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PREFACE

Exercise intolerance results when an individual is unable to sustain a particular work
rate sufficiently long for the successful completion of the task. It is what, at one extreme, lim-
its an elite athlete from even greater performance and, at the other extreme, what limits an in-
dividual with impaired systemic function from maintaining even a mild domiciliary routine.

This recognition was the motivating force for Professor Brian Whipp and Professor
Martin Stauch to consider joining forces in bringing together a range of internationally-
recognized authorities from both clinical and performance fields to confront the chal-
lenges of identifying the limiting causes of exercise intolerance and of designing strategies
to extend these limits, both in the patient and the elite athlete. The structure of the Sympo-
sium developed over some four years of fruitful collaboration between Professor Stauch
and Dr Jirgen Steinacker in the Department of Sports Medicine of the University of Ulm
and Professsors Brian Whipp and Susan Ward, first at the University of California at Los
Angeles and later at St George’s Hospital Medical School in London.

Thus, on September 21, 1994, over 260 scientists from 22 countries assembled at the
University of Ulm - the alma mater of Albert Einstein - to participate in the international
symposium on “The Physiology and Pathophysiology of Exercise Tolerance” and to honor
Professor Stauch, upon his retirement as Chairman of the Department of Sports Medicine
at the University of Ulm, for his clinical and scientific contributions to cardiology and car-
diovascular physiology over a long and fruitful career.

The Symposium, held under the auspices of the German Society of Sports Medicine
and The German Cardiac Society, was an official meeting of the Science and Education
Committee of the German Society of Sports Medicine. We are greatly appreciative of the
generous help and advice provided by the members of this committee, especially Profes-
sor Hans Rieckert from Kiel in Germany.

We would also like to express our thanks to the sterling efforts of both the Scientific
Committee - Gernot Badtke (Potsdam), Niels Secher (Copenhagen), Martin Stauch (Ulm),
Jirgen Steinacker (Ulm), and Brian Whipp (London) - and the Organizing Committee -
Werner Lormes, Yuefei Liu, Alexandra Opitz-Gress, Susanne Reissnecker, Jirgen Stei-
nacker and Claudia Zeller from Ulm, and Brian Whipp and Susan Ward from London. Fi-
nally, the Organizing Committee wishes to express appreciation and thanks to: the
organizations without whose generous support the Symposium could not have come to
fruition (these are cited overleaf); the Department of Sports Medicine at the University of
Ulm and the Department of Physiology at St. George’s Hospital Medical School for the
support furnished throughout the planning and implementation of the Symposium; and Dr.
Yannis Pitsiladis and Ms Maria Dolores Galan from the School of Applied Science at
South Bank University who played a key role in the preparation of this volume.




vi Preface

The Symposium delegates were able to take an excursion to the beautiful Allgiu
mountains which are close to Ulm and have impressive views of both Switzerland and
Austria. These mountains also served as a metaphor for the Symposium: the strain of the
task itself and the relief and exhilaration of attaining the summit having, as counterparts
for the participants, the strain of preparing their presentations and the exhilaration of the
stimulating discussions. All were well aware, however, that what today seem to be moun-
tains are, in reality, only hills in the context of the work which has yet to be done on the
mechanisms of exercise tolerance. It is our hope that the perspectives set out in this vol-
ume may encourage both a standard of excellence and also serve as a “guide book” for fu-
ture young scientific and clinical explorers.

Jirgen M. Steinacker, Ulm
Susan A. Ward, London
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PART 1. INTRODUCTION




GREETINGS ADDRESS OF THE GERMAN
SOCIETY OF CARDIOLOGY IN HONOR OF
PROFESSOR MARTIN STAUCH

Translated by Professor Eberhard Bassenge

Eberhard Bassenge

Institut fiir Angewandte Physiologie
Universitat Freiburg
Germany

It is indeed a great pleasure to present this address to Professor Martin Stauch on the
occasion of the international symposium “Physiology and Pathophysiology of Exercise
Tolerance.”

This symposium should be scientifically fruitful, rewarding, and memorable. Indeed,
perhaps it will be as memorable as the highly successful Congress of the German Society
of Cardiology that you, Professor Stauch, organized as Chairman in October 1983 and at
which a broad spectrum of new scientific and therapeutic issues in cardiology were raised
and comprehensively addressed. At that time, however, there was much less emphasis on
exercise physiology in cardiology, as exercise was not yet considered to be the effective
diagnostic and therapeutic modality that it has now become—and about which there will
be much discussion at this symposium.

This change in “center of gravity” has much to do with the dynamic shifting in your
primary focus and efforts throughout your career (almost “sinusoidally”) in response to
wide-ranging external stimuli and perhaps also by endogeneous forces—in addition to
various “agonists” and possibly even by some “partial antagonists ”—that originated
from your local surroundings. In a manner owing as much to your mental endurance as to
the more usual “receptor-mediated” manner reflecting fruitful stimulation from support-
ing colleagues, you slowly but progressively underwent a transition from cardiology and
angiology to exercise physiology and sports medicine.

You embody the various essential requirements of “high-performance medicine”—a
reflection of your excellent and broad scientific background that ranges from the physiol-
ogy of the isolated working heart and the modulation of diastolic wall stress on ventricular
contraction, through analyses of pulmonary function, to your particular interests in inter-
nal medicine, surgery, anesthesiology, angiology, nuclear medicine, cardiology, and fi-
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4 E. Bassenge

nally, sports medicine. These multifaceted spectra of potential adaptive mechanisms to
physical and mental stress have brought you into the desirable position of keeping the cir-
culation, the organ blood supply and the “non-receptor-mediated” interactions with your
colleagues at optimal performance levels, both with regard to the therapeutic management
of your patients and to the various scientific projects in which you and your co-workers
have been engaged. Thus, we hope that this scientific seed and solid foundation will thrive
and continue to be productive in the immediate and the more-distant future.

As we are all impressed by your excellent performance, condition and activity—no
doubt stimulated and supported by your family—we all expect you in the near future to
assume the role of philosopher, consultant and seasoned advisor for your former depart-
ment and colleagues as you continue to anticipate and recognize future developments in
both cardiology and exercise physiology. Like the “exercise-induced” augmented expres-
sion of constitutive endothelial nitric oxide synthase, which supresses undesirable, exces-
sive platelet and leukocyte activation, low-density lipoprotein incorporation and
subsequent formation of atheroma (in short, which suppresses atherosclerosis and similar
events), we are confident that you will preserve your cardiovascular system and that of
your former department in a state of long-lasting youth,

These are my best wishes and also those of our Society. We are all becoming in-
creasingly convinced of the benefits that can accrue from the pursuit of exercise physiol-
ogy which, facilitated by the impetus that we hope this symposium and its proceedings
will confer, is likely to endure as one of the “gold standards” in modern preventive medi-
cine.




PROFESSOR MARTIN STAUCH

His Career

Jirgen M. Steinacker

Abteilung Sport-und Leistungsmedizin
Medizinische Klinik und Poliklinik
Universitiat Ulm, D-89070 Ulm
Germany

Professor Dr. Martin Stauch was born on March 8, 1928 in Berlin. In 1949 he be-
gan his medical studies at the University of Cologne and then subsequently at the Uni-
versity of Frankfurt. The award of a Fulbright Fellowship in 1955 provided the
opportunity to undertake a two-year Fellowship in Internal Medicine, first at Ford Sand-
ers Presbyterian Hospital, teaching hospital of the University of Tennessee at Knoxville,
and then Colorado State Hospital at the University of Colorado in Pueblo. He returned to
Germany to take up a Fellowship of the Academy of Sciences in Mainz. Martin Stauch’s
career in internal medicine and cardiology was launched at the University of Frankfurt
Medical Center with Professor Hoff and Professor Heinecker. In 1967, he was appointed
Professor of Cardiology and Medicine at the University of Ulm and headed the Division
of Cardiology, Angiology, and Pulmonology until 1989. He served as Professor of Medi-
cine and Head of the Department of Sports Medicine from 1989 until his retirement in
1994.

It was at the University of Frankfurt that Martin Stauch took his first substantial
steps in cardiological research, under the guidance of Professor Karl Wezler (a former Fel-
low of Otto Frank) in the Institute of Physiology. For example, using isolated frog heart
muscle preparations, he demonstrated that spontaneous ventricular flutter could be gener-
ated by shortening the duration of the action potential, which led in turn to tetanic contrac-
tion (1).

In addition, by examining the effects of different external loads on myocardial cell
contractility, he discovered the phenomenon of electro-mechanical feedback (2). Further-
more, again using the isolated heart, he was able to show that changes in afterload lead di-
rectly to changes in diastolic relaxation (3).

Martin Stauch was the first to demonstrate, in 1975, the therapeutic effects of
mononitrates on angina pectoris (4)—to the amused interest of colleagues who now, 20
years later, routinely prescribe mononitrates in their clinical practice! In addition, his ex-
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6 J. M. Steinacker

perimental work on hamsters with hereditary cardiomyopathy led to a new concept of
treating chronic hypertrophic cardiomyopathy by means of calcium antagonists (5).

Over the last two decades, Martin Stauch has conducted a range of non-invasive in-
vestigations of cardiac function, using techniques in the newly emerging field of nuclear
medicine that he has developed in collaboration with Adam and his colleagues. Many of
these studies have addressed pharmacological means of improving cardiac function in the
chronically ischemic heart and in congestive heart failure (6,7). “Imaging the heart” be-
came an early passion of Martin Stauch, and is reflected in his promotion of new echo-
cardiographic investigations of mitral insufficiency employing color Doppler flow
techniques (8).

The other major area in which Martin Stauch has made significant contributions is
that of exercise testing. In his hands, this approach has proved an important tool for ana-
lyzing cardiac and metabolic function in patients and athletes for: diagnostic purposes, the
control of therapy and rehabilitation, and the design and monitoring of training programs.
He pioneered the use of upper-body exercise testing with the design, in 1989, of an inno-
vative fixed-seat rowing ergometer that enables metabolic and cardiac function to be as-
sessed over a wide range of exercise intensities in patients with peripheral occlusive
disease (9), independently of peripheral blood flow limitations (10).

Present-day high-performance medicine also incorporates “care.” Apart from his
clinical involvements, Martin Stauch has amply demonstrated this quality through his
dedicated participation in five training camps of the sucessful German Junior National
Rowing Team 1990--1994 (11).

Martin Stauch has always been a caring physician. He has always taught his students
and fellows that arriving at a diagnosis should involve first listening to the patient, then
examining the patient carefully and with respect, and only after these stages are complete
should investigative procedures be employed—and then always in a rigorous pathophysi-
ological context.
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THE BEGINNING OF APPLIED PHYSIOLOGY
AND SPORTS MEDICINE IN ULM

H. Rieckert

Abteilung Sportsmedizin

Institut fiir Sport und Sportwissenschaften
Christian-Albrechts-Universitit zu Kiel
Germany

1. INTRODUCTION

When and how did sports medicine and applied physiology start at the University of
Ulm?

Twenty years ago, on the 6th of June 1974, the Minister of Cultural Affairs of
Baden-Wiirttemberg wrote to the University of Ulm indicating that the House of Repre-
sentatives of Baden-Wiirttemberg had decided to establish sports medicine examination
centers throughout Baden-Wiirttemberg. This was to be directed and guided by Professor
Keul at the University of Freiburg and would include a sports medicine institute at the
University of Ulm, with Professor Rieckert at its head. Two months later, however, Pro-
fessor Rieckert was offered a professorship at the University of Kiel. His move to Kiel led
first to Professor Gebert taking over and then Professor Wodik. A redesigning of the pro-
gram at Ulm subsequently took place, with Professor Stauch being appointed to head
Clinical Sports Medicine.

In 1970, Professor Brecht was appointed as Director of the Institute of Physiology at
the University of Ulm. He, Professor Rieckert who was head of the Sports Medicine Re-
search Program, and Professor Pauschinger - the Director of the Institute of Applied
Physiology, who worked tirelessly on behalf of the Program - formed the nucleus from
which the present program evolved.

Between 1970 and 1974 Professor Rieckert was the team physician of the Swim-
ming Association of Baden-Wiirttemberg. Every year, swimmers were therefore sent by
the Association to the University of Ulm for medical and physiological assessment of their
swimming fitness. The general line of sports medical research at that time was exercise

physiology.

The Physiology and Pathophysiology of Exercise Tolerance
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2. EARLY LINES OF RESEARCH

Sports medicine and applied physiological research at Ulm developed out of a re-
search group in the Department of Physiology. There were several central issues of inter-
est for exercise physiology and sports performance:

a. peripheral circulatory function
b. capillary filtration, and
c. athletic activities and physical fitness in school children

2.1. Peripheral Circulatory Function

This research initially focussed on the factors that determine calf blood flow during
exercise; that is, the reduction in muscle vascular resistance and the increase in the arterio-
venous blood pressure difference across the muscle.

An early experiment illustrating the effect of posture on the arterio-venous pressure
difference is shown in Figure 1. Simultaneous recordings were made of the arterial and
venous pressures in the feet (A. tibialis posterior and V. dorsalis pedis, respectively), first
in a horizontal position and then in the upright position.
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Figure 1. Arterial pressure (b: A. tib. post) and venous pressure (a: V. dors. pedis) in the supine and upright posi-
tions. At 0, the subject stood up.
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When tilting an individual into the upright position at an angle of about 45°, the ar-
terial blood pressure in the calf rises because of the increased hydrostatic pressure. On the
venous side, the valves are closing. This leads to a substantial difference between the arte-
rial and venous blood pressures which, in turn, causes a high blood flow through the calf
and foot. The flow of blood through the capillaries and into the veins causes the venous
valves to be pushed open. In the upright posture, the pressure in the foot veins is about 90
mmHg. This high pressure enlarges the veins. We found, as a result, a blood volume of
400 ml in both legs when subjects were supine, which increased to 600 mi on standing.

During walking or running, the muscle pump displaces blood against the hydrostatic
pressure (Fig. 2). Muscular effort reduces the volume as well as the pressure in the de-
pendent veins. Using telemetry to monitor venous pressure during exercise (e.g. walking
and running), we demonstrated that the venous pressure reduction was much greater when
the running speed was high. Also, the arterio-venous pressure difference was increased -
one of the main factors contributing to the increase in blood flow to the calf. In trained fe-
male rowers, the maximum blood flow during rowing was higher than for untrained sub-
jects, and the venous pooling in the calf was twice as high.

Interestingly, we were able to demonstrate that competitive swimmers had a higher
maximal oxygen uptake (measured using a closed and an open system: Fig. 3) while
swimming in a jet stream than for cycle ergometer exercise (Fig. 4). However, after com-
parable efforts, the recovery of the blood flow in the arms back to normal was faster in
water than on the land.

2.2. Capillary Filtration

At the University of Ulm, we also began to record the capillary filtration and muscle
blood flow at rest and during activity. This was found to be influenced by the general con-
dition of the athlete and the intensity of the effort. Endurance-trained athletes evidenced a
lower rate of capillary filtration (recorded with a plethysmograph and compared with iso-
topes) during running than did untrained persons at the same speed. The rate of capillary
filtration was proposed to be influenced by the intramuscular accumulation of metabolites
(such as lactate) that occurs with anaerobic glycolysis (which was less in the athletes) and
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Figure 2. Venous pressure in a foot vein when walking (A) and when running (B). (The trace starts from the
right.)
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Figure 3. Recording of oxygen uptake.

0 1 2 3 4

Figure 4. Pulmonary ventilation (AMV), oxygen uptake (VO2), and respiratory quotient (RQ) during backstroke
in an [8-year-old girl.
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therefore creates an osmotic potential difference tending to draw fluid from the blood into
the extravascular space.

2.3. Athletic Activity in School Children

These investigations addressed the intensity of effort in activities such as gymnas-
tics, games, swimming and track and field. Using telemetric measurements, we found that
one single period of sports per day over a 5-year span increased the maximal oxygen up-
take compared to the non-treatment classes; i.e. from 46.3 + 5.1 ml/min/kg body weight to
52.4 + 7.5 ml/min/kg body weight.

3. CONCLUSION

Today, the University of Ulm is an important center of clinical sports medicine.
Much excellent scientific research has been conducted here and has provided the impetus
for Ulm now being recognized both within Germany and beyond as a center of excellence
in sports medicine and applied physiology.
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1. INTRODUCTION

Scientifically exact judgements on the importance to health of increased physical ac-
tivity in the context of exercise and sports can be achieved in the following ways:

a. Experimental studies on lack of exercise on the one hand, and on qualitatively
and quantitatively differing physical training programs on the other.

b. Clinical practical experience on exercise lack, physical training and sports.

¢. Animal experiments.

d. Epidemiological studies.

Only the first aspect can be addressed comprehensively here.

2. EFFECTS OF LACK OF EXERCISE (PROLONGED BED REST)

After the end of World War II, technical developments strongly influenced our lifestyle.
New devices and automation reduced the caloric consumption within most occupations and also
in our leisure time. In West Germany between 1950 and 1990, the daily caloric consumption for
men was diminished by approximately 1700 J, and for women by 1200 J (19a). It seems for the
first time in the history of mankind that the minimal level of caloric consumption fell below that
boundary which has to be exceeded in order to preserve optimal physiologic conditions according
to the biological rule: performance capacity and structure of the human organism depend on the
genotype and the quality and quantity of muscular strain (20-22,24).

We felt it important, therefore, to obtain information on the clinical effects of exer-
cise lack. For example, a 9-day-period of bed rest provoked a 20% reduction of maximal
oxygen uptake in a group of healthy physical education students. The heart volume, deter-

The Physiology and Pathophysiology of Exercise Tolerance
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mined in the supine position by x-ray investigations in two different planes, was reduced
by 10%. Heart rate, ventilatory minute volume and blood lactate levels were significantly
higher for a given submaximal ergometer load than before the bed rest. All these findings
can be considered disadvantages to fitness and health (22, 24).

Significant increases in resting heart rate were observed after a 14-day period of ab-
solute bed rest (27). Correspondingly, the myocardial O2-requirement increased, predis-
posing to risk for patients with coronary insufficiency. The blood volume, and that of the
erythrocytes, was significantly reduced. In studies with orthopedic patients, a period of
physical inactivity of more than 2 months provoked a reaction similar to diabetes, as dem-
onstrated with the Staub-Traugott blood sugar test. The pathological function curve nor-
malized after 1-4 weeks of gymnastic exercise (Fig. 1) (22). Today we know that these
findings belong to the so-called metabolic syndrome. In this condition, the receptor sensi-
tivity for insulin decreases, which is why the insulin level in the blood increases. At the
same time, a decrease of HDL and a rise of LDL and VLDL cholesterol, in conjunction
with an increase of the arterial blood pressure, can be observed. All these changes imply
increased risk for the development of arteriosclerosis and coronary heart insufficiency. A
few weeks of exercise to increase general aerobic dynamic endurance normalizes these re-
sponses, however (1,5,6,8,9,1 1-13,17-19,22,24,35,37,38).

Saltin et al. demonstrated the same effects and, in addition, described an increase in
urinary calcium excretion as an indication of bone demineralization (32). It appears that
gravitational stress on the bones is essential for normal bone growth and for the conserva-
tion of a normal condition.

