Lamb and R. Murray, ed.) Benchmark Press, Indianapolis, IN. pp 75-124, 1988.

4) Dempsey, J.A. Problems with the Hyperventilatory Response to Exercise and Hypoxia.

Oxygen Transfer from Atmosphere to Tissues. (N.C. Gonzalez and M.R. Fedde, eds.),

Plenum Publishing Corporation. pp 277-291, 1988.

5) Klas, James V., and J.A. Dempsey. Voluntary Vs. Reflex Regulation of Maximal

Exercise Flow: Volume Loop. Amer. Rev. Resp. Dis.. 139:150-156, 1989.

6) Reeves, J.T., J.A. Dempsey, and R.F. Grover. Pulmonary Circulation During Exercise.

Pulmonary Vascular Physiology and Pathophysiology. (E.K. Weir and J.T. Reeves, eds).

7



Marcel Dekker, Inc., NY. pp 107-133, 1989.

7) Dempsey, J.A., K.G. Henke, and E.A. Aaron. Feedback and Feed-Forward

Mechanisms. Future Directions in Exercise and Sport Science Research. (J.S. Skinner, et

al., eds). Human Kinetics Books, Champaign, IL pp 313-327.

8) Powers, S.K., J. Lawler, J.A. Dempsey, S. Dodd and G. Landry. Effects of Incomplete

Pulmonary Gas Exchange on VO2 Max. J, Appl. Physiol. 66:2491-2495, 1989.

9) Dempsey, J.A., B.D. Johnson and W.M. Bayly. Constraints on the Ventilatory Response

to Maximum Exercise in Health. Hypoxia: Tie Adaptations. (J.R. Sutton, G. Coates, J.E.

Remmers, eds). B.C. Decker, Inc., Canada. pp 178-181, 1990.

10) Dempsey, J.A. and M. Manahan. Pulmonary Function in Endurance Exercise.

Encyclopedia of Sports Medicine. (R.J. Shepherd, ed). In press, 1990.

8