Summarizing, it can be stated that lack of exercise has many detrimental effects for
health.
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Figure 1. Several weeks of absolute bed rest causes a disturbance in blood sugar utilization which resembles dia-
betes. After a 1-4 week reactivation, the curve returns to normal (22).
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3. RECOMMENDATIONS FOR ENDURANCE TRAINING

The important question is: What is the most suitable quality and quantity of physical
exercise to induce health-promoting effects? Optimal sporting events are those which
grant a maximum of adaptations desirable for health with a minimum of stress for the ex-
ercising person. This can be examined by simultaneously measuring hemodynamic factors
(heart rate and arterial blood pressure) and the rate of anaerobic metabolism (arterial lac-
tate level). The greater the oxygen intake for a submaximal work rate and the smaller the
simultaneous mean arterial blood pressure and arterial lactate level, the more desirable is
that event. The results of investigations propose that recommendable sports are fast walk-
ing, uphill walking, slow running (jogging), cycling, swimming, long-distance skiing, and
rowing (Figs. 2 and 3). Not so effective for the cardiovascular system, but including other
kinds of motor strain and therefore especially desirable for healthy older persons, are
games like tennis, hockey, and basketball. The only prerequisite is that the person has to
be healthy.

Our recommendations are:

* frequency: 3 x weekly;

« Duration: 30-90 min (depending on the level of physical activity);

* intensity: according to the “rule of thumb” that the heart rate at maximal exercise
heart rate should be (180 - years of age) (during a continuous effort) (22).

4. EFFECTS OF AEROBIC DYNAMIC ENDURANCE TRAINING

4.1. Skeletal Muscle

The following adaptations occur with endurance training:

. an increase in number and size of mitochondria (9,16,34);

. arise in the activity of some aerobic and anaerobic enzymes (16);

. an augmentation of myoglobin levels (9);

. an increase in intramuscular glycogen content (7,9);

_an increase in the number of capillaries and of the capillary surface area (9,34).

o QA0 oW

There are very highly significant negative correlations between: the mitochondrial
volume and the arterial lactate level, the number of capillaries per muscle fiber and the ar-
terial lactate level, the capillary surface area and the arterial lactate level, and the capillary
surface area at a given submaximal work rate (34) (Fig. 4).

The significance of these peripheral adaptations for the heart can be clearly demon-
strated by endurance training conducted with only one leg while sitting on a cycle er-
gometer. After training 3 times weekly for 30 min per training session for 6 weeks, the
heart rate at a given submaximal exercise load declines significantly when exercise is per-
formed with the endurance-trained leg, as does the ventilatory minute volume. In contrast,
the same individual does not show any significant changes of heart rate and ventilatory m-
inute volume, compared with pre-training values, when using the non-trained leg (22).
This result is consistent with a reduction of the myocardial oxygen demand causing a
greater security against, for instance, an imbalance between oxygen supply and demand of
the myocardium (Fig. 5).
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Figure 2. Arterial blood pressure response (A. brachialis) during various static and dynamic muscle demands, and
while walking at 5 km/h, and running at 10 and 15 km/h (31). Walking and running are the only kinds of exercise
which do not result in a rise of diastolic blood pressure.

The myocardial oxygen demand can be determined non-invasively from the product
of heart rate and systolic blood pressure. If the heart rate decreases for a given submaxi-
mal work rate, the oxygen demand of the heart muscle is also lowered. The reason for the
reduced heart rate after training may be a smaller peripheral sympathetic drive caused by
an improved local aerobic capacity combined with an attenuated lactate production (Fig.
6).

4.2. Heart

The main adaptations in response to endurance training are:
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Figure 3. The arterial blood lactate level during an incremental exercise test as a function of submaximal oxygen
uptake. 1 = arm-crank exercise, 2 = cycle ergometry in a supine posistion, 3 = cycle ergometry in a seated posi-
tion, 4 = step test, 5 = running on a treadmill. The lower the lactate level at a given oxygen uptake. the more ap-
propriate is the exercise mode for preventative and rehabilitative cardiology.

a. reduction of the heart rate at rest and for submaximal exercise loads;
b. lengthening of the diastolic period, '

c. acceleration of diastolic relaxation;

d. increase of the stroke volume;

e. decreased catecholamine release;

f. diminution of the systolic blood pressure;

g. stabilization of myocardial electrical activity

h. decrease of the peripheral resistance (1,2,9,22,23,31).

Most of these adaptations contribute to the reduction of the myocardial oxygen de-
mand. The prolonged diastolic period causes a lengthening of the intramuscular phase of
blood supply. The practical consequences can be explained in the following scheme. If an
untrained coronary patient can master a load intensity of 75 watts without complaint, then
this individual may reach a higher work rate (e.g. 125 watts) without complaint after train-
ing. The difference between 75 and 125 watts functions practically as a safety zone that
prevents a disparity between the myocardial oxygen demand and oxygen supply.

4.3. Blood

There are numerous influences of endurance training on blood. The most important
one may be that the rigidity of the erythrocyte membrane declines. Therefore, the plastic-
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Figure 4. Above: percentage proportion by volume of mitochondria in 3 muscle fiber types in normal subjects,
sports students, and endurance-trained persons. Below: capillary number and capillary surface area in m. vastus
lat. for the same subjects (n = 19) (34).

ity of erythrocytes increases and the flow properties are improved within the capillaries.
At the same time, factors such as the adhesiveness and aggregability of the platelets de-
cline, which opposes thrombosis. In addition, the fibrinogen content is reduced (10,22).
The practical significance of these changes for the prevention of ischemic heart dis-
eases is unknown. Today it is supposed that 98% of all heart infarctions originate from mi-
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Figure 5. Heart rate before and after a one-legged endurance training on the cycle ergometer performed by the en-
durance-trained leg (upper panel) and the untrained leg (lower panel). The right panels demonstrate the ventilatory
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Figure 6. Increase of the aerobic-anaerobic transition, measured in the blood of the v. femoralis, in the endurance-
trained leg (f). No change was evident in the untrained left leg (g, ¢).
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crothrombosis. The effects of endurance training on the blood could therefore be very im-
portant.

4.4. Lipid Metabolism

We performed cross-sectional and longitudinal investigations on the effects of en-
durance training in 2 groups of 353 and 24 male subjects between 18 and 82 years of age.
In another group of 47 male subjects, the changes of the plasma lipoproteins were ob-
served during the first hours and days after a 3-hour run (11-13). The most important re-
sults are described below. '

The concentrations of beta-lipoprotein, total, and LDL-cholesterol were reduced in
the blood of endurance-trained athletes. At the same time, the concentrations of alpha-
lipoproteins and of HDL-cholesterol were increased (Fig. 7).

Elite rowers had a direct correlation between total and HDL-cholesterol and an in-
verse correlation between triglycerides and HDL-cholesterol. The quotient HDL2/HDI 3
was higher in endurance-trained than in untrained individuals. One day after a 3-hour run,
the concentrations of total and VLDL-triglycerides and of the total VDL- and LDL-cho-
lesterol were significantly reduced. The ratios of non-esterised cholesterol/total choles-
terol and of non-esterised/esterised cholesterol increased significantly 3 hours after this
run. One and two days later, these ratios were significantly reduced. The HDL-cholesterol
level was significantly higher one day after the 3-hour run than before. One day later, an
increase of HDL3-cholesterol (p < 0.001) was seen, and 2 days after the run an increase of
HDL2-cholesterol (p < 0.05) was also evident. The apolipoprotein A-I/A-2 ratio was also
significantly increased 2 and 4 days after the 3-hr run (p < 0.01). The activity of lecithin
cholesterol acyltransferase was significantly elevated 3 hours after the run {(p <0.01). Two
days later, the activity of this enzyme was decreased relative to resting values (p < 0.05).
The increased HDL-cholesterol, in particular the HDL2-cholesterol. that results from en-
durance training may be important for its anti-atherosclerotic effect (4-6,11-13,17-
19,25,38). It is possible that changes of plasma proteins after endurance training are the
sum of delayed reactions after repeated intense endurance strains (7).
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Figure 7. Total cholesterol, HDL, and ApoA-1 in untrained and endurance-trained males (n=377) (22).
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4.5. Hormones

Following a 3-hour run, no significant changes of growth hormone (GH), cortisol,
and glucagon were evident (12). Noradrenaline levels during submaximal exercise were
significantly reduced in endurance-trained individuals. As catecholamines have been pro-
posed to be “oxygen-robbers”, this would suggest that the oxygen demand of the heart
muscle at a given work rate is decreased as a consequence of the reduced catecholamine
levels in the cell.

Besides the decreased noradrenaline and adrenaline levels in the blood at a particu-
lar submaximal exercise load, there is also a reduction of the insulin level. This change is
the consequence of an increased sensitivity of the insulin receptors in the muscle cells. As
a high insulin level in the blood can favor atherosclerotic developments, this effect of
training may be of specific benefit (9,12,24).

5. AGING PROCESS

The maximal oxygen uptake decreases after the 30th year of age by about 8% per
decade (Fig. 8) (23,28,29,31,33,36,40,41,51,54). In sufficiently loadable individuals, a
training effect can be demonstrated even after the 90th year of age (Figs. 8 and 9).

Physical training, especially endurance training, also improves the mood (Fig. 10).
The effect depends on 3 different mechanisms: increased production of endorphins (3),
augmentation of serotonin production in the brain because of an increased amount of tryp-
tophan at the blood-brain-barrier, and/or an increase of the insulin level during the recov-
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Figure 8. Maximal oxygen uptake in males and females from the 8th-80th year of age (n = 2834). Elderly endur-
ance-trained individuals have marked higher values than untrained elderly individuals (22).




24 W. Hollmann

40 - VOima [ml/min/kg]
[
5-
30 +
5 -
J p<001 p < Q001 p <0001
20 ] i 1
55-59 60-64 55-70 AGE lyears]
(n=11) (n=13) (n=9)

Figure 9. Maximal oxygen uptake (mVkg'min-1) after a 10-week endurance training program in healthy males
who were untrained for at least 3 decades. The trainability of old and elderly persons is qualitatively unchanged.
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ery from exercise with the same effect (9,24). At the same time, regional cerebral blood
flow rises during dynamic exercise about 20% or 30% (Fig. 11).

6. DECLARATION OF THE WORLD CONSENSUS CONGRESS
(TORONTO, 1992)

“Sedentary living is associated with a high incidence of coronary heart disease. This
observation is supported by numerous prospective studies from Europe and North Amer-
ica based on groups of apparently healthy individuals who were followed for fatal and
non-fatal coronary heart disease for up to 20 years. The majority of studies show an in-
verse relationship of coronary heart disease rates across physical activity levels. There is
near unanimity that physical activity provides some protection against coronary heart dis-
ease in studies that have used good or excellent epidemiological methods, including valid
and reliable assessment of physical activity and comprehensive surveillance of disease end
points. There is an approximate doubling in risk of coronary heart disease when the least
active individuals are compared with their most active peers. The association of inactivity
to coronary heart disease is not due solely to the confounding influences of other favor-
able lifestyle behaviors.” And elsewhere: “The relative risk for coronary heart disease in
the least active compared to most active is approximately 2.0. When fitness is the expo-
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Figure 11. Blood supply to various regions of the human brain during cycle ergometer exercise at 25 watts and
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sure variable, relative risks as high as 8.0 are seen when comparing least fit with most fit
individuals.” - “The relationship between fitness and cardiovascular disease mortality
show similar relative risks in men and women when individuals with low and high fitness
levels are compared.” - “Low levels of activity or fitness precede the development of
coronary heart disease in healthy individuals. Results are consistent within and across
populations, and the epidemiological findings are plausible and coherent with the results
from clinical and experimental investigations.” “A similar situation is to be seen compar-
ing cardiac patients with physical training in the rehabilitation and without a training pro-
gram. Several meta-analyses of randomized trials of cardiac rehabilitation involving
thousands of patients have demonstrated a 20% reduction of risk for total mortality, and a
25% reduction in the risk for fatal re-infarction” (9).

7. CONCLUSIONS

The physician has to recommend sports and physical training:

a. in childhood and adolescence: in order to acquire an optimal development of or-
gans and of the musculo-skeletal system;

b. in adults: to counteract cardiovascular and metabolic diseases;

C. in the elderly and old: to ameliorate loss of physical and mental performance ca-
pacity in the aging process.

For a modern physician, sports and physical training belong to our daily life like our
daily dental hygiene.
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1. INTRODUCTION

The issue of this paper is peripheral fatigue, in particular, fatigue due to muscular
impairment during dynamic exercise with small muscle groups. Small muscle groups in
this sense are of such a size that the change in concentration of circulating catecholamines
even during exhausting exercise is negligible. Thus a small muscle group is, in a way,
comparable to a muscle exercising in vitro. Another similarity is the large distribution vol-
ume for substances leaving the muscle. In humans, forearm or calf muscle exercise can be
regarded as exercise with small muscle groups.

Fatigue can be defined in different ways: “Inability to maintain the expected force
and power output” (6) or “A transient loss of work capacity resulting from preceding work
regardless of whether or not the current performance is affected” (14). The latter defini-
tion regards fatigue as a continous process starting from the beginning of exercise. In gen-
eral, fatigue may occur at different sites. At the muscular level, fatigue can occur by
impairing the following processes: €.g. Cross bridge cycling, Cat++ pumping, electrome-
chanical coupling, or electrical transmission.

The following factors are discussed in terms of their ability to cause fatigue at one
or more of these sites: decrease in pH (13); depletion of ATP (7) and creatine phosphate
(CrP) stores (11); increases in inorganic phosphate (in particular H,PO,: Ref. 3), NH; and
IMP (4); Ca++ (18); and oxygen lack (12). The evidence for an involvement of these fac-
tors is derived mainly from in vitro studies. The role of these factors in vivo is still a mat-
ter of debate.
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2. OXYGEN PRESSURE

Oxygen pressure is proposed to influence many of the factors described above be-
cause of its effect on shifting energy metabolism towards a greater reliance on anaerobic
metabolism. There is little qustion that hypoxia reduces performance during exercise with
a large muscle group. If cycling exercise (incremental test) is performed while 12.5% oxy-
gen Is breathed, maximum power is reduced by about 30%. But hypoxia of the same de-
gree does not reduce performance in exhaustive incremental exercise with the forearm
muscles (dynamic handgrip exercise; 24 contractions/min), in spite of a reduction of oxy-
gen saturation of as much as 30% in venous blood from the working muscle. There are
also no associated changes in blood flow (venous occlusion plethysmography) or in the in-
crease of blood [Lac] or decrease in blood pH. Neither does hyperoxia confer any benefi-
cial effect (Table 1). Thus, under these exercise conditions, oxygen seems not to be a
limiting factor. ’

3. INTRACELLULAR PH AND METABOLITES

The role of intracellular metabolites in fatigue is also conflicting. Using NMR, the
role of pH and phosphates can be deduced. pH is argued to influence Ca++-pumping,
cross-bridge cycling and the fluxes through metabolic pathways. Comparing patients with
heart failure with normal subjects, Arnolda et al. (1) found lower pH values at exhaustion
in the patient group. In contrast, in hypertensive patients, higher pH values were measured
at exhaustion than for normals (i.e. 6.61 and 6.44, respectively: Ref. 5). Wong et al. (19)
found no correlation between pH and endurance time (time to exhaustion: 5 to 25 min-
utes), while Taylor et al. (16) showed that the pH at exhaustion can differ in a given sub-
ject using the same muscle group on different occasions.

Our own NMR spectroscopy measurements (4.7 tesla magnet, 20 sec time resolu-
tion) under similar exercise conditions comparing forearm exercise to that of the calf mus-
cles showed only a small fall in muscle pH (from 7.0 to 6.85) during normoxia. This does
not seem sufficient to exert the effects on glycolysis or on cross bridge cycling that might
be expected to lead to exhaustion. In these experiments, phosphocreatine levels decreased
to only 43% of initial values, ruling out depletion of the phosphocreatine store as a prob-
able cause for fatigue. An increase in inorganic phosphate is also unlikely to be involved,
especially as the pH change is small. Therefore, the diprotonated phosphate does not in-
crease to any large extent.

Table 1. Forearm blood flow, power output, and muscle venous blood composition
at the end of exercise

HYPO NORM HYPER
S0, % 21.0+7.7 32,152 33.3+49
pH 7.21 £0.02 7.19 £ 0.01 7.18 £ 0.01
Q ml/100m!/min 268472 332472 30.8+3.3
POWER watt 1.64 £0.19 1.62 +0.24 1.57 +0.20

The difference in SO2 between hypoxia (Hypo) and normoxia (Norm) is significant (p<0.001); all others are not.
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No correlation between [Lac] or phosphate levels and fatigue was found by de Haan
et al. (4) after exercise of high intensity. They proposed an NH;- or IMP-related effect
leading to fatigue. On the other hand, patients with McArdle’s disease are able to work
with much higher NH, and IMP concentrations than normal subjects.

For each of the listed “fatigue-inducing” factors, conditions can be found where their
behavior does not correlate with fatigue. Fatigue is therefore regarded as a multifactorial phe-
nomenon, implying that the individual effects are in a way additive. On the other hand, how-
ever, it is possible that a relevant factor has not yet been considered. Evidence against these
factors can be derived from Bigland Ritchie ef al. (2), who demonstrated a progressive de-
cline in the ability to maintain maximum force from the beginning of exercise. At this time,
none of the factors considered here could contribute significantly because either their changes
are very small at this time or they occur in the opposite direction.

4. BLOOD FLOW, NOT OXYGEN SUPPLY, LIMITS
PERFORMANCE

That there has to be a factor causing fatigue on the muscle level is shown in the fol-
lowing simple experiment. If forearm exercise (implemented as described above; n = 6) is
performed in the upright posture, maximum power is reduced by 13% compared to that at-
tained in the supine posture. If the exercise is performed in the upright posture while hy-
poxic gas is breathed (12.5% O,), no influence on [Lac] and no further decrease in power
can be seen (Fig. 1). Blood flow rather than oxygen supply therefore appears to be a limit-

3.0
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Figure 1. The muscle venous-arterial (V-A) differences in [Lac] for arm exercise with different postures. The re-

sults are expressed relative to the maximum power in the supine posture, Maximum power is reduced by about
13% in the upright posture, but is not further reduced by hypoxia (12.5% O,).
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ing factor. As the flow is reduced in the upright posture, relative to the supine posture, a
possible mechanism may involve the trapping of some mediator(s) within the muscle dur-
ing exercise.

One possible factor might be potassium. Immediately with the start of exercise K+
leaves the muscle cells and accumulates in the interstitial space (8,9,17). As a conse-
quence, the resting membrane potential (RMP) should decrease and the propagation of the
action potential should be impaired (10). Juel measured intracellular and interstitial [K+]
and membrane potential on a rat muscle fibre: RMP decreased from 70 to 58 mV and, in
parallel, power output decreased (10). Thus, an impairment of membrane excitation might
contribute to fatigue.

5. 1S POTASSIUM RELATED TO FATIGUE IN SMALL MUSCLE
GROUPS?

We investigated short-term exhaustive forearm exercise which leads to exhaustion
within 2 min (n = 10) and incremental exhaustive exercise leading to fatigue within about
10 min (n = 15). Forearm blood flow was measured by venous occlusion plethysmogra-
phy. Hemoglobin (Hb), hematocrit (Hct), plasma [Na+] and [K+] were determined in arte-
rialized venous blood and in venous blood from the working muscles. [Na+] and [K+]
increased in muscle venous blood, but remained constant in the arterialized blood. As Na+
is shifted into the working muscle cell (15), the [Na+] increase is due to a shift of water
into the muscle cells. Because there is no gradient in [Na+] between plasma and the inter-
stitial space (17), the increase in [Na+] gives a relative estimate of the water gain by the
muscle cells. From plasma flow through the muscle (derived from Hct and blood flow
measurements) and the arterio-venous (A-V) difference in [K+] across the muscle, K+
loss from the muscle can be estimated assuming a bone mass of 1/3 of the volume where
blood flow is measured. From the data of Hirche et al. (8), we assumed a K+ gradient be-
tween interstitial space and blood plasma of about 2.5 mmol/l for the intense exercise and
of 2.0 mmol/l for the incremental exercise. The intracellular water space was assumed to
be 660 mi/kg and the intracellular concentration of K+ 160 mmol/l. The calculated
changes are shown in Table 2.

According to these changes, the resting membrane potential decreases with a result-
ing impairment of action potential propagation (10). As the calculated resting potential

Table 2. Estimated membrane potential after exhausting exercise.

Duration Rest Short 2 min Incremental 10 min
K7 mmol/kg H,0 - 4.4 7.0 6.2

K mmol/kg H,0 4.4 9.5 8.2

o) ‘ml/100mI/min 1.5 20.0 26.0

K" -loss mmol 0.7 2

H,0, ml/kg 660 680 695

K™, mmol/kg H,0 160 157 147

MP mv 96 75 78

Q is the mean blood flow during the whole exercising time.
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represents a mean potential of the muscle group as a whole, the RMP in some individual
fibres should be even lower. Thus these fibres cannot be excited and therefore cannot de-
velop force. This mechanism might work at both high and low exercise intensities. During
high-intensity exercise, the accumulation of K+ in the interstitial space predominates,
while during long-lasting low-intensity exercise K+ loss from, and water shift into, the
muscle also come into play. This proposal fits very well to data obtained by muscle bi-
opsy. Sjogaard (15) calculated a decreasing membrane potential (MP) from measurements
of intracellular and extracellular [K+] in exercising human quadriceps muscle, suggesting
that this mechanism might also play a role in large muscle groups. The importance of this
mechanism is underscored by the fact that the first adaptation to training by chronic stimu-
lation of muscle is an increase in Na+/K+-ATPase activity (Pette, this volume).
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STIMULATED MUSCLE
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1. INTRODUCTION

The ability for sustained contractile activity of skeletal muscle is generally assumed
to correlate with a high capacity of aerobic-oxidative energy metabolism. This notion was
derived from the observation that muscle fibres differing in their mitochondrial enzyme
activities display distinct fatigue properties (4,7,18,22). Motor units composed of fast-
twitch glycolytic (FG) fibres are fast-fatiguable, whereas motor units composed of so-
called fast-twitch oxidative (FOG) or slow-twitch oxidative (SO) fibres are less fatigable
or resistant to fatigue, respectively. Additional evidence in support of this notion has
emerged from studies on fast-twitch muscles exposed to chronic electrical stimulation (for
review see (25)). A major effect of maximally forced contractile activity by chronic low-
frequency stimulation (CLFS) is that stimulated muscles display pronounced increases in
enzyme activities of terminal substrate oxidation (Fig. 1) and become non-fatigable
(24,25).

As mirrored by the high mitochondrial contents of fatigue-resistant muscles, an
overall relationship exists between endurance and aerobic-oxidative capacity. However,
evidence has accumulated that additional factors contribute to the ability for sustained per-
formance. For example, long-term electrical stimulation was shown to enhance fatigue-re-
sistance of canine latissimus dorsi muscle; however, no increases were observed in in
citrate synthase activity, a marker of aerobic-oxidative metabolism (21).

Our studies on fast-twitch tibialis anterior (TA) muscles of rat and rabbit have
shown that elevations in citrate synthase activity induced by CLFS do not strictly parallel
improvements in fatigue-resistance (29). Our observations indicated that CLFS-induced
elevations in aerobic-oxidative capacity may not be the only prerequisite for attaining en-
hanced resistance to fatigue. Thus, citrate synthase activity was only slightly elevated dur-
ing the first week of CLFS while fatigue-resistance was markedly enhanced. Conversely,
increases in citrate synthase activity exceeded by far the increment in fatigue-resistance
observed during the second week of CLFS. Finally, CLFS for periods longer than 30 days
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Figure 1. Time course of changes in volume density of total mitochondria and in mitochondrial enzyme activities
of the superficial portion of rabbit tibialis anterior muscle in response to CLFS (10 Hz). Modified from Reich-
mann et al. (26).

did not lead to further improvements in fatigue-resistance, although citrate synthase activ-
ity continued to rise (Fig. 2). Taken together, these results suggested that although an
overall correlation exists between aerobic-oxidative capacity and fatigue-resistance, this
may not be the only factor for endurance performance. In this regard, we became inter-
ested in characterizing early adaptive responses that might explain enhanced fatigue-resis-
tance prior to increases in mitochondrial enzyme activities and other parameters of
aerobic-oxidative capacity.
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Figure 2. Relationship between increases in citrate synthase activity and increases in resistance to fatigue (ex-
pressed as fatigue index) of low-frequency (10 Hz) stimulated tibialis anterior muscles of rat and rabbit. Values
represent means + S.E.M. Modified from Simoneau et al. (29).




Enhanced Fatigue-Resistance 39

2. ENHANCED GLUCOSE UPTAKE AND GLUCOSE
PHOSPHORYLATION

Availability of glycogen is essential for sustained performance (1). Low-frequency
stimulation leads to a rapid glycogen depletion in extensor digitorum longus (EDL) and
TA muscles of the rabbit (10, 20). Hence, in FG fibres free glucose becomes the main fuel
of energy metabolism after the first hour of CLFS. As a consequence of enhanced glucose
uptake, the concentration of free glucose rises more than two-fold in rabbit TA muscle as
early as 15 min after the onset of stimulation (10). A study on rat TA muscle revealed that
CLFS rapidly raises the capacity for glucose uptake by translocation of the insulin-sensi-
tive glucose transporter GLUT4 from its intracellular pool into the sarcolemma. A pro-
nounced increase of sarcolemmal GLUT4 was observed 30 min after the onset of CLFS
and corresponded to the decrease of GLUT4 in the intracellular membranes. Following
this immediate response, low-frequency stimulation enhanced transcriptional and transla-
tional activities leading to approximately two-fold elevations of the total amount of
GLUT4 within a few days (10). A single-fibre study on low-frequency stimulated rabbit
TA muscle showed that the total amount of GLUT4 had increased 2.5-fold in FG fibres af-
ter 1 day of CLFS, reaching levels 14-fold above control after 3 weeks of CLFS (17). As
indicated by the steep rise of free glucose during CLFS, a major limiting step of glucose
utilization seems to be its phosphorylation, not its uptake. This suggestion is supported by
the effects of CLFS on hexokinase II, the major isoform of hexokinase in muscle tissue.

As shown for TA muscles of rabbit and rat, low-frequency stimulation has multiple
effects on hexokinase. It affects the intracellular distribution of hexokinase and greatly in-
creases its total cellular concentration. Hexokinase exists in skeletal muscle as soluble and
mitochondrially bound activities (28). Its mitochondrially bound fraction rises steeply af-
ter the onset of stimulation, most likely resulting in an increase of its catalytic activity
(23,30). In addition, enhanced transcriptional and translational activities result in a steep
rise in total cellular hexokinase (12, 13, 26, 30). In rat TA, the level of messenger RNA
encoding hexokinase II rises more than five-fold three hours after the onset of stimulation,
reaches a maximum (approximately 30-fold elevation) at 12 hours and then declines to a
stable level five-fold above control (Fig. 3). Hexokinase synthesis increases in a similar
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Figure 3. Time-dependent changes in mRNA content, relative synthesis rate and activity of hexokinase II in low-
frequency (10 Hz) stimulated rat tibialis anterior muscle. Values (means + S.E.M.) in the stimulated muscle have
been referred to the values of the unstimulated, contralateral muscles. Data from Hofmann and Pette (13).
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manner. It reaches a maximum (approximately 20-fold elevation) at 24 hours; thereafter it
decays and stabilizes at a five-fold elevated level. The rise in hexokinase activity, which
corresponds to an increase in hexokinase II protein (30), is significant at 12 hours and
reaches a maximum after two days. Interestingly, cessation of stimulation is followed by a
steep decline in hexokinase synthesis (13). These findings show that the capacity for glu-
cose phosphorylation in skeletal muscle is rapidly adjusted to specific functional demands.
It may be speculated that improved fatigue-resistance during the first days of CLFS relates
to enhanced capacities of glucose uptake and phosphorylation. Obviously, these changes
precede by far the rise in enzyme activities of fatty acid oxidation and terminal substrate
oxidation.

3. CHANGES IN Na+,K+-ATPase CONTENT

During enhanced contractile activity, skeletal muscle loses K+. Therefore, a tight
control of the active Na+-K+ transport is essential for the maintenance of optimum muscle
function (6). In fact, it has been shown that low-frequency stimulation leads to decreases
in [K+] and increases in [Na+] in rat fast-twitch muscle soon after the onset of stimulation
(8). An efflux of K+ and its accumulation in the T-tubule impairs excitation-contraction
coupling and, therefore, impairs contractile activity. These changes, as well as our obser-
vation of steep decreases in force output of rabbit TA muscle within the first minutes after
the onset of low-frequency stimulation (5, 10), have drawn our attention to the effect of
CLFS on Na+K+-ATPase. In rabbit EDL, we observed a two-fold increase in the content
of Na+,K+-ATPase with stimulation periods exceeding two days (9). This increase, which
seems to coincide with the recovery of force output, precedes the elevation of citrate syn-
thase activity (Fig. 4). It also suggests that the capacity of Na+,K+-ATPase in fast-twitch
muscle is insufficient for maintaining ionic homeostasis during forced contractile activity.
Therefore, the elevation of the sarcolemmal Na+ K+-ATPase seems to be an important
adaptive response contributing to enhanced fatigue-resistance.
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Figure 4. Time course of changes in the concentration of Na+,K+-ATPase and in citrate synthase activity of low
frequency (10 Hz) stimulated extensor digitorum longus muscle of rabbit. Values are means + S.E.M. Data from
Green et al. (9).
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4. INCREASES IN PERFUSION, CAPILLARIZATION, AND
AEROBIC-OXIDATIVE CAPACITY

Increased blood flow and capillarization are important factors for enhanced oxygen
delivery and fuel supply. Similarly, they are important for the removal of metabolic end-
products such as lactate. Perfusion and capillary density have been shown to be markedly
increased in low-frequency stimulated muscles (3,14,15). Initial increases in capillary den-
sity were recorded as early as four days after the onset of CLFS. An additional factor con-
tributing to an enhanced exchange of fuels and metabolic products is a pronounced
expansion of the extracellular, interstitial space around the fibres in low-frequency stimu-
lated muscle (12). As indicated by a five to six-fold increase in extracellular albumin con-
tent during the first week (11), the expansion of the extracellular space represents an early
adaptive response to CLFS. An expansion of the extracellular space would also serve to
mitigate the depolarizing effects of an increase in extracellular [K+].

Increases in myoglobin content follow a much slower time course, similar to that of
fatty acid binding protein (16). Maximum levels of these two proteins are reached in rat
TA muscles after stimulation periods of 3-4 weeks (16) and, therefore, represent relatively
late adaptive responses. They coincide with the increases in mitochondrial content and
elevations in enzyme activities of fatty acid oxidation, the citric acid cycle and the respira-
tory chain (25-27).

5. FAST-TO-SLOW TRANSITIONS IN MYOSIN ISOFORMS

The response of the contractile apparatus to the persistently increased contractile ac-
tivity induced by CLFS consists of sequential transitions in myofibrillar protein isoforms
of both the thick and thin filaments (19,25). At the level of the thick filament, transitions
in myosin heavy chain (MHC) isoforms follow the order MHCIIb — MHCIId —» MHCIla
—» MHCI. However, these transitions in MHC isoform expression occur at a time when re-
sistance-to-fatigue has been attained. Recent studies of Bottinelli and coworkers (2) on
single muscle fibres, identified according to their MHC isoform composition, revealed
that specific ATPase activities and energy costs for isometric tension of these isoforms de-
crease in the order MHCIIb > MHCIIx(d) > MHCIla > MHCIL It may be speculated,
therefore, that the exchange of fast with less fast and, ultimately, slow MHC isoforms con-
tributes to a more economical use of energy for contractile activity under conditions of
sustained performance.

6. CONCLUSIONS

Fast-twitch, fast-fatigable muscle fibres attain enhanced fatigue-resistance when
subjected to CLFS. Increases in the capacities for glucose uptake and phosphorylation are
among the earliest changes observed during the first days of CLFS. Elevations in the
amount of sarcolemmal Na+,K+-ATPase, counteracting the loss of K+ during forced con-
tractile activity, also contribute to enhanced fatigue-resistance during an early phase of ad-
aptation. Enhanced perfusion and increased capillarization represent additional factors
contributing to reduced fatigability in response to sustained performance. Increases in mi-
tochondrial volume density and enzyme activities of fatty acid oxidation and aerobic-oxi-
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dative metabolic pathways further contribute to enhanced fatigue-resistance. These altera-
tions, however, represent late changes when compared to the early adaptive responses that
occur within a time frame of hours and days.
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1. INTRODUCTION

The physiology of exercise is a matter of transforming energy stored in the form of
chemical compounds into mechanical energy. Hydrolysis of ATP is the immediate energy
source but since the store of ATP is rather small it has to be replenished continuously. The
breakdown of ATP to ADP and the rephosphorylation of ADP back to ATP constitutes the
ATP-ADP cycle by which the energy consuming processes are coupled to the energy
yielding processes (Fig. 1).

The transition from rest to exercise involves a drastic increase in energy demand.
The rate of ATP utilization can increase more than 100 times and corresponds to a utiliza-
tion of the whole muscle store of ATP in about 2-3 sec. Despite large fluctuations in en-
ergy demand, muscle [ATP] remains practically constant and demonstrates a remarkable
precision of adjusting the rate of the ATP-generating processes to the demand. The control
involves an intricate interplay between both feed-forward and feed-back mechanisms.

The energy requirement during sustained exercise is met almost exclusively through
oxidative or aerobic processes which involve combustion of fuels with oxygen within mi-
tochondria. The metabolic end-products (CO, and H,0) can easily be handled by the or-
ganism. Regeneration of ATP can also be achieved through anaerobic processes:
breakdown of phosphocreatine (PCr) or glycolysis. The term anaerobic denotes that these
processes can regenerate ATP in the absence of oxygen. Nevertheless, the anaerobic proc-
esses will supply ATP also during aerobic conditions, albeit at a low rate compared with
the oxidative processes. The anaerobic processes will, in contrast to the aerobic processes,
produce waste products (e.g. H+ and inorganic phosphate). During conditions of high
rates of anaerobic energy utilization or/and ischemia, waste products will accumulate in

The Physiology and Pathophysiology of Exercise Tolerance
edited by Steinacker and Ward, Plenum Press, New York, 1996 45




46 K. Sahlin

ATP

Energy yielding Energy demanding
processes: processes:
Anaerobic: -muscle contraction

-PCr breakdown -anabolic processes

-Glycolysis ADP -transport processes
Aerobic:

-CHO oxidation

- fat oxidation
Figure 1. The ATP-ADP cycle.

the working muscle and may impair both the contraction process and the energetic proc-
esses.

There are two inherent limits of the energetic processes: the maximum rate (power)
and the amount of ATP (capacity) that can be produced (9). The power and the capacity
vary drastically between the different energetic processes. Factors such as training status
of the subject, nutritional factors and muscle mass are of additional importance. Observed
peak values of power and capacity in human skeletal muscle are shown in Figure 2. The
limitations of the metabolic processes will set an upper bound for the energy production
and thus the intensity and the duration at which exercise can be performed. Breakdown of
PCr is the energy source which can sustain the highest rate of ATP production but has, on
the other hand, the lowest capacity of ATP production. PCr will thus be important for
short bursts of high intensity exercise. In contrast, combustion of fat has a low power but
since fat is present abundantly the capacity of fat oxidation is not considered to be limit-
ing. Fat will consequently be the dominating fuel during prolonged exercise at low inten-
sities and exercise duration will in this case not be limited by metabolic factors. The
relative exercise intensity (VO,max) is an important determinant of to the extent to which
the various energetic processes are recruited. This will influence the relationship between
aerobic/anaerobic processes of energy production and carbohydrate (CHO) and fat oxida-
tion. Other factors of importance are the availability of oxygen, availability of fuels, and
hormonal changes.

2. LIMITATIONS IN POWER AND CAPACITY OF THE
ENERGETIC PROCESSES

2.1. Breakdown of PCr

The maximum rate of PCr breakdown presented in Figure 2 (120 mmol ATP/kg
muscle/min) was observed during short term (1.3 s) electrical stimulation of m. quadriceps
femoris during isometric conditions (6). The rate of PCr breakdown during 10s cycling
was lower (71 mmol ATP/kg muscle/min: Ref. 8). It is not clear whether the difference is
due to the type of activity or to the difference in exercise duration. The maximum value is
close to the Vmax of myosin ATPase activity measured in vitro (for references, see Ref.
10). It is therefore possible that power under these conditions is limited by the ATP de-
mand rather than by the rate of ATP regeneration through the creatine kinase reaction.
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Figure 2. Power and capacity of the energy yielding processes in human skeletal muscle. Values of power are
based on observed values during the following conditions: PCr breakdown, 1.3s electrical stimulation (6); gly-
colysis, 10s cycling (8); CHO oxidation (filled bar), calculated from O, extraction during two-leg cycling assum-
ing that 72% of VO,max (4 U/min) is utilized by a working muscle mass of 20 kg; CHO oxidation (unfilled bar),
one-leg knee extension (2); FFA oxidation, assumed to be 50% of that of CHO oxidation (see text). Values of ca-
pacity have been derived from muscle content of PCr, glycogen (80 mmol/kg), maximal muscle lactate accumula-
tion and a working muscle of 20 kg. The amount of ATP that can be produced from oxidation of FFA is not
limited, hence the stippled bar is incomplete.

From thermodynamic considerations, one would expect that the maximum rate of PCr
breakdown decreases when the PCr content of the muscle decreases. Availability of PCr
may therefore be a limiting factor of power output also before the muscle content of PCr
is totally depleted.

The amount of energy that can be produced from PCr is limited by the muscle con-
tent, which is about 19 mmol/kg wet wt in human skeletal muscle. Muscle content of PCr
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in fast-twitch fibers is about 15% higher than in slow-twitch fibers (13). With the maximal
rate of PCr breakdown depicted in Figure 2, one would expect complete depletion in about
10 s. However, the contributions to ATP resynthesis from other energy sources and de-
creased energy expenditure (fatigue) will prolong this time.

2.2. Glycolysis

The maximum reported power of glycolysis in human muscle is 112 mmol/kg wet
wt/min and has been observed in m. quadriceps femoris after short-term (10s) cycling (8).
A lower value (71-73 mmol/kg wet wt/min: Refs. 1 & 6) was observed after voluntary
and electrically stimulated isometric contraction. Although most reports demonstrate that
glycolysis contributes to ATP generation already at the onset of exercise, there appears to
be a lag of a few seconds before the maximum rate of glycolysis is achieved. The rate of
glycolysis is controlled to a large extent by the activity of two enzymes: glycogen phos-
phorylase (GP) and phosphofructokinase (PFK). Both GP and PFK catalyze nonequili-
brium reactions and exhibit a complex and diverse mode of control. The Vmax of GP and
PFK are close to the observed maximum rate of glycolysis in vivo (for references, see Ref.
3) and may therefore set the limit of maximum glycolytic power. The activities of PFK
and GP are reduced by acidosis. The product of glycolysis (lactic acid) can therefore re-
duce the rate of glycolysis through feed-back inhibition. This could be regarded as a safety
mechanism by which cellular damage due to excessive lactic acid accumulation is pre-
vented. Both the power and the capacity of glycolysis (i.e. amount of lactic acid produced)
may therefore be limited by product accumulation (i.e. H+). Factors such as muscle buff-
ering capacity and transmembrane transport of H+ are likely to modulate the glycolytic re-
sponse. Evidence exists that the contraction process can be directly impaired by acidosis
through an effect on the contractile proteins (5). The restraint on glycolysis would, in this
case, be determined by the ATP demand rather than by the activities of glycolytic en-
zymes. Also, glycogen depletion may theoretically limit the maximal power of glycolysis.
However, the affinity of phosphorylase for glycogen is very high (low Km), and a number
of studies have shown that a low pre-exercise glycogen concentration neither influences
the rate of glycogenolysis nor the rate of blood lactate increase (for references. see Ref. 3).

2.3. Aerobic Processes

During two-leg exercise, muscle O, utilization may increase 50-fold to, for example,
140 ml/kg muscle/min which corresponds to a rate of ATP generation of 38 mmol/kg mus-
cle/min (Fig. 2). It is generally agreed that the major determinant of whole body maximal
aerobic power (VO,max) is cardiac output, which sets an upper limit of O, delivery. It has
been estimated that exercise with a muscle mass of 10 kg is sufficient to tax the maximal
cardiac output in a sedentary subject (2). The maximal aerobic power of the muscle tissue
is therefore not utilized during two-leg exercise, where the working muscle mass is about
20 kg or more. However, during exercise with small muscle groups, the rate of aerobic en-
ergy production may be limited by peripheral factors (e.g. mitochondrial density or 0, dif-
fusion). Thus, during one-leg knee extension, muscle O, utilization can increase to 300
ml/min/kg muscle (2), corresponding to a power of 79 mmol ATP/kg muscle/min which is
70% of the maximum power of glycolysis.

The amount of energy that can be produced by CHO oxidation is limited by the
CHO stores. Cycling or running at intensities between 60-80 % of VO,max can normally
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proceed for 1-2 h before exhaustion is reached, and coincide with, depletion of the glyco-
gen stores in the working muscle.

Several lines of evidence suggest that oxidation of fatty acids cannot procede at the
same rate as for CHO oxidation. First, it has been shown that tissue homogenates and iso-
lated mitochondria cannot oxidize palmitate at the same rate as pyruvate (7, 14). Further-
more, it is known that ultradistance running, which results in a depletion of the body
storage of carbohydrates and a switch to fat oxidation (4), causes a decline in the maxi-
mum attainable power output to the equivalent of about 50% of VO,max. The reason for
the lower maximum rate of aerobic ATP formation from fat is under debate. Combustion
of fatty acids may be limited by factors such as: the rate of fuel transport from the fat de-
pots to the site(s) of utilization, the enzyme activities involved in the degradation of fatty
acids, and the higher O, requirements for ATP formation compared with CHO oxidation.
The maximal rate of fat oxidation may also be limited by the rate of NADH production in
the tricarboxylic acid cycle (TCA), since the level of tricarboxylic acid cycle intermedi-
ates (TCAI) are dependent on pyruvate concentration and consequently on the availability
of CHO (11).

2.4. Influence of Muscle Mass

As discussed above, the power of anaerobic energy production appears to be limited
by the activities of key enzymes in glycolysis, and also creatine kinase or/and myosin AT-
Pase activities. As the total enzyme activities are proportional to muscle mass, an in-
creased working muscle mass will therefore result in a proportional increase in the
maximum rate of anaerobic energy production. In contrast, the rate of aerobic energy pro-
duction is limited to a major extent by cardiac output. An increase in muscle mass will
therefore not increase aerobic power. The capacities of both aerobic and anaerobic energy
production are limited by intrinsic muscular factors such as the amount of glycogen, the
amount of PCr, and the volume available within which to distribute interfering metabolic
end-products. During both aerobic and anaerobic conditions, a large working muscle mass
will therefore be of advantage for the amount of energy and thus the amount of work that
can be produced. However, an increased muscle mass may not necessarily be of advantage
for performance since energy expenditure may increase because of the increase in body
weight.

From Figure 2, it is evident that the main limitation to energy release through the
aerobic processes is the low rate, whereas anaerobic processes are limited by the amount
of ATP that can be produced. This is parallelled by expression of aerobic training status
(i.e. VO,max) as ml oxygen consumed per min and per kg body weight (i.e. a measure of
the rate of ATP production) and anaerobic training status (maximal oxygen deficit) as ml
02 per kg body weight (i.e. a measure of the amount of ATP that can be produced).

3. MUSCLE ENERGETICS AND MUSCLE FATIGUE

The hypothesis that muscle fatigue is caused by failure of the energetic processes to
generate ATP at a sufficient rate is classic. The evidence for this hypothesis is that inter-
ventions which increase the power (i.e. aerobic training) or capacity (i.e. CHO loading,
creatine supplementation, glucose supplementation) of the energetic processes result in in-
creased performance and delayed onset of fatigue. Similarly, factors that impair the ener-
getic processes (i.e. depletion of muscle glycogen, intracellular acidosis, hypoxic
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conditions, reduced muscle blood flow) have a negative influence on performance. The
evidence is however circumstantial and a direct cause-and-effect relationship remains to
be established. It has been argued that since muscle [ATP] remains practically unchanged
during exhaustive exercise, energetic causes of fatigue are unlikely. This line of argument
may, however, be too simplistic since temporal and spatial gradients of adenine nucleo-
tides may exist in the contracting muscle. Furthermore, the fatigue mechanism may be re-
lated to increased levels of the products of ATP hydrolysis (i.e. ADP, AMP or Pi) rather
than to decreases in [ATP] per se. A small decrease in [ATP] will cause relatively large
increases in [ADP] and [AMP], because of their much lower concentrations. Muscle fa-
tigue is generally associated with increased catabolism of adenine nucleotides and signi-
fies a condition of energetic stress (10). This lends further support for the hypothesis that
muscle fatigue under many conditions is caused by energetic deficiency.

4. CONCLUSIONS

The present paper has focused on the limitations of aerobic and anaerobic energetic
processes and how these may be related to muscle fatigue. Metabolic factors are likely to
play an important role in physical performance in vivo but there is no doubt that condi-
tions exist where fatigue cannot simply be explained by metabolic changes. Considering
the diversity and complexity of exercise, this is perhaps not unexpected.
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1. INTRODUCTION

Past investigations have shown that greater force occurs under eccentric stress of a
muscle group than in isometric and concentric modes of exercise (1,2,5). Additional pas-
sive elastic forces are seen as the cause (2,5). Most of the available studies are concerned
with large muscle groups such as knee extensors and flexors (3,9). Isokinetic strength
measurements of smaller muscle groups like the shoulder musculature show only small
differences in eccentric strength development compared to isometric exercises in un-
trained male and female individuals (6,7). It is also known that higher maximum strength
capacity is evolved during eccentric stress of the shoulder musculature in sports with
mainly shoulder stress (7). The decrease in maximum torque with increasing movement
velocity under concentric exercise conditions can be demonstrated (2,4,6).

Determinations of local muscle endurance of the upper thigh musculature showed
less fatigue under eccentric exercise compared to concentric exercise forms (6). A lower
metabolic stress during eccentric exercise due to additional passive elastic forces is seen
as responsible for this (3; unpublished observations). It is unclear whether similar differ-
ences exist between these various types of work with respect to local muscle endurance
during shoulder stress and if there are any diffferences in dependence on the different
training status.
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2. METHODS

We examined local muscle endurance of the shoulder musculature in a total of | 17
subjects of various training levels and different athletic exercise types. The subjects were
divided into 5 groups (Table 1).

On the one hand, differentiation was made by the different movement possibilities
(flexion flex, extension ext, abduction abd, adduction add, external rotation ero, internal
rotation iro) and on the other hand by eccentric or concentric working modes. The domi-
nant and non-dominant shoulders were measured in all cases. Measurements of local mus-
cle endurance were made concentrically at a movement velocity of 180o/s and
eccentrically at 600/s, so that the achieved work was comparable in both forms of stress
during the complete measurement (unpublished observations). The LIDO-ACTIVE equip-
ment manufactured by Loredan was used for isokinetic strength measurements.

Measurements were made in a 1-minute test for all shoulder movements, with as
many repeats as possible being made in the defined time under maximum arbitrary exer-
tion. Measurements of flexion/extension and external rotation/internal rotation were made
supine, and measurement of abduction/adduction with the subject on his/her side. The fi-
nal measurement value for local endurance performance capacity of the shoulder muscula-
ture was a quotient calculated from the arithmetic mean of the maximum torque of the

Table 1. Anthropometric data of the subjects

mean [n] age height weight
(+ SD) [years] [cm] [kg]
tennis 25 21.2 180.2 71.7
players +3.5 +3.5 +6.2
(male)
gymnasts 16 23.5 176.1 70.2
(male) +0.8 +6.1 +1.6
volleyball 14 23.0 177.5 67.5
players +3.5 +6.7 +7.7
(female)
untrained 32 25.7 181.2 721
individuals +3.8 +5.4 +2.6
(male)
untrained 30 24.6 173.4 61.2
individuals +4.9 +5.1 +6.8
(female)
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first 5 repeats and the arithmetic mean of the last 5 repeats (Fig. 1). Differences in means
were checked using multi-factor variance analysis with repeated measurements (o = 0.05).

3. RESULTS

The results show a higher local endurance performance capacity under eccentric ex-
ercise compared to concentric forms of exercise (p<0.05). The differences apply to ail
groups, independent of athletic exertion and training status (Fig. 2).

A tendency for lower endurance performance capacity of high-performance gym-
nasts compared to the other groups was seen. No significant differences could be observed
between the various groups (p>0.05). Determination of maximum torque showed signifi-
cant differences between the various athletic groups compared to untrained subjects
(p<0.05, Fig. 3).

No difference in the extent of local muscle endurance was evident when comparing
the various movements in the shoulder joint (Fig. 4).

The different training status also showed no differences between the individual
shoulder movements. The difference between eccentrically and concentrically determined
local endurance performance capacity appeared more pronounced in the male than in the
female subjects (p>0,05). Comparison of the dominant and non-dominant shoulders
showed no difference in these results (p>0.05). This was found to apply independent of
the shoulder movement in question for all subjects of both sexes.

4. DISCUSSION

It is concluded from the results of this investigation that lower local muscle fatigue
of the shoulder musculature can be expected under conditions of eccentric exercise. This
endurance performance capacity, which is higher than in concentric exercise, is inde-
pendent of the training status of the shoulder musculature and of the type of sport in-
volved. A lower metabolic stress of the working musculature seems to be responsible for

X (PT(n-ay-n)
e e % (PT 1.5)

.

Figure 1. Calculation of an endurance-quotient as a measure of the local muscle endurance of the shoulder muscu-
lature (e.g. flexion/extension movement).
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Figure 2. Local muscle endurance of the extension movement of the dominant shoulder joint in different types of
sport in comparison to untrained male and female individuals.
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Figure 3. Peak torque in different movement velocities of the extension movement of the dominant shoulder joint
in different types of sport in comparison to untrained individuals.
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Figure 4. Local muscle endurance of the dominant shoulder musculature in female high-performance volleyball
players.

the lower eccentric fatigue (3). Based on series elastic components of the musculature, ad-
ditional passive elastic forces arise during eccentric stress, which lead overall to lower
metabolic stress and lower electrical activation compared to concentric stress over the
same exercise time (1,2,3,5). The fatigue in the working muscle group is thus lower.

In considering the method used to determine local endurance performance capacity
in this investigation, it is apparent that the two measurements were performed at different
movement velocities and thus with a varying number of repeats during the same exercise
time. Our own as yet unpublished studies showed that the work performed with this for-
mat during the 1-minute stress phase is practically the same for both exercise forms, so
that comparability of the two measurements can be assumed, even though the number of
repeats is different.

The slight differences between the individual groups show that local muscle endur-
ance apparently plays a minor role in evaluating performance capacity of the shoulder
musculature. Past investigations concerning isokinetic strength measurements have shown
that parameters of local muscle endurance give further information in addition to peak
torque estimates only in special situations (4,6).

Unlike determination of maximum torque, no differences could be determined even
in the types of sports examined in which the shoulder is exercised. The tendency for lower
endurance values among high-performance gymnasts in concentric measurements may be
attributable to the isometric stresses which are more likely to occur in this type of sport
and to an increased reliance on coordinative elements. However, no certain conclusion can
be drawn on this from the results of the present study.

In summary, it can be concluded that, independent of the training status and type of
sports, local muscle endurance of the shoulder musculature is of less importance com-
pared to maximum strength development of the shoulder musculature. As observed in ear-
lier studies on large muscle groups, lower fatigue levels can be observed in the shoulder
musculature under eccentric exercise than under conditions of concentric exercise.
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1. INTRODUCTION

The diaphragm (DIAm) is the most important inspiratory muscle involved in mam-
malian ventilation, and accordingly it has a high duty cycle (fraction of time active versus
inactive; ~40% for the rat DIAm (7, 8)), compared to limb muscles (~2% for the soleus
muscle to ~15% for the extensor digitorum longus muscle (5)). This unique activation pat-
tern of the DIAm might make it particularly susceptible to inactivity.

As in other skeletal muscles, motor units comprise the essential elements of neuro-
motor control of the DIAm (14). Motor units in the DIAm, which are composed of differ-
ent fiber types, can be classified into four different types based on differences in
contractile and fatigue properties (3): slow (S) units comprising type I fibers; fast fatigue-
resistant (FR) units comprising type Ila fibers: fast fatigue-intermediate (FInt) units com-
prising type IIx fibers; and fast fatigable (FF) units comprising type IIx/ITb fibers (15,
17).

The neuromuscular junction (NMJ) is the sole communicative link between a mo-
toneuron and the fibers it innervates. A key feature of neuromotor control is the functional
match between motoneuron and muscle fiber properties that is mediated by neurotrophic
and myotrophic influences. Therefore, it is likely that the structural and functional proper-
ties of the NMJ also match those of motor units, and are influenced by alterations in
neurotrophic and myotrophic interactions.

In the present study, morphological adaptations of NMJs on type-identified muscle
fibers of the rat DIAm were examined after two weeks of inactivity induced by: (a)
hemisection of the spinal cord at C,, thereby removing descending inspiratory drive to the
phrenic motoneuron pool (spinal isolation; SI); or (b) tetrodotoxin (TTX) blockade of ax-
onal propagation. The effect of inactivity on neuromuscular transmission was also evalu-
ated.

The Physiology and Pathophysiology of Exercise Tolerance
edited by Steinacker and Ward, Plenum Press, New York, 1996 59
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2. METHODS

Male Sprague-Dawley rats (250-300 g, 12 weeks of age) were divided into four
groups: spinal cord hemisected (spinal isolation, SI; n=6), sham spinal hemisected (Sham
SI; n=6), tetrodotoxin-blocked (TTX; n=6), and sham tetrodotoxin block (Sham TTX;
n=6). Animals were anesthetized by i.m. administration of ketamine (60 mg/kg) and xy-
lazine (2.5 mg/kg). Surgical procedures were carried out in an aseptic environment. De-
tailed descriptions of the surgical procedures have been recently published (8).

2.1. Spinal Cord Hemisection

The cervical spinal cord was exposed at C2 and the right half of the cord was sec-
tioned from the dorsal root to the ventral root such that only the ventral and lateral funi-
culi were cut, while the dorsal funiculus was preserved. Using this surgical procedure
phrenic motoneurons were inactivated without significant limb motor deficits. During sur-
gery, DIAm electromyographic (EMG) and phrenic nerve activities were recorded prior
to, and immediately following, spinal cord section. The continued efficacy of SI was con-
firmed by the absence of inspiratory-related EMG activity at various times during the two
week survival period. The absence of both EMG and phrenic nerve activities was also
confirmed immediately before the terminal experiment. The Sham-SI animals were ex-
posed to all surgical procedures except sectioning of the spinal cord.

2.2. TTX Blockade of Action Potential Propagation

The right phrenic nerve was exposed in the lower neck and a silastic cuff was
loosely placed around the nerve. A short length of polyethylene tubing connected the
nerve cuff to a miniosmotic pump that continously perfused a 0.0125% solution of TTX in
saline (pH 7.4) onto the nerve at 0.5 pl/hr over a two week period. In the Sham TTX ani-
mals, the phrenic nerve was superperfused with saline. The efficacy of TTX in blocking
axonal action potential propagation was verified by recording right phrenic nerve activity
proximal and distal to the cuff, before and after TTX superfusion. The TTX block was
also evaluated by stimulating the phrenic nerve proximal to the block and verifying the
absence of evoked nerve action potentials distal to the block. Inspiratory-related EMG ac-
tivity of the right DIAm was absent while activity of the left side continued. A number of
verification procedures provided assurance that there was minimal, if any, nerve damage
resulting from the TTX cuff (8).

2.3. Tissue Extraction

At the end of the two week period, animals were re-anesthetized, and the right mid-
costal region of the DIAm muscle was quickly excised and cut into 1-1.5 cm wide strips
(4 samples per animal). Three samples were used for immunocytochemistry, and one for
assessment of neuromuscular transmission.

2.4. Three-Color Immunocytochemistry and Confocal Imaging

The immunocytochemical technique used in the present study has also been recently
described, and is only summarized here (10, 11). The resting (excised) muscle length for
each strip was measured, and the strips were stretched and pinned to 1.5 times this length
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(an approximation to the optimal length for force production (9)). First, motor endplates
were labelled by incubating tissue samples in 5-10 pg/ml tetramethylrhodamine o-bun-
garotoxin in phosphate buffer. The tissue samples were then thoroughly washed in buffer
and fixed in 2% paraformaidehyde. Following fixation, the samples were blocked in 4%
normal donkey serum and then incubated in a primary solution of 0.6 pg/ml rabbit anti-
protein gene product (to label axons and nerve terminals (18)) and 0.25 pg/ml mouse anti-
body to fast myosin heavy chain (MHC) isoforms. The samples were then washed and
incubated in a secondary solution containing 15 pg/ml DTAF-conjugated donkey anti-rab-
bit IgG and 15 pg/ml Cy5-conjugated donkey anti-mouse IgG. The triple-labelled tissue
samples were finally washed, blotted dry, mounted, and coverslipped with immersion oil
for immediate confocal imaging.

A Bio-Rad MRC500 confocal system equipped with an Ar-Kr laser (emitting at 488,
568 and 647 nm), and a 40X objective lens, was used to obtain optical sections of the tri-
ple-labelled muscle fibers. Based on previously published validation techniques for confo-
cal imaging, the step size for optical sectioning was set at 0.8 pum (12, 13). Nerve
terminals, endplates and muscle fibers were sequentially imaged in three-dimensions (3D)
while ensuring image registration between different wavelengths (10). Two-dimensional
(2D) projections of nerve terminals and endplates were obtained by superposing optical
sections. Muscle fibers were classified as type I or type II based on their immunoreactivity
patterns for anti-fast MHC, and the clear presence of both labelled sarcomeres and unla-
belled myonuclei in immunopositive fibers.

The digitized images were analyzed using a comprehensive image manipulation and
analysis software package (ANALYZE). Planar areas of nerve terminals and endplates
were measured from the 2D projection images, and normalized to muscle fiber diameter.
The extent of overlap between nerve terminal and motor endplate was estimated by digi-
tally subtracting a binary image of the nerve terminal from that of the endplate (10). The
surface areas of nerve terminals and motor endplates, and endplate gutter depth, were
measured from three-dimensional (3D) reconstructions obtained using a voxel-gradient
shading algorithm. The pattern of arborization of nerve terminals and motor endplates was
expressed as the total number of branches and total branch length.

2.6. Assessment of Neuromuscular Transmission Failure

A DIAm strip, together with the phrenic nerve, was mounted vertically in a glass
chamber containing Ringers’ solution, aerated with 95% O,-5% CO,, and maintained at a
pH of 7.4 and a temperature of 26°C. The central tendon of the muscle was attached to a
calibrated force transducer, and the other end of the muscle to a micromanipulator. Muscle
length was adjusted to optimal fiber length. The phrenic nerve was repetitively stimulated
at 40 Hz in 330 ms duration trains repeated each s using a suction electrode at supramaxi-
mal intensity. At 15 s intervals, the muscle was directly stimulated using field stimulation
at supramaximal intensity. The extent of neuromuscular transmission failure (NF) during
repetitive stimulation was estimated by the difference in forces evoked by nerve versus di-
rect muscle stimulation, using the following formula:

NF = (NS-MS)/1-MS

where NS is the decrement in force during nerve stimulation and MS is the decrement in
force during muscle stimulation.
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3. RESULTS

3.1. Morphometric Analysis

DIAm fiber diameters in Sham SI, Sham TTX and SI animals were comparable (Ta-
ble 1). In contrast, with TTX, there was significant hypertrophy of type I fibers, while type
I fibers atrophied (P<0.05). '

In all animals, diameters of phrenic axons innervating type I fibers were signifi-
cantly smaller than those innervating type II fibers (P<0.05; Table 1). Axon diameters
were not affected by either SI or TTX. However, compared to corresponding sham con-
trols, there was a significantly greater number of axon collaterals in both SI and TTX ani-
mals, with the number being greatest in TTX animals (18.3+0.9% of axons in SI and
27+1.2% of axons in TTX; P<0.05).

The planar (2D) areas of both nerve terminals and motor endplates (collectively re-
ferred to as NMJs from here forward) were not different between sham groups and did not
differ between type I and II fibers (Table 1). In the SI animals, the planar area of NMJs on
type II fibers increased by ~50% compared to sham SI (P<0.05), while the planar areas of
NMJs on type I fibers were unchanged. In contrast, in the TTX animals, the planar area of
type II fiber NMJs was only ~10% larger than corresponding sham controls, while the pla-
nar area of type I fiber NMJs was unchanged.

When normalized for fiber diameter, in both sham groups, the planar areas of NMJs
innervating type I fibers were ~50% larger than those innervating type II fibers (P<0.05;
Table 1). In SI animals, the normalized planar areas of type II fiber NMJs were larger than
that for type I fiber NMJs (P<0.05). In contrast, the normalized planar area of type I fiber

Table 1. Effect of muscle inactivity on the structure of diaphragm neuromuscular junctions

Fiber type Control SI TTX

Muscle Fiber Diameter (um) I 27.7£1.3 30.6+1.5 39.5+2.1%*

II 51.8+2.4% 51.6+2.7F 34.1+4.6*
Axon Diameter (um) I 1.9+0.4 1.9£0.3 2.0+0.4

I 3.4+0.71 3.60.6F 3.3+0.67
2D Nerve Terminal Area (umz) 1 375+20 346132 351424

1I 349+33 515+42*+ 385+36
Normalized Terminal Area (um) I 14.3+0.8 11.1£0.7 11.9+0.8

11 9.8+1.1% 15.0+£0.9%¢ 13.5+1.1*
2D Endplate Area (um2) 1 380+23 369+34 363£21

II ) 431436 569+48*+ 446136
Normalized Endplate Area (um) I 14.6£0.9 12.1£0.7 12.3£1.0

I 11.8+1.17F 16.2+1.1%F 15.6+1.2*
Endplate Surface Area (um3) 1 4,520+475 42714243 4,291+381

11 2,654+474% 3,7771234*% 2,905+461%
Number of Terminal Branches I 6x1 6x1 8x1*

11 15+4% 2242%F 24+2%%
Total Branch Length (um) I 1008 117+14 97£10

I 120+7% 187+£21*¢ 129£11%
% Overlap I 95.5+1.7 93.942.0 91.8+1.9

1 81.1£2.1F 90.9x+1.9* 86.3+2.0%%

Values are means*SE. Control data are pooled from Sham SI and Sham TTX animals (no significant difference between the two
groups; P<0.01). * indicates significant difference from control (P<0.05). t indicates significant difference between type I and I1
(P<0.05).
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NMJs in the TTX animals did not change, while type II fiber NMJ area increased signifi-
cantly and was comparable to that of the SI group (P<0.05). Thus, the greater extent of
type II fiber atrophy in the TTX animals amplified the changes in NMJ size.

The structure of NMJs was far more elaborate on type II fibers, compared to type I
fibers, in all experimental groups (Fig. 1). In sham animals, the total number of terminal
branches was ~2.5-fold greater for type II fiber NMJs compared to type I fibers (P<0.05;
Table 1). Following SI, the number of branches of type 11 fiber NMIJs increased signifi-
cantly (P<0.05), while the number of branches of type I fiber NMJs remained the same. In
contrast, the number of terminal branches of NMJs on both type I and II fibers increased
in the TTX group (P<0.05), compared to the corresponding sham group.

In all groups, the 3D surface area of motor endplates on type I fibers was signifi-
cantly greater than those on type II fibers (P<0.05; Table 1). After SI, the surface areas of
type II fiber endplates increased by ~45% compared to corresponding sham controls
(P<0.05), while the surface area of endplates on type I fibers was unchanged. In contrast,
surface areas of both type I and II fiber endplates in the TTX group were not different
from the corresponding sham group. In both sham groups, the primary gutter depths of
motor endplates on type I fibers were significantly greater than those of type II fiber end-
plates (P<0.05). After SI or TTX, there was no significant change in primary gutter depth
of motor endplates on either type I or Il muscle fibers.

In sham animals, there was a significant phenotypic difference in the extent of over-
lap between nerve terminals and motor endplates, with type I fiber NMIJs displaying ~95%
overlap, while type II fiber NMJs showed only ~80% overlap (P<0.05; Table 1). After SI,
the extent of overlap of pre- and postsynaptic elements of type II fiber NMJs increased
significantly to ~91% (P<0.05), while type I fiber NMJs continued to display nearly com-
plete overlap. As a result, there was no difference in the extent of overlap of nerve termi-
nal and motor endplate between type I and II fibers after SI. The extent of overlap in type
11 fiber NMJs in the TTX group was also greater than corresponding sham controls
(P<0.05), but significantly less than that observed in type II fiber NMJs of the SI group.

3.2. Neuromuscular Transmission Failure

There was no difference in NF between sham control groups and therefore these re-
sults were combined (Fig. 2). In the SI animals, the extent of NF was significantly reduced
compared to sham controls. In contrast, in TTX animals the extent of NF was markedly in-
creased.

Figure 1. Fiber-type differences in the structure of DIAm nerve terminals of control, Sl and TTX animals. Type |
fibers typically have NMJs which are smaller and less elaborate than those on type II fibers. Note the selective en-
largement of type II fiber NMJs in the SI animals. Scale bar is 10 pm.
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Figure 2. Effect of DIAm muscle inactivity on the extent of NF. In Sham SI and Sham TTX controls, the extent of
NF was 73.242.0% and 71.3£3.1% of total fatigue. Note the significant decrease in NF with S, and the significant
increase with TTX (P<0.05).

4. DISCUSSION

The present study has demonstrated that two weeks of DIAm muscle inactivity in-
duced by spinal cord hemisection (SI) resulted in significant expansion of the NMJ on
type 1l muscle fibers and an improvement in neuromuscular transmission. In contrast, two
weeks of DIAm inactivity induced by TTX blockade of axonal action potential propaga-
tion caused little expansion of the NMJ but a marked worsening of neuromuscular trans-
mission. These two models of DIAm inactivity differ in their effects on phrenic
motoneuron activity. Following spinal cord hemisection, descending inspiratory drive to
phrenic motoneurons is removed, causing the motoneurons to become inactive. Thus, in
the SI animals there was a match between phrenic motoneuron and DIAm inactivity. In
contrast, in the TTX animals, phrenic motoneuron activity actually increases (8). There-
fore, in the TTX animals there was a mismatch between phrenic motoneuron activity and
DIAm inactivity. It is likely that the production of neurotrophic factors is affected by the
match between phrenic motoneuron and DIAm activity. However, whether neurotrophic
factors are involved and, if so, which one(s) remains unresolved.

In the present study, we limited our analysis to a comparison of NMJs on type I and
IT fibers. The results indicated phenotypic differences in NMJ adaptations to SI-induced
DIAm inactivity, with only type II fiber NMJs expanding and displaying increased com-
plexity. In a recent study, we extended our immunocytochemical labelling of MHC iso-
form expression to include identification of type II fiber subgroups, i.e., Ila, IIx and IIb
fibers (10, 11). We found that both nerve terminals and endplates on type I and Ila fibers
were smaller and less complex than NMJs on type Ix and IIb fibers. Therefore, type Ila
fiber NMIJs resemble those on type I fibers, while NMJs on type IIx and 1Ib fibers are
similar. It is likely that the morphological adaptations of type 1I fiber NMJs following SI
were more pronounced on type IIx and IIb fibers.
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The phenotypic differences in DIAm NMJs may reflect differences in motor unit acti-
vation histories. Based on the forces generated by different DIAm motor unit types, it is likely
that most ventilatory behaviors of the DIAm can be achieved by the recruitment of only fa-
tigue resistant (S and FR) units comprising type I and Ila fibers (16). Thus, in the normal
DIAm, type I and I1a fibers are frequently activated, while type IIx and IIb fibers are rarely re-
cruited. The similarity in junctional architecture between type I and IIa fibers, on one hand,
and type ITx and IIb fibers on the other, may reflect similarities in activation histories. How-
ever, this possible relationship between NMJ morphology and muscle fiber activation history
appears paradoxical when considering that NMYJ adaptations to inactivity were observed only
in type II fibers. If type IIx and IIb fibers are relatively inactive to begin with, it would seem
more reasonable that they would show less adaptation to imposed inactivity, while the more
active type I and Ila fibers should be more susceptible. Therefore, motoneuron and muscle in-
activity per se does not appear to be the driving force for NM1J adaptations.

The observation of nerve terminal sprouting at type II fiber NMJs in the present
study, represented by the increased number of branches, appears to be in general agree-
ment with previous reports where phenotypic differences in NMJ adaptations to muscle
inactivity have also been observed (for a review, see ref. (1)). Accordingly, it has been
suggested that inactive muscle fibers release a growth factor that induces NMJ adaptations
(2, 4). In the present study, we found increased terminal sprouting following inactivity in-
duced by both SI and TTX. However, unlike other morphological adaptations of pre- and
postsynaptic elements of the NMJ, terminal sprouting was considerably more prevalent in
the TTX group compared to the SI group, even though the inactivity induced in these two
models was the same. It is possible that the differential expression of some neurotrophic
substance, most likely to be dependent on the level of motoneuron activity (i.e., expressed
more abundantly in phrenic motoneurons of SI animals), is involved in inhibiting the ter-
minal sprouting induced by DIAm inactivity. The differences in NMJ adaptations between
ST and TTX models would suggest that the balance or match between motoneuron and
muscle fiber activities, rather than muscle fiber or motoneuron inactivity per se, deter-
mines how NMJs adapt to muscle inactivity.

Phenotypic differences in nerve terminal and endplate morphology may partially ex-
_ plain the progressively increasing susceptibility of type I, Ia, 1Ix and ITb muscle fibers of the
rat DIAm muscle to neuromuscular transmission failure (6). In the present study, we found
that neuromuscular transmission was significantly improved in the SI model. It is possible
that the expansion of the NMJ on type 1Ix and IIb fibers was primarily involved in this im-
provement of neuromuscular transmission. Since there were no changes in muscle fiber size
with SI, the expansion of the NMJ relative to fiber size is conducive to such an improvement
in neuromuscular transmission. In contrast to these adaptations following SI, TTX blockade
resulted in an increased susceptibility to neuromuscular transmission failure. Since the NMlJs
on type II fibers displayed a modest increase in size following TTX blockade, while type II fi-
bers atrophied, neuromuscular transmission should have improved. This discrepancy would
suggest that with TTX blockade, there was a depletion of acetylcholine at the nerve terminal,
and/or a desensitization of the acetylcholine receptor.
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1. INTRODUCTION

Recently, 31phosphorus-nuclear magnetic resonance spectroscopy (31P—MRS) has
been used as a noninvasive technique to measure changes in the concentrations of adeno-
sine 5'-triphosphate (ATP), phosphocreatine (PCr) and inorganic phosphate (Pi), as well
as the intramuscular pH, both during and after exercise. Splitting of the Pi peak into two
has been observed during exercise and is attributable to two different pH distributions in
exercising muscle (high pH and low pH) (1, 3, 5, 8, 11, 15). Previously, we reported that
the two split Pi peaks showed different time courses at the onset of exercise and during re-
covery (16, 19, 22); high-pH Pi increased promptly at the onset of exercise and disap-
peared rapidly after exercise, while the low-pH Pi peak increased gradually after a delay
of approximately 60 sec at the onset of exercise and decreased over a longer period after
exercise was stopped.

The slow disappearance of the low-pH Pi peak during passive recovery may be a
manifestation of the suppression of glycolysis at low pH resulting from accumulation of
lactate in glycolytic muscle fibers. In this context, it is noteworthy that Hermansen and
Stensvold (4) and McLellan and Skinner (7) showed a more rapid clearance of blood lac-
tate during active than passive recovery. However, less attention has been paid to the ef-
fects of active and passive recovery on intramuscular pH.
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In the present study, we therefore compared intramuscular pH profiles during active
and passive recovery, using 3'P_MRS to determine the splitting patterns of Pi peaks.

2. MATERIALS AND METHODS

2.1. Subjects

Six male long-distance runners participated in the study. The approval of the Na-
tional Institute of Physiological Sciences Human Ethics Committee and the informed writ-
ten consent of each subject were obtained. The average age of the subjects was 19.8 years
(+ 0.4 SEM), height 168 3 cm (£ 1.6 SEM), mass 54.2 kg ( 1.4 SEM), and maximal oxy-
gen uptake 70.8 ml. kg .min’ (:f: 1.9 SEM).

2.2. Exercise Procedure

The lever of a wooden exercise ergometer, specially designed for use inside the bore
of a magnet, was connected to the leg of each subject while he lay in a prone position
(16-22). The work rate was determined from the weight lifted by the leg using a pulley,
the flexion rate (set at 50 times per min following a metronome), and the vertical displace-
ment of the weight.

The exercise tests consisted of submaximal exercise with passive recovery (Passive
- recovery test) and active recovery (Active recovery test)(Fig. 1):

1. Passive recovery test involved an exercise test consisting of 2 min of exercise at
60%max intensity, followed by 2 min of passive recovery. The 2 min of exercise
was then repeated and followed by 5 min of passive recovery.

2. Active recovery test involved an exercise test consisting of 2-min unloaded
warm-up, then 2 min of exercise at 60%max, followed by 2 min of unloaded ex-
ercise (active recovery). The cycle of 2-min exercise and 2-min active recovery
was then repeated, and followed by a resting recovery period of 5 min.

2.3. Data Collection

NMR acquisition. Intramuscular pH and changes in the levels of phosphorus meta-
bolites during the rest-exercise-recovery sequence were determined with very short time
resolution (interval of 5 sec) by *'P.MRS. *'P-MRS data were obtained using a 67-cm
bore 2.1-Tesla superconducting magnet and a spectrometer (EX90, JEOL, Japan). The
subject’s entire body was placed inside the bore of the magnet and a surface coil (8 cm in
dlameter) was placed over the center of the biceps femoris muscle of the left thigh to ob-
tain >'P-MRS signals. After the subject was placed in the magnet, magnetic field homoge-
nelty was optimized by shimming on a proton signal of the biceps flexor muscles.

*'P-MRS data were collected w1th an optimal pulse width at a pulse rate of one per 0.416
sec throughout the experiment. *'P-MRS data for 12 scans were averaged to produce a sin-
gle spectrum, so each represented the data from a 5.0 sec period.
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Figure 1. Schematic illustration showing exercise protocols: 1) Ramp incremental exercise test, 2) Passive recov-

ery test and 3) Active recovery test.

2.4. Data Analysis

The relative areas under the Pi and PCr peaks of the spectrum were determined by
integration. Intramuscular pH was determined using the chemical shift of Pi relative to

PCr according to the following variant of the Henderson-Hasselbalch equation:

pH = 6.73 + log10((a-3.275)/(5.685-a)

where a is the chemical shift from Pi to PCr. When the Pi peak was split, the Pi peaks
were separated by a model fitting procedure using the Lorentzen curve with the least mean

squares method, and pH data were determined from the center of the curve.
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2.5. Statistical Analysis

Results are expressed as the means + SEM. Differences between mean values ob-
tained for passive and active recovery were compared by Student’s t-test. A probability
value of less than 0.05 was considered to indicate significance.

A: Passive Recovery Test (Subject #1)
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Figure 2. An example of Pi and PCr changes during Passive (A) and Active recovery tests (B) in subject #1.
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3. RESULTS

Figure 2 shows examples of the time courses of changes in PCr and Pi during Pas-
sive and Active recovery tests for one subject (subject #1). The changes in PCr and Pi val- -
ues were expressed relative to resting PCr as 100%. During exercise, group mean values
of PCr decreased to 47.5 % 2.3% for the Passive recovery test and 49.0 + 5.0% for the Ac-
tive recovery test, and the Pi level increased to 71.9 + 3.9 % for the Passive recovery test
and 64.1  3.5% for the Active recovery test. PCr and Pi changes were reciprocal. The re-
producibility of PCr and Pi changes during both types of exercise tests was good (0.92 <r
< 0.96; P < 0.001). In the Passive recovery test, the PCr recovery was very rapid at first,
followed by very slow kinetics. In the Active recovery test, however, no tailing of the re-
covery was observed. The kinetics of active recovery appeared a little slower (t =30.2 +
3.0 sec and 32.1 £ 2.5 sec) than those of passive recovery in the Passive recovery test
(25.3 + 2.6 sec and 25.9 £ 2.1 sec), but it is interesting that the kinetics of passive recov-
ery were similar between the two tests (25.9 £ 2.1 sec in the Passive recovery test and
27.7 £ 3.2 sec in the Active recovery test).

Splitting of Pi peaks was apparent during exercise in both the Passive and Active re-
covery tests. It is interesting to note that the high-pH Pi peak disappeared more rapidly
during passive recovery in the Passive recovery test than the low-pH Pi peak, with the lat-
ter peak remaining at the acidified site after 3 min; i.e. the low-pH Pi peak was displayed
as a tail during passive recovery. In the Active recovery test, the high-pH Pi peak de-
creased slowly but remained at a low level throughout the active recovery, while the low-
pH Pi peak recovered more quickly and disappeared within 2 min.

4. DISCUSSION

The splitting of the Pi peak during exercise was considered to reflect data acquisition
from active and inactive muscle groups, because its detection was dependent on the size of
the surface coil (5). Another possibility that has been considered is compartmentalization of
Pi between intracellular and interstitial spaces. However, recent studies have indicated that
splitting of the Pi peak during exercise is due to differences in energy metabolism between
oxidative and glycolytic muscle fibers (1, 10, 15, 20, 22). Skeletal muscle fibers of vertebrates
have been classified into two main types based on their characteristic features as well as func-
tions, i.e. type I and type II by staining for myofibrillar ATPase, slow twitch (ST) and fast
twitch (FT) muscle fibers by contractile kinetics, and oxidative and glycolytic fibers by domi-
nant energy metabolism. There are many reports in several species of animals demonstrating
that the characteristics of a muscle fiber correspond to its contractile function and activity of
energy metabolism (13, 14). Thus, type I muscle fibers have slow contractile kinetics and
high mitochondrial oxidative activity, while type II muscle fibers are fast and glycolytic.
However, the activities of oxidative enzymes in human FT muscle enzymes have been shown
to be greatly enhanced by endurance training, and the absolute level of these enzymes can
surpass that in ST muscle fibers of untrained subjects (13). Moreover, MRS cannot distin-
guish between type I and type II muscle fibers, nor between ST and FT muscle fibers, but can
provide information on a metabolic classification. Therefore, the present study is confined to
metabolic features of muscle fibers; i.e. oxidative and glycolytic fibers.

Although there appeared to be at least two Pi peaks during exercise, only a small Pi
peak was seen in the high pH region at rest (ca. 7.04 pH units). This may indicate that
each fiber type has the same pH value. However, the distribution of Pi was not even, being
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mostly contained in oxidative muscle fibers, as demonstrated in experimental animals by
earlier investigations (8). At the onset of exercise with light intensity, the height of the Pi
peak increased a little without shifting. This implies that when work intensity is low, en-
ergy is supplied mainly by oxidative phosphorylation and low amounts of lactate are pro-
duced. It has also been shown, using glycogen depletion, that oxidative muscle fibers are
recruited first during low intensity exercise, and that glycolytic muscle fibers are sub-
sequently recruited with increasing workload (13). In practice, during 60%max exercise,
an additional Pi signal appeared at a slightly lower ppm, and shifted gradually to 3.8 ppm
relative to PCr (ca. 6.1 pH units) with increases in exercise intensity indicating the recruit-
ment of glycolytic muscle fibers and thereby production of large amounts of lactate. Sub-
sequently, when the two kinds of fibers are recruited simultaneously during high intensity
exercise, at least two different pH distributions can exist in the musculature. Obvious Pi
peak splitting was observed during the higher exercise intensity (eg. 60%max exercise),
whereas only a single Pi peak was seen at rest, and during unloaded exercise and passive
recovery. During 60%max exercise as well as during the active recovery period, the high-
pH Pi peak was dominant. In other words, the low-pH Pi peak was actually rather small
and did not account for a sizable portion of the total Pi peak. This could be due to the use
of endurance trained athletes, who have mostly high oxidative fibers.

It is well-documented that PCr hydrolysis is controlled by myosin ATPase and sar-
comere creatine kinase, and that its resynthesis is controlled by aerobic mitochondrial oxida-
tive phosphorylation as well as by anaerobic glycolysis (10). It is not easy to directly estimate
the rate of ATP generation in the exercising muscle. However, it is highly likely that the rapid
phase of PCr recovery after cessation of exercise reflects oxidative phosphorylation and little
consumption of ATP in the oxidative muscle fibers (6, 7, 17, 20, 22). Theoretically, when the
oxygen supply is sufficient, the rate of oxidative phosphorylation is a function of the level of
free ADP in the oxidative muscle fibers, which in turn is proportional to the Pi/PCr ratio as
determined by 3'p_MRS (2). Actually, the PCr time constant during passive recovery was 25.3
* 2.6 sec for the first, and 25.9 + 2.1 sec for the second recovery of the Passive recovery test
(Fig. 2). These values concur with those determined in our previous study, in which long-dis-
tance runners showed very fast PCr kinetics in four repeated exercise cycles (20). The fast
phase of PCr recovery was followed by very slow kinetics, which may correspond to the very
slow disappearance of the low-pH Pi peak during passive recovery. This may be due not only
to lower oxidative capacity but also to the complete halt of anaerobic glycogenolysis after
cessation of exercise in the glycolytic muscle fibers (12).

Even in the Active recovery test, active recovery was followed by 5 min of passive
recovery, and this passive recovery showed similar fast PCr kinetics (t=27.7 + 3.2 sec),
but very slow kinetics, i.e. tailing, were not observed in the late phase (Fig. 2). This im-
plies that recovery metabolism takes place only in the oxidative muscle fibers during pas-
sive recovery after the active recovery period. In accordance with the recovery of PCr, the
low-pH Pi, which accumulated in glycolytic muscle fibers during exercise, disappeared
during active recovery.

As shown in Fig. 3, the rate of return of the low-pH peak to the resting value was
much faster (0.095 + 0.019 pH units/min) during active recovery than during passive re-
covery (0.014 + 0.019 pH units/min) (P<0.01). It has been reported that blood lactate re-
moval following high intensity exercise is enhanced by active recovery compared to that
by passive recovery. It is highly likely that the metabolic effects of active versus passive
recovery involve circulatory aspects, ie, blood flow is maintained at a higher rate in the
exercising muscle during active recovery, thereby preventing lactate accumulation.
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Figure 3. Changes in high and low pH values during repeated exercise (A) and interval exercise (B) in subject #1

In conclusion, during heavy exercise Pi appeared to form two different pH peaks.
Probably, the high-pH peak corresponds to oxidative muscle fibers, and the low-pH peak
to glycolytic fibers. The low-pH Pi quickly disappeared during active recovery because of
enhanced oxidative activity and efficient lactate removal due to the higher rate of blood
flow in the exercising muscle. However, the slow disappearance of the low pH Pi peak
during passive recovery may be due to halting of glycogenolysis and the low oxidative ca-
pacity of resting glycolytic muscle fibers.
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PHOSPHOCREATINE AS AN ENERGY STORE
AND ENERGY SHUTTLE IN HUMAN SKELETAL
MUSCLES

D. Matisone, J. Skards, A. Paeglitis, and V. Dzerve
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Pilsonu Str. 13, LV-1002, Riga, Latvia

1. INTRODUCTION

The metabolic rate of skeletal muscles during maximal voluntary static contractions
can be increased more than 120-fold above the basal rate (5). Phosphocreatine (PCr) in the
skeletal muscles serves as an energy (ATP) store at the onset of muscle contraction, the
breakdown of which increases the rate of oxidative phosphorylation and stimulates an-
aerobic glycolysis (1,2). However, little is known about the integration of aerobic and an-
aerobic pathways of metabolism in skeletal muscles during contraction and ischemia. The
aim of this study was to determine the role of PCr in forearm skeletal muscle energetics in
two different situations: during voluntary static contractions with different relative forces
of maximal voluntary contraction (MVC), and in resting skeletal muscles following fore-
arm arterial occlusion (AQ) of different durations.

2. METHODS

The study was carried out on 10 healthy volunteers between the ages of 20 and 40
years, after informed consent was obtained. Forearm static contraction (handgrip) was per-
formed with 5%, 10%, 15%, 30%, 50% and 100% MVC until fatigue. AO lasted 1, 3,5, 7,
15 and 30 min. Blood flow (I) and the arterio-venous content differences of O, and LA
across the forearm skeletal muscles were determined at intervals of 10-15 s at rest, during
contraction and recovery, as well as during reactive hyperemia (Rh). Oxygen uptake
(VO,) and LA release were calculated by the Fick principle. Total ATP turnover
(ZAATP), PCr debt and accumulated LA in the muscles were calculated from the VO, fast
and slow fractions during recovery from contraction and in the Rh phase, according to sto-
chiometric equations (3,4). External work capacity was expressed as tension time (TT):
TT = %MVC x time of contraction. The energetic cost of one external work unit (ATP per
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TT) was calculated as ZAATP/TT. Capillary filtration coefficient (CFC) was determined
from the increase in forearm volume during elevation of venous pressure.

3. RESULTS

Low contraction forces (5% and 10% MVC) are associated with appreciable
2AATP, TT and efficiency of forearm muscle contraction (low ATP/TT). It should be
noted that ATP turnover occurs mainly during contraction, and that the ATP equivalent of
the O, debt paid during recovery does not exceed 6-10% ZAATP. The increase of contrac-
tion force from 10% to 15% MVC (only about 5%) evokes a sharp decrease of TAATP
and TT (more than 2-fold). The ATP equivalent of the O, debt increases up to 38% of
2AATP, and the energetic cost of one external work unit also increases. Increasing the
contraction force from 15% to 50% MVC evokes a further decrease in ZTAATP and TT.
The ATP equivalent of the O, debt increases to 75% and 100% of ZAATP after contrac-
tion at 30% and 50% MVC, respectively. These data show that an increase of forearm vol-
untary contraction force in the range between 10% and 15% MVC leads to a decrease in
ZAATP and TT and to an increase in the O, debt (Fig. 1).

Essentially mirror-image response profiles were evident in total oxygen uptake (Z
VO,) and total lactate production (£ LA) during contraction at the different work loads.
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Figure 1. Total ATP turnover during contraction and recovery (ZAATP - hatched bars), tension time (TT: 1) and
energetic cost of one external work unit (CAATP/TT: 2) as a function of relative force of maximal voluntary con-
traction (%, MVC).
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The curves reflecting the amount of £ VO, and X LA during contraction depended on the
relative muscle force, intersecting in the range between 10% and 15% MVC. It implies
that the change of metabolism from aerobic to anaerobic occurs in this range of contrac-
tion force. The total oxygen debt (DO,) is lowest in the range of low contraction forces
(5% and 10% MVC), and increases with the augmentation of contraction force up to 50%
MVC. At each contraction force investigated, the dominant fraction in the DO, is the slow
fraction, which reflects oxidation of accumulated LA and glycogen resynthesis in the
skeletal muscles. The magnitude of the fast fraction of the DO,, which reflects the degree
of PCr hydrolysis, increases monotonically with increasing contraction force up to 50%
MVC (Fig. 2).

During handgrip to fatigue at 10% MVC, a long-term steady state of I, VO,, LA re-
lease and CFC is established. It should be noted that the vasodilation supporting the steady
state of I during handgrip at 10% MVC is only 40% of the maximal value the muscle can
achieve, and that the corresponding CFC does not exceed 60% of its maximal value (Fig.
3).

During handgrip to fatigue at 5% MVC, I rises continuously and at the end of con-
traction it reaches a maximal value. The augmentation of VO, is similar to the increase of
I, but LA release rises exponentially during contraction. Early in the contraction, CFC is
significantly greater (p < 0.001) than during contraction with 10% MVC, and by the mid-
dle of the contraction has already reached a maximum (Fig. 4).

Data on = VO,, the ATP equivalent of £ VO, and X LA in resting forearm muscles
during AO from 1 to 30 min shows that the DO, wh1ch develops in these muscles during
ischemia increases proportionally with the duratxon of AO, and that this DO, is com-
pletely repaid during reactive hyperemia even after AO of 30 min. £ LA during AO in-
creases proportionally to that in restmg muscles only until the 7th min of AO, when the
PCr debt is 3.6 + 0.2 mmolATP/dm’. A further increase of AO evokes an exponential in-
crease of T LA. This indicates that activation of anaerobic glycolysis occurs only above a
definite level of depleted PCr (Fig. 5).
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mal voluntary contraction (%, MVC).
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Figure 3. Lactate release (L: 1), oxygen uptake (VOZ: 2), blood flow (I: 3) and capillary filtration coefficient
(CFC: 4) during voluntary static contraction of forearm muscles at 10% MVC, using a normalized time scale (% of
contraction time).
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Figure 4. Lactate release (L: 1), oxygen uptake (VOZ: 2), blood flow (I: 3) and capillary filtration coefficient
(CFC: 4) during voluntary static contraction of forearm muscles at 15% MVC, using a normalized time scale (% of
contraction time).
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Figure 5. Total oxygen uptake (Z VO, - ), energetic equivalent of Z VO, (ZAATP - x) and total lactate produc-
tion (Z LA - A) after different durations of forearm arterial occlusion (AO).

4. DISCUSSION

The obtained data show that PCr acts as an energy store which completely ensures
ATP resynthesis in the resting skeletal muscles during ischemia until 7 min AO. The acti-
vation of anaerobic glycolysis occurs only above a definite value of PCr debt - 3.6 £ 0.2
mmol ATP/dm® both in the resting and contracting skeletal muscles. Therefore, two differ-
ent levels of PCr depletion may be recognized: the first level, up to 3.6 £ 0.2 mmol
ATP/dm’, when splitting of PCr evokes an increase in oxidative phosphorylation with a
parallel increase in an aerobic glycolysis; and the second level, above this value, when
splitting of PCr provokes a further increase in oxidative phosphorylation accompanied by
the activation of anaerobic glycolysis and an excess LA production.
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Our data show that the fast component of DO,, reflecting the amount of depleted
PCr after exhaustive handgrip with 5% and 10% MVC, corresponds to the PCr depletion
in the range of the first level when anaerobic glycolysis is not activated. Such small PCr
depletion ensures a long-term aerobic work capacity of the muscles (80 + 6 min and 42 +
3 min, respectively). We propose that, within this level of depletion, PCr in skeletal mus-
cle fibers acts as an energy shuttle providing ATP transportation from its generation sites
(mitochondria) to its utilization sites (myofibrils).

Results of our previous investigations suggested that, during contraction with low
relative forces, exercise hyperemia occurred only at the level of the active muscles fibres
and that the recruitment of muscles fibers during contraction is accompanied by redistri-
bution of blood flow to the active muscle fibres by closing precapillary vessels of the fa-
tigued muscle fibres (5,6). During forearm muscle contraction at 15% MVC, the fast
component of the DO, at the end of contraction exceeds 3.6 + 0.2 mmol ATP/dm’, thus
evoking a sharp actlvatlon of anaerobic glycolysis and excess LA formation. The dynam-
ics of T and CFC during contraction imply that the functional closing of precapillary ves-
sels of the fatigued muscle fibers does not occur. It provokes metabolic and hemodynamic
shunting of the active muscle fibers and rapid muscle fatigue.

Our results show that, in any situation which evokes a discrepancy between O, de-
mand and O, delivery in the skeletal muscles, PCr acts as an energy store to buffer imbal-
ances between energy demand and supply, but that the contribution of aerobic and
anaerobic metabolic pathways in the ATP resynthesis depends on the level of PCr deple-
tion.
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DOMAINS OF AEROBIC FUNCTION AND
THEIR LIMITING PARAMETERS

Brian J. Whipp

Department of Physiology
St. George’s Hospital Medical School
London, United Kingdom

1. INTRODUCTION

Aerobic energy transfer during muscular exercise requires that hydrogen atoms be
“stripped” out of previously stored substrate molecules, and their component proton and elec-
trons put to work to generate ATP in the mitochondrial electron transport chain. The electron
flow is used to supply the redox potential necessary to establish the transmembrane proton
gradients which subsequently power the phosphorylation. These reactions require oxygen as
the terminal electron transport chain oxidant. Consequently, the ability to sustain muscular
exercise is dependent in large part on the body’s ability to transport oxygen from the atmos-
phere to the cytochrome oxidase terminus of the mitochondrial electron transport chain. The
time course of pulmonary O, uptake (VO,) at high work rates should therefore be considered
a major index of systemic O transport function. It is perhaps surprising, therefore, how little
attention has been paid to the physiological control inferences which may be drawn from the
nonsteady-state response profiles of VO,. Such determinations are likely to be revealing, as
the bulk of the control information regarding a physiological system resides in its transient
rather than its steady-state behavior.

Furthermore, from a practical standpoint, as the kinetic parameters of the VO, pro-
file (e.g. gains, time constants, delays) have been shown to differ characteristically at dif-
ferent exercise intensities, their responses (and those of the associated pulmonary gas
exchange and acid-base variables) may consequently be used to provide a means of as-
signing the domains of exercise intensity and the parameters which partition them.

2. MODERATE EXERCISE

This may be considered to reflect the range of work rates which are below the lac-
tate threshold (6L). There seems little justification for subdividing this domain further -
for example, into “mild” and “moderate”. In this domain, there is little or no sustained me-
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tabolic acidemia or increase in arterial blood or muscle lactate levels (others dispute this,
however: Refs. 7,12). The VO, kinetics in this domain may be considered to be the “fun-
damental” response and therefore usefully serve as the frame of reference for the altered
profiles that occur at higher intensities.

These “fundamental” kinetics perhaps are best appreciated in the context of square-
wave (or constant-load) exercise. The general components, each having different physi-
ological determinants, are: (a) the early, usually rapid, response (phase 1, ¢1); (b) the
slower, exponential increase (phase 2, ¢2); and, if attained, (c) the steady state or phase 3
(93) (26).

Pulmonary VO, is determined by: (a) pulmonary blood flow (Qp) which, in normal
subjects, is functionally equal to the cardiac output (Qt) and (b) the arterial-to-mixed ve-
nous O, content difference (CaO, - CVOZ) In ¢3, the steady-state increment in VO, equals
that of the mean rate of muscle O, utilization (QOZ) This is not the case for the nonsteady
state, however. It is important to recogmze that QO is not capable of increasing to its new
steady-state level immediately following exercise onset. Rather, it increases with a mono-
exponential time course. The time constant (rQOz) of this response reflects its control by
the turnover dynamics of the intramuscular high-energy phosphate pool - although the ex-
act mechanisms remain topics of debate (5,8,14). The expression of this QO, response
profile at the lung, however, is delayed as a result of the vascular transit delay between the
exercising muscles and the pulmonary capillaries (2). This delay (some 15-20 sec) reflects
that period after exercise onset during which alterations of muscle venous composition do
not yet influence CVO2 (26). Phase 1 is therefore a period of time, and not a pattern of re-
sponse.

The subsequent $2VO, response has been consistently characterized as a monoexpo-
nential function of the form (11,17,25,26) (Fig. 1: “moderate”):

AVO,(t) = AVO,(ss) (1 - ¢ D)

where 1 is the VO, time constant (2), and & is a delay term reflecting the muscle-to-lung
vascular transit time (26). However, because of the confounding influence of breath-to-
breath “noise” (16), it is often necessary to superimpose several replicates of a particular
test to establish a sufficiently high signal-to-noise ratio for the acceptable discrimination
of these delay features.

In ¢2, the influence of the decreasing muscle venous O, content (Cv(m)Oz) on CVO
dominates the VO, response, even though Qp may still be increasing and is therefore con-
tributary (26). A further influence on the dissociation of VO, from QO2 is that the mixed
venous O, content which is established at the muscle level at a particular time will be as-
sociated with a higher Qp by the time it is expressed at the lung. That is, the blood flow
will have increased during the transit delay.

Although tVO, is unlikely to equal TQO as a consequence, the differences may ac-
tually be relatively small For example, there are two conditions in which the $2 V0,
will be exactly equal to rQO firstly, if the proportional change in muscle blood ﬂow
matches that of QO, exactly or, alternatively, if muscle blood flow does not change at all -
assuming, of course, that there are sufficient local stores to sustain the aerobic energy ex-
change. In the first case, there would be no ¢2 - the entire response would be ¢1; in the
latter, there would be no increase in VO, during ¢1.

The more physiological pattern, however, produces an intermediate response. The
mean O, concentration in the venous effluent from the contracting muscle (Cv(m)O,) will




Aerobic Function 85

L} and [H*]

Intensity VO
response

Profile O2 Def

AlLl

. A[H']
SEVERE VO, max . 1

Al

AlRT]

* AlLT

AHT]
VERY HEAVY ?
Al

AlRT]

AlL]

AH*]
HEAVY
Al

AlH*]

AL

MODERATE AlH*]
AVO, . T .
AL

NGRS

Figure 1. Schematic representation of the temporal response of O, uptake (VO,) to constant-load exercise at dif-
ferent work intensities. Moderate: below the lactate threshold (6L); note that there are no sustained increases in
[lactate] or [H+] (i.e. both the absolute increments above baseline, A[L-] and A[H+], and their rates of change,
A[L-] and A[H+], equal zero. Heavy: above 6L, with VO, reaching a steady state but with a delayed time course;
note that there are now sustained increases in [lactate] and [H+] (i.e. A[L-] and A[H+] are positive) but that their
rates of change (A[L-] and A[H+]) eventually decline back to zero or even become negative. Very Heavy: above
6L, but with a component of “excess” VO, that leads VO, to attain the maximum VO, (VO,,,,) despite the
steady state value predicted from a first-order response being sub-maximal; note that there are sustained increases
in both [lactate] and [H+] and their rates of change (i.e. A[L-] and A[H+], and A[L-] and A[H+] are now all posi-
tive). Severe: a supra-maximal work rate where fatigue occurs so rapidly that the excess VO, component has not
had time to develop discernibly; again, A[L-], A[H+], A[L-] and A[H+] are positive. O,Def represents the calcula-
ble 02 deficit, depicted by the area enclosed by the short dashes; * indicates VO, o
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be determined by the mean change in the ratio between QO and the muscle blood flow

(Qm):

Cv(m)0, = Ca0, - (Q0,/Qm)

The exercise-induced change in Qm will be reflected virtually instantaneously in an
increased Qp. Consequently, the proportional change of Qp will differ from that of Qm
only as a result of changes in (a) the mean blood flow in the remaining vascular beds - i.e.
the “distributive” effect - (the net change is thought to be small at these work rates: Ref.
6); and (b) in the volume of the intervening venous pool - i.e. the “capacitative” effect. In
contrast, the influence of the altered Cv(m)O, on CVO2 will necessarily be delayed. The
net effect is that the simple mono-exponential increase in QO, is transformed into a more
complex two-component increase in VO,, but with a time constant that is likely to be less
than 10% different from that of muscle QO2 (see Ref. 2 for discussion).

The size of the oxygen deficit (O,Def) is dominated by the $2 QO, kinetics and may
be computed as:

O,Def=A. 7

where A is the required steady-state increment in VO,, which in this domain equals
AVO,(ss), and 1’ is the “effective” time constant (25) or “mean response time” (17) of the
VO, response. It is important to recognize that 1’ in this formulation is not the actual ¢2
time constant (26); rigorous computation of O,Def requires that the entire data set from
the start of the exercise be included. The appropriate fitting procedure for O,Def could
either utilize a single exponential constrained to start at exercise onset (i.e. 8 = 0 in eq. 1)
or from the sum of the best exponential-plus-delay to the data. It should be noted that the
delay derived from the latter strategy (ie. the “effective” delay) has no physiological
meaning - unlike the “real” or physiological delay which is manifest as the ¢1-¢2 transi-
tion.

In this intensity domain, tVO, does not vary appreciably between work rates of dif-
ferent amplitudes (15,24-26). The early transient rise in blood lactate (4) which is not un-
common at these work rates does not seem to influence the response discernibly.
Furthermore, the off-transient \'/O2 time constant is not appreciably different from that at
the on-transient (9,15), despite lactate having typically returned to resting levels before
the start of the recovery phase.

3. HEAVY EXERCISE

The VO, response becomes appreciably more complex above the lactate threshold
(3,17,18,21), with both time- and amplitude-based nonlinearities of response. For square-
wave exercise below 6L on a cycle ergometer, the steady-state increment in VO,
(AVO,(ss)) increases as a linear function of work rate (W) with a slope, AVOZ(ss)/AW of
~10 ml - min-1- Watt. At work rates above L, a steady state of VO, is either delayed or is
unattainable. When VO, does eventually stabilize, or when its asymptotlc value is esti-
mated, AVOz(ss)/AW has been shown to be markedly increased; the increase being a func-
tion of both the supra-threshold work rate and time: values of 13 ml- min-1- Watt are not
uncommon during tests of 10-15 min duration (10,21,22) (Fig. 1: “heavy™).
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The difference between the “expected” steady-state value (i.e. projected from the
sub-0L VO,-W relationship) and the actual VO, achieved in the quasi-steady state was
shown by Whipp & Mahler (24) to be positive for the range of work rates above 6L at
which the steady-state projection is less than the subject’s VO,,...- This additional incre-
ment in VO, may, for convenience, be termed “excess” VO, (VO,(xs)). This VO,(xs) is a
result of a slow component of the VO, kinetics which is superimposed upon the earlyVO,
response. Furthermore, this superimposed component is of delayed onset, beginning some
minutes into the test (3,17,18,24).

Both Paterson & Whipp (18) and Barstow & Molé (3) were able to demonstrate that
not only was this slow component of delayed onset but that the early component of the ki-
netics remains exponential and projects to a steady-state value that gives the same gain
(ie. AVOZ/AW) as for subthreshold exercise.

The presence of the delayed “excess” O, uptake component during high-intensity
exercise appears therefore to undermine three fundamental assumptions of models of hu-
man pulmonary gas exchange. First, the gain term is not constant; that is AVO, is not a
linear function of the work rate (1). Secondly, the power-duration curve being attributable
to a single aerobic term (having a rapid t of only 10-20 s) is unjustified (27). And, finally,
the assumptions inherent in the conventional means of computing the O, deficit under
these conditions need fundamental reappraisal.

As the additional component is both slow and of delayed onset, its influence is virtu-
ally undetectable for constant-load tests in which the subject reaches the maximumVO, in
a few minutes. Under these conditions, the O, deficit (O,Def) becomes independent of the
work rate. Rather, it can be determined as the product of VO, . and ' (23) (Fig. 1: “se-
vere™). This is only true, however, if there has not been sufficient time for the excess VO,
component to develop and ‘distort’ the mono-exponentiality and if tVO, remains un-
changed (23).

In contrast, the O, deficit may not be rigorously determined from conventional for-
mulations when there is excess VO,. This component, being of delayed onset, yields an
asymptotic value of VO, which is inappropriate for the early VO, response (23) (Fig. 1
“heavy” and “very heavy”).

The off-transient \702 response, however, is often mono-exponential in this domain
(18). This may prove important in elucidating the mechanism of VO,(xs). For example, it
seems to rule out a significant effect of either the O, cost of cardiac and respiratory work
or of the Q10 effect. (Potential mediators of the excess VO, are discussed in Ref. 19.)

While there is a range of supra-L work rates in which a delayed steady state may
eventually be reached (19-22), VO, continues to increase throughout the test at even
higher work rates until the maximum VO, is attained (19-21) (Fig. 1: “very heavy”). It is
not possible, therefore, for a subject to perform a constant work rate that provides a par-
ticular percentage of the VO, at these work rates. This % VO, . can only be attained
fleetingly, as VO, continues to rise. The highest work rate at which a steady state of VO,
can be attained (and hence a sustainable % VO, . ) appears to coincide with the highest
work rate at which blood [lactate] and [H+] do not continue to rise throughout the test
(19,21) (Fig. 1). This work rate correlates closely with the asymptote of the subject’s
power-duration curve (19). Above this critical power, the more rapidly the slow compo-
nent projects VO, towards VO the shorter will be the tolerable duration of the work
rate.

2max’
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4. CONCLUSIONS

As both the lactate threshold and the critical power represent such highly variable
proportions of the maximum VO, in different subjects and also in the same subject at dif-
ferent stages of training, assigning work intensity either as multiples of resting metabolic
rate or as percentages of VO, . seems no longer justifiable. A more logically-defensible
strategy for establishing such intensity domains (for dynamic muscular exercise, at least)
might be based upon characteristics of pulmonary gas exchange and acid-base profiles.
The advantage of this strategy is that the parameters which partition the intensity domains
are physiologically justifiable and experimentally discriminable.

The lactate threshold can be used to establish the transition between the “moderate”
domain, in which ventilation and gas exchange attain steady states with first-order kinetics
but without sustained metabolic acidemia, and the “heavy” domain, in which ventilation
and gas exchange attain steady states with more complex kinetics and with sustained, but
not progressive, metabolic acidemia. Above the critical power, however, steady states of
ventilation, pulmonary gas exchange and acid-base variables are not attainable. Vo, . is
achieved at all work rates above the critical power, even when the apparent VO, require-
ment (i.e. from sub-threshold projection) is less than VO, ... This intensity may be con-
sidered to be “very heavy”. Work rates for which the projected VO, steady state is above
VO, .. may be considered to be of “severe” intensity.

Such categorization would allow common features of ventilatory, gas exchange and
acid-base profiles to characterize a particular exercise intensity. The further complicating
factor of how these patterns are perceived by different subjects, however, may also need
to be incorporated subsequently into intensity assignments. Similarly, exercise which is
limited by impaired systemic function (eg. lung disease) will add an additional layer of
complexity.

The not-insignificant flaw in implementing the proposed strategy, however, is that
while the lactate threshold and the maximum VO, can be estimated or measured from the
results of a single incremental work-rate test, there is currently no similarly-convenient
means of determining an individual’s critical power. Devising such a test, that is valid and
reliable, should be seen as a major experimental-design challenge with potential benefits
in both the athletic and clinical exercise milicux.
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1. INTRODUCTION

Factors which limit human performance have been of interest to both researchers
and athletes for many years. While it is well known that human performance is complex
and multifaceted, at least in endurance related activities (e.g. running, cycling, etc), suc-
cess is related to how well an individual is able to introduce, distribute, and utilize oxygen
in the body. Maximal oxygen consumption (VO,, ) is determined by the product of car-
diac output and arterio-venous oxygen difference (Fick equation). Specifically, arterial
oxygen content is greatly influenced by the effect of pulmonary ventilation and alveolar-
capillary diffusion on arterial oxygen pressure (Pa0O,) and arterial oxygen saturation
(Sa0,). Therefore, a central question in oxygen transport is whether or not the pulmonary
system can serve as a weak link in the oxygen transport chain. Traditionally, oxygen trans-
port is believed to be limited by the heart’s ability to distribute blood and oxygen through-
out the body (11). However, in recent years it has been demonstrated that in highly
aerobic individuals, the demand of the exercise for O, transport may exceed the capacity
of the respiratory system and therefore lead to impairments in pulmonary gas exchange
and consequently lead to exercise induced hypoxemia (EIH). Also, high ventilatory work
during intense exercise may contribute to exercise limitation via a high oxygen cost of
breathing and therefore “steal” blood flow from limb locomotor muscles. It is the intent of
this discussion to focus on some of the possibilities in which the pulmonary system could
potentially limit human performance in the young healthy adult.
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2. LACK OF VENTILATORY LIMITATION IN THE MODERATELY
TRAINED

First, it is important to establish that in most healthy young adult males with
VO, .. < 65 ml/kg/min, the lung and chest wall operate efficiently and easily within
their relative capacities at all exercise intensities up to maximum and for long durations
of exercise at high intensity. The alveolar to arterial PO, difference widens 2-2.5 fold at
VOZmaX, however. Nevertheless, Pa0,, Sa0,, and oxygen content are all well maintained.
Also, ventilation at VOZmaX is less than the maximal available ventilation and its 0, cost
is only about 8-10% of VO, . . Finally, alveolar ventilation (VA) increases out of pro-
portion to increasing VCO, or VO,, arterial PCO, falls, and alveolar PO, rises at Vo, ...
Therefore it is safe to conclude that at least in the majority of the healthy population, the
pulmonary system does not limit human performance under any exercise conditions. It is
likely that maximum cardiac output to working muscle presents the dominant limiting
factor to VO, . (11).

3. EXERCISE-INDUCED HYPOXEMIA

In many, but not all athletes with high aerobic capacity (>65 ml/kg/min) alveolar-
end capillary oxygen disequilibrium may occur in heavy exercise causing arterial hypox-
emia and thereby limiting VO, _ (3,4,5,6). During maximal and near maximal exercise in
many of these athletes, excessive widening (> 30 mmHg) of the alveolar-arterial oxygen
difference (A-a DO,) occurs, the arterial pressure of oxygen (Pa0,) falls below 75 mmHg,
and the oxygen saturation of arterial blood declines below 90%. The following examples
demonstrates typical responses of young men with average VO, and high VO,

Note that in untrained Subject 1 the A-a DO, widens, but hyperventilation increased
PAO, to such an extent that PaO, was maintained at resting levels. In Subjects 2 & 3 with
high VO, . both have a substantially greater A-a DO, than Subject 1 (45 vs 25 mmHg),
probably due primarily to greater diffusion limitation (14). Both also have significant arte-
rial hypoxemia and O, desaturation, but the most hypoxemic of the two (Subject 3) shows
no significant alveolar hyperventilation at maximal exercise. This excessively widened A-
a DO, is inevitable at high VO, and is an essential feature of EIH as attested to by the
high correlation commonly reported between Pa0O, and A-a DO, at maximal exercise
(3,5,6). At the same time, severe arterial hypoxemia is achieved in many subjects when
the widened A-a DO, is combined with an “inadequate” hyperventilatory response (Sub-
ject 3). In a sense then, the widened A-a DO, lowers Pa0Q, in the highly trained endurance
athlete with high VO, to the shoulder of the oxygen dissociation curve and the inade-

Table 1. Typical blood and alveolar gases of three young adult men at VO, max.
VOzmax expressed in ml/kg/min; alveolar PO,, arterial PO,, A-a DO,, and
PaCO, expressed in mmHg, Sa0, expressed in %

Subject VO,max PAO, PaO, A-a DO, Sa0, PaCO,
1 40 120 95 25 94 30
2 75 120 75 45 90 30

3 75 105 60 45 87 40
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quate hyperventilation further drives it down to the steep portion of the curve where small
changes in partial pressure result in large changes in O, saturation and O, content. It is
certainly true that inadequate hyperventilation by itself will not cause significant EIH, but
this claim is of little relevance to heavy exercise. A blunted ventilatory response in the
highly trained subjects will also be accompanied by a widened A-a DO, and it is the com-
bination of these factors that commonly produces severe EIH. )

Exercise-induced hypoxemia is attributed to the relative lack of adaptability of the
lung and airways in response to the exercise training stimulus and/or to inborn structural
capacities which predispose the subject to a higher VO, . (15). That is, the maximal de-
mand for O, transport to locomotor muscles has apparently, through intense training
and/or genetic predisposition of these endurance athletes, exceeded the capacity of their
pulmonary system to maintain adequate arterial oxygenation. In other words, this once
overbuilt pulmonary system (in the least trained subjects) has not shown significant adap-
tations with increasing fitness and is now underbuilt with respect to the demand for O,
transport in the highly trained athlete. This hypothesis pertains both to the alveolar-capil-
lary diffusion surface area and to the structure of the airways (see below).

4. HYPERVENTILATION OF EXERCISE

Ventilatory requirement must rise with increasing maximum metabolic rate, but
what controls hyperventilation in heavy exercise? In general, hyperventilation is deter-
mined by the magnitude of the available neuro-chemical stimuli to breathe, the degree of
mechanical limitation to flow and volume present in maximum exercise, and the subject’s
inherent responsiveness (of respiratory motor output) to the combination of mechanical
constraints and increasing neurochemical stimuli. It has been reported that at rest, endur-
ance athletes show a sluggish ventilatory response to chemical stimuli (8) and those sub-
jects which demonstrate EIH are less responsive to hypoxic and hypercapnic inspirates
(4). However, this may not always be the case during heavy and maximum exercise where
some subjects show a marked hyperventilation that helps maintain a high PaO, and yet
drives them to their mechanical limits for flow, volume, and pressure; whereas others
show little or no hyperventilatory response and remain well within their mechanical re-
serves for ventilatory output yet become hypoxemic (6).

Airway mechanics have been demonstrated to contribute to the arterial hypoxemia
of exercise. The upper limits to maximum exercise frequency, tidal volume and ventilation
are determined structurally by the lung’s resistive and elastic properties and the force-ve-
locity characteristics of the inspiratory muscles. In humans, there is no indication that
these mechanical properties of the airways undergo significant change with changing
VO, .. (6,7). Other data demonstrate that intense whole-body physical training may in-
crease the endurance capacity of respiratory muscles (2,9). Johnson et al (6) have demon-
strated that these athletes achieve considerable expiratory flow limitation at maximal
exercise even when VO, . and VE__ are only 20-30% greater than the untrained subject.
To determine if ventilation was in fact mechanically limited, these investigators first in-
creased the inhaled (and end-tidal) PCO, to the flow-limited subjects and found that at
maximal exercise, ventilation failed to increase with this added stimulus. When a different
group of subjects with similar levels of VO, ., breathed helium:oxygen (which acts to in-
crease the maximal flow:volume envelope), an immediate and sustained increase in venti-
lation and reduced PaCO, were observed (3). Therefore, during intense exercise,
mechanical loads might reflexively inhibit and therefore constrain ventilation during high
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intensity exercise loads which are substantially below those instances when ventilation is
not responsive to added stimuli.

S. VENTILATORY LIMITATIONS AND HUMAN PERFORMANCE

Is a reduced ventilatory response to maximal exercise in the endurance athlete bene-
ficial or does it limit performance? On the beneficial side, a reduced ventilatory response
spares the work of breathing, blood flow to the respiratory muscles, dyspnea, and avoids a
decrease in cerebral blood flow. However, on the negative side, a reduced hyperventila-
tory response leads to limited increase in PaO, during intense exercise, resulting in: a)
lower PaO, for any given A-a DO, (Table 1), and b) a reduced alveolar to capillary diffu-
sion gradient and therefore a slowed rate of O, equilibrium along the pulmonary capillary
(14). Also, there is reduced compensation for metabolic acidosis which occurs during in-
tense exercise. Therefore, it is apparent that the effects of hypoxemia certainly outweigh
any benefits which may arise from a low hyperventilatory response during intense exer-
cise.

What are the performance consequences of these limits to diffusion or airflow? First,
when the arterial oxygen desaturation (SaO, <92%) that was observed in some athletes
during intense exercise was prevented by the subjects breathing an inspirate of 26% 0,,
VO, .. increased significantly and in approximate proportion to the magnitude of the
original hypoxemia (10). The overall extent of the influence of this limiting factor is thus
probably not more than 10-15% of VO, . (based on the level of desaturation demon-
strated by these athletes). Therefore, the effects of EIH are probably less than those im-
posed by limitations in maximum stroke volume and cardiac output.

6. BLOOD FLOW REDISTRIBUTION

Another potential limiting role for ventilation depends on whether or not there is
competition of blood flow between locomotor muscles and respiratory muscles during
high intensity exercise when the heart’s capacity for increasing cardiac output is limited.
When the level of ventilatory requirement is such that severe expiratory flow limitation is
realized, the oxygen cost of breathing may exceed 15% of total VO, (1). Theoretically,
this work and metabolic cost of breathing incurred by the primary respiratory and stabiliz-
ing muscles of the chest wall, plus their demand for perfusion to meet this oxygen cost,
may “steal” blood flow from locomotor muscles, thereby limiting their work output. This
requires that vasoconstriction occurs in working limb muscle during heavy exercise and
that there is a redistribution of blood flow to the chest wall. This would likely depend in
part upon the relative strength of local and autonomic controlled reflexes in the different
muscle vascular beds (11) and also on the magnitude of the increased respiratory muscle
work. The fact that high and progressively increasing levels of ventilation occur through-
out prolonged exercise would indicate that total respiratory muscle power output remains
unaffected and appropriate to requirements of CO, elimination. Accordingly, it seems rea-
sonable to postulate that the respiratory muscles would receive a preferential share of
blood flow at the expense of limb locomotor muscles under conditions where total cardiac
output was at or near maximal.

There has been limited research to date investigating these possibilities. Secher et al
(13) determined that adding arm work to ongoing exercise with the legs which were al-
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ready exercising at 58-78% VO, resulted in vasoconstriction and reduced blood flow to
the legs. Therefore, increased blood flow was made available to the working arms at the
expense of the legs. Leg VO, was reduced while mean arterial blood pressure was un-
changed. Presumably, vasoconstriction in the legs must have occurred to prevent a fall in
blood pressure. Interestingly, this vasoconstriction occurred at submaximal levels when it
would be thought that a preferable alternative would have been to increase cardiac output
to accommodate the increased demand of the extra muscle mass. More recent work has
shown that adding arm work to leg work at 70% VO,, . caused increased sympathetic ex-
citation of the legs, as evidenced from increased norepinephrine spillover (12). However,
vasoconstriction (reduced blood flow or vascular conductance) did not occur in the legs.
Perhaps clear, consistent demonstration of vasoconstriction might only occur when muscle
mass is added at truly maximal work loads where both cardiac output and the arterio-ve-
nous oxygen difference are at maximum levels.

How does this postulate of preferential blood flow redistribution relate to human
performance? Even if respiratory muscles did steal blood flow from locomotor muscles
during heavy exercise, VO, . would not likely be compromised. According to the Fick
equation, VO, _ would only be reduced in this case if the arterio-venous DO, was lower
in respiratory muscles compared to locomotor muscles. This is highly unlikely. Therefore,
the major effect of the proposed redistribution of blood flow to respiratory muscles on ex-
ercise performance would be to reduce the exercise performance by either lowering maxi-

mal work rate at VO, or a shortening performance time for sustained intense exercise.

7. CONCLUSION

The results and speculations presented in this discussion are consistent with the concept
that significant pulmonary limitations to exercise are most likely to occur under very high de-
mand conditions (ie, intense exercise) in the young adult male with a high aerobic capacity,
whether via arterial hypoxemia or the generation of excessive ventilatory work. Several possi-
bilities were presented explaining how ventilation might limit human performance. These
possibilities were not meant to be inclusive as other potential pulmonary-related limitations to
human performance exist. These include the inability of the respiratory muscles to generate
pressure to meet ventilatory requirements, respiratory muscle fatigue, and/or the sum of all
chemoreceptor and mechanoreceptor inputs to give rise to severe dyspneic sensations. It is
likely that interactions occur between these mechanisms as well.
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1. INTRODUCTION

Responses to exercise with one and several muscle groups allows for evaluation of
integrative aspects of human physiology. One such area which has received much atten-
tion is the cardiovascular system. Exercise is an effective intervention as it not only brings
various components of the system to function at its upper limits, but also gives clues to
which variables that are primarily regulated. The focus here will be on muscle mass in-
volvement in the exercise and the interplay between oxygen delivery and blood pressure.

2. MAXIMAL OXYGEN UPTAKE: DEPENDENCE UPON
MUSCLE MASS

Early studies evaluated limiting factors for maximal oxygen uptake (VO, ). Tay-
lor et al. (32) demonstrated a slightly larger VO, during arm cranking performed to-
gether with uphill running than for running alone. This approach was extended by
Hermansen (7) to the use of ski poles during uphill treadmill running, which elicited a
similar small elevation in VO, __ . These findings were in line with the existing view that
peak muscle blood flow was in the order of 50-60 m! 100 g'1 min™'. A very large fraction
of the muscle mass had to be engaged in the exercise to fully tax the capacity of the heart
to deliver a blood flow. In contrast, Astrand & Saltin (2) found the same vo,,.,, for com-
bined arm cranking and cycling as for cycling alone, which was taken to indicate that the
heart is limiting VO, . . The discrepancy between results was evaluated by investigation
of subjects with varying level of fitness for arm exercise (25). During exercise with un-
trained arms, VO, was ~70% of the value obtained during leg exercise; while subjects
with trained arms (e.g. rowers) this percentage increased to 90% and it was above that ob-
tained during leg exercise in swimmers. In the former group of subjects there was no or

only a minimal effect on VO, . when arm exercise was added to leg exercise, while in
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the subjects with trained arms, VO, .. increased by 15% or more (24). Indeed, in a canoe-
ist, upper body exercise can elicit almost the same maximal oxygen uptake as when per-
forming regular bicycle exercise (16). The conclusions to be drawn are that the whole
muscle mass does not have to be engaged in the exercise to attain VO, .. and that VO
is influenced significantly by the training status of the involved muscle groups.

It is true that physical training induces marked adaptations in skeletal muscles of hu-
mans (19). When these were first described in more detail, they were suggested to be a
prerequisite for an enhanced VO, .. upon training. The capillary proliferation makes it
possible to maintain an appropriate mean vascular transit time with the enhancement of
the maximal muscle blood flow which occurs after endurance training (17). Whether the
enlargement of the mitochondrial volume also plays a role for VO, is debated. What is
certain, however, is that enhanced mitochondrial capacity affects the metabolic response
with increased reliance on fat metabolism and saving of muscle carbohydrate stores.
Whether the capillary proliferation also contributes to the enhanced muscle conductance
observed after training is less obvious. However, specific training is related closely to the
maximal vascular conductance of the calf (29), and the forearm (26, 28) and VO to
systemic vascular conductance (3).

2max

2max

3. VASOCONSTRICTION IN ACTIVE LIMBS

A more detailed analysis of the cardiovascular physiology in exercise became avail-
able with the determination of systemic and regional vascular variables, when several
muscle groups were either separately or simultaneously engaged in the exercise. When in-
tense arm cranking is added to leg exercise, blood flow and VO, decrease over the work-
ing legs (Fig. 1; ref. 22). Similarly, venous oxygen saturation decreases over the arms,
when leg exercise was added to ongoing arm exercise at a constant work rate (Fig. 2).
Thus, simultaneous high intensity exercise with both arms and legs reduces blood flow
and presumably also VO, for both the arms and the legs. In a subsequent study, no reduc-
tion in leg blood flow was observed when arm exercise was combined arm with 2-legged
knee-extensor exercise, but VO, was only in the range of 75% VO, .. for the legs (20). In
another study using ordinary cycling and adding arm cranking, several subjects did (but
others did not) reduce their leg blood flow, but again the work rate was barely large
enough to elicit VO, _ (13).

Another approach to evaluate whether the pump capacity of the heart is sufficient in
humans to supply contracting vasodilated skeletal muscle with an adequate flow is the de-
termination of true peak skeletal muscle blood flow. Above, it was mentioned that for the
leg, peak values around 50 ml kg'1 min™ were regarded as the upper level. Such values
have been obtained with the plethysmograph or 33X e-washout techniques. As discussed
elsewhere (9), these methods markedly underestimate true peak perfusion of skeletal mus-
cle. Andersen & Saltin (1) used the dynamic knee-extensor model and measured the blood
flow directly from the same muscle group. They found peak values of 5 to 7 1 min™'. In-
deed, Richardson ef al. (12) observed leg blood flows in the range of 10 1 min™' using the
same exercise model. As only 2-4 kg of muscle is engaged in the exercise, the perfusion
amounts to at least 200-300 ml 100 g™ min™’ during maximal exercise. Even higher values
have been observed during knee-extensor exercise in hypoxia (14). It is likely that most
other skeletal muscles of man can reach similar high flows (18). This means that one kg of
skeletal muscle is able to receive a blood flow as large as 2-3 I min™" during intense dy-
namic exercise. That would require a cardiac output of 60-90 1 min™' if all muscles of the
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Figure 1. The effect of adding arm exercise to ongoing leg exercise is illustrated by depicting individual changes
in leg oxygen uptake (Leg VOZ), leg blood flow (LBF), regional arterio-venous oxygen difference ((a-v) O, diff.),
and mean arterial blood pressure (MBP) (22). Reproduced with permission.

body were to be active at a similarly high work rate. However, maximal cardiac output in
sedentary humans is 15-251 min™, with 42 1 min”' being the highest ever recorded.

The decrease in muscle blood flow to an exercising muscle in consequence of the
addition of another muscle group to exercise suggests either a limitation of cardiac output
and/or a hindrance to flow by vasoconstriction due to an increase in the sympathetic nerve
activity. In line with the earlier view that peak muscle blood flow was in the range of 50
ml 100 g'] min”', allowing for the heart to produce a cardiac output sufficient to fill all
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Figure 2. As in figure 1, but leg exercise is added to ongoing arm exercise. For symbols see legend to figure 1
(22). Reproduced with permission.

capillary beds of skeletal muscles when dilated, the hypothesis of “sympatholysis” in an
active muscle minimizing a role of sympathetic nerve activity to induce vasoconstriction
and decrease blood flow gained support. However, several studies have demonstrated an
important role for sympathetic nerve activity in regulating muscle blood flow during exer-
cise in both humans (27, 30) and animals (4, 33). Microneurographic recordings of sympa-
thetic nerve activity cannot be performed in an exercising limb due to movement artifacts
and a dominance of motor activity in the nerve. Instead, noradrenaline spillover in a limb
has been used as an index of sympathetic nerve activity.

Both Savard et al. (20) and Richter er al. (13) observed an elevated leg norad-
renaline spillover from the leg during combined arm and leg exercise, although, as men-
tioned above, leg blood flow was not affected on an average. These findings could argue
that even enhanced sympathetic nerve activity is unable to modulate muscle flow in hu-
mans. Alternatively, the effect of an elevated sympathetic nerve active on muscle blood
flow depends on a balance between local vasodilatator influence of metabolites and the in-
tensity of the nerve activity (Figs. 1 and 2). Up to a given level, local vasodilation is not
overridden by the sympathetic vasoconstrictor activity. The critical factor is likely to be
that peripheral demand for a blood flow exceeds peak cardiac output. Thus, Pawelczyk et
al. (11) used cardiac betal-blockade, which resulted in a 3.6 and 1.2 1 min’! reduction of
cardiac output and leg blood flow, respectively, at the highest work rate. Noradrenaline
spillover became markedly elevated only when leg blood flow could not be compensated
for by an increased arterio-venous difference for oxygen, i.e. when muscle pH decreased
and/or other metabolites accumulated markedly.

In patients with a low cardiac reserve as in chronic heart failure, a reduction in mus-
cle perfusion during exercise is observed already when more than 4 kg of muscle is en-
gaged in the exercise (10). Conversely, when cardiac output is enhanced in such patients
already in sinus rhythm by digitalis, leg blood flow is also increased (21). Indeed, in pa-
tients with cardiac insufficiency there is also a reduction in the blood flow velocity of the
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middle cerebral artery (6). Also the normal increase in middle cerebral artery mean flow
velocity upon exercise is reduced to approximately half in patients with atrial fibrillation

(5).

4. INTEGRATED VIEW

It is a fundamental problem for human vascular control that the blood volume is
smaller than the potential size of the vascular bed. At rest the size of the vascular bed is
adjusted by sympathetic vasoconstriction. Thus, when sympathetic tone is lost, blood pres-
sure may be affected, as illustrated during regional anaesthesia (23) where vascular tone is
lost (15). Equally, during dynamic exercise with large muscle groups, a significant part of
the vascular bed represented by the active muscle dilates, and circulatory and blood pres-
sure control are challenged. This is especially so at the onset of exercise (8) and even
more so when combined with orthostasis in the transition from the supine to the upright
position (34). With continued exertion, blood pressure becomes stable because the muscle
pump secures that the central blood volume is elevated and the plasma concentration of
the atrial natiuretic peptide is elevated. Evidence suggests that muscle vasodilatation is not
allowed to progress unlimited. Reflex vasoconstriction takes place when presumably
metabo- (31) and mechanoreceptors (35) in working muscle are activated. Significant re-
duction of muscle vasodilatation has been demonstrated under two circumstances. One is
when muscle blood flow becomes limited due to a disproportionate, high work rate of an-
other muscle group, even when the muscle mass is small. The other circumstance that lim-
its regional blood flow is when exercise is performed with a reduced cardiac output. In
both situations, evidence supports sympathetic vasoconstriction in the active muscles.
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1. INTRODUCTION

Fatigue is the inevitable result of prolonged strenuous exercise, but the nature of the
fatigue process and the time for which exercise can be sustained will be influenced by
many factors. The most important of these is undoubtedly the intensity of the exercise in
relation to the cardiovascular and metabolic capacity of the individual, and the most effec-
tive way to delay the onset of fatigue and improve performance is by training. The pri-
mary cause of fatigue in exercise lasting more than one hour but not more than 4-5 hours
is usually considered to be the depletion of the body’s carbohydrate reserves: in bicycle
exercise (6), but less convincingly in running (9), the glycogen content of the exercising
muscles appears to be crucial. Systematic training results in many adaptations to the car-
diovascular system and to the muscles, allowing them to increase delivery and use of oxy-
gen and enhancing the extent to which they can use the relatively unlimited fat stores as a
fuel and thus spare the rather small amounts of carbohydrate which are stored in the liver
and in the muscles. In the same way, in situations where exercise capacity is limited by
carbohydrate availability, improvements can be demonstrated to result from feeding car-
bohydrate before or during exercise.

It is equally clear, however, that exercise tolerance is also affected by the environ-
mental conditions: when temperature and humidity are high, performance is invariably re-
duced relative to the capacity to perform the same task in more moderate climatic
conditions. Figure 1 demonstrates that there is clearly an optimum environmental tempera-
ture for the performance of prolonged exercise. This suggests a major role for thermoregu-
latory limitations to exercise in the heat, although it does not exclude an effect of elevated
temperature on other aspects of physiological function, and also raises questions as to how
far the same mechanisms can influence performance at lower ambient temperatures.

The Physiology and Pathophysiology of Exercise Tolerance
edited by Steinacker and Ward, Plenum Press, New York, 1996 103
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a. exercise performance is influenced by ambient temperature or by alterations in
muscle and/or core temperature;

b. performance is altered by the pre-exercise hydration status; and

c. administration of fluids can increase exercise capacity.

In addition to demonstrating that these effects exist, it is also necessary that a plausi-
ble explanation of the mechanism of action should exist. A review of the literature leaves
no doubt as to the fact that thermoregulation and fluid balance can influence exercise ca-
pacity, but the mechanisms by which they do so are less clear.

2. EXERCISE AND TEMPERATURE REGULATION

Fluid loss during exercise is primarily a consequence of the need to maintain body
temperature - or at least the temperature of the body core - within narrow limits. The rest-
ing oxygen consumption of the average human is about 250 ml/min, corresponding to a
rate of metabolic heat production of about 70 W. Thermoregulation is achieved in most
situations by behavioural mechanisms: the amount of clothing worn is adjusted or the am-
bient temperature is changed so that the rate of heat production or heat gain is balanced by
the rate of heat loss. During exercise, the rate of heat production can be increased to many
times the resting level. At very high power outputs, muscle temperature will rise markedly
without major changes in body core temperature, but exercise duration is inevitably short
and it is not clear that core temperature will rise sufficiently to limit performance.

In sustained rhythmic exercise, muscle blood flow is high and the rise in muscle
temperature is limited by convective heat removal. In an event such as running on the
level, the rate of heat production is determined primarily by running speed and body mass,
with individual variations in mechanical and metabolic efficiency being of secondary im-
portance. The elite marathon runner can achieve an oxygen consumption of 5 I/min or
more, and highly trained athletes can sustain a power output of about 80% of this level
(equivalent to 80 kJ/min or 20 kcal/min) for more than 2 hours (29). When the ambient
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Figure 1. Exercise capacity during cycle exercise at an intensity corresponding to about 70% of VO, max in eight
male subjects who were moderately trained but not heat acclimated. All trials were significantly different from
each other, except for those at 4 and 21°C. Based on data from Ref. 15.




Thermoregulation and Fluid Balance 105

temperature is higher than skin temperature, heat will also be gained from the environ-
ment by physical transfer, adding to the heat load on the body. In spite of this, marathon
runners normally maintain body temperature within 2-3°C of the resting level, indicating
that heat is being lost from the body almost as fast as it is being produced. The highest
temperatures in exercising subjects have generally been observed in runners competing in
events at distances of 10-15 km. Sutton (45) reported more than 30 cases where rectal
temperature exceeded 42°C in competitors in a 14 km road race: in such conditions, heat
illness and collapse are not uncommon. These observations indicate that a high absolute
rate of heat production places the greatest stress on the thermoregulatory system.

At high ambient temperatures, the only mechanism by which heat can be lost from
the body is evaporation, and even at low ambient temperatures high sweat rates are ob-
served in some individuals (26). Evaporation is an extremely effective heat loss mecha-
nism, and evaporation of 1 I of water from the skin surface will remove 2.4 MJ (580 kcal)
of heat from the body. For the 2 h 30 min marathon runner with a body mass of 70 kg to
balance the rate of metabolic heat production by evaporative loss alone would therefore
require sweat to be evaporated from the skin at a rate of about 1.6 I/h: at such high sweat
rates, an appreciable fraction of the sweat secreted drips from the skin without evaporat-
ing, and a sweat secretion rate of about 2 1/h is likely to be necessary to achieve this rate
of evaporative heat loss. This is possible, but would result in the loss of 5 I of body water,
corresponding to a loss of more than 7% of body mass for a 70 kg runner. Typical body
. mass losses in marathon runners range from about 1-6% (0.7-4.2 kg) at low (10°C) ambi-
ent temperatures (27) to more than 8% (5.6 kg) in warmer conditions (8). Figure 2 demon-
strates that the rate of sweat production is related to running speed, but it is apparent that
there is a large inter-individual variation in the sweating response even when the running
speed (and hence the power output) is the same.

25

— N
4] o

-
(@]

Sweat rate {g.min 1)

5 r=-0629
p < 0.001

0%, | | y | { | |
120 150 180 210 240 270 300 330

Finishing time (min)

Figure 2. The relationship between sweat rate and marathon finishing time in 59 male runners. Ambient tempera-
ture during the event was 8-10°C. Reproduced with permission from Ref. 26.
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Some water will also be lost by evaporation from the respiratory tract. During pro-
longed hard exercise in a hot dry environment, this can amount to a significant water loss,
although this is not generally considered to be a major heat loss mechanism in humans.
The rise of 2-3°C in body temperature which normally occurs during marathon running
means that some of the heat produced is stored, but the effect on heat balance is minimal:
a rise in mean body temperature of 3°C for a 70 kg runner would reduce the total require-
ment for evaporation of sweat by less than 300 ml.

Fluid losses are distributed in varying proportions among the plasma, extracellular
water, and intracellular water. The decrease in plasma volume which accompanies dehy-
dration may be of particular importance in influencing work capacity; blood flow to the
muscles must be maintained at a high level to supply oxygen and substrates, but a high
blood flow to the skin is also necessary to convect heat to the body surface where it can
be dissipated (34). When the ambient temperature is high and blood volume has been de-
creased by sweat loss during prolonged exercise, there may be difficulty in meeting the
requirement for a high blood flow to both these tissues. In this situation, skin blood flow
is more likely to be compromised, allowing central venous pressure and muscle blood
flow to be maintained but reducing heat loss and causing body temperature to rise
sharply (39).

3. EFFECTS OF BODY HEATING AND COOLING ON EXERCISE
PERFORMANCE

Although it has long been known that warm-up prior to exercise may enhance
performance (4), it is equally clear that there is an optimum temperature above which
a detrimental effect is observed. The process of warming up also has many effects
other than simply on muscle temperature, and these effects may confound the interpre-
tation of these studies. Several investigations have shown that manipulation of the
temperature of human limbs - usually by immersion in water at different temperatures,
can influence the capacity for exercise performance: because of the obvious practical
difficulties, there are rather few similar studies with whole body exercise. In isometric
contractions at high forces, muscle blood flow is reduced or absent: the ability to sus-
tain submaximal isometric contractions of the forearm muscles is related to the pre-ex-
ercise muscle temperature, with the greatest duration being observed when the muscle
temperature is about 27°C, compared with the normal resting value of about 34°C (7).

Bergh and Ekblom (5) studied swimming in cold water or submaximal cycling
exercise to alter core (oesophageal, TES) or muscle (m vastus lateralis, TM) tempera-
ture prior to a combined arm and leg exercise test: average work time decreased from
6.8 min at normal temperature (TES 37.7°C, TM 38.5°C) to 4.4 min at reduced tem-
perature (TES 35.8°C, TM 36.5°C) and was further reduced at the lowest temperatures
studied (TES 34.9°C, TM 35.1°C) to 3.1 min. Elevation of temperature (TES 38.4°C,
TM 39.3°C) had no significant effect on exercise time (6.2 min) relative to the normal
condition.

In the exercising dog, cooling of the trunk with ice packs has been shown to attenu-
ate the rise in both muscle and rectal temperature, and to extend exercise time by about
45% compared with the mean exercise time without cooling of 57 min (21): this study was
carried out at an ambient temperature of 20°C.
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4, EFFECTS OF AMBIENT TEMPERATURE ON EXERCISE
PERFORMANCE

Many studies have investigated the effects of alterations in ambient temperature on
the capacity to perform different types of exercise. In many of these investigations, only
two temperature conditions have been compared, and in some of these, exercise trials at
low (0-10°C) and high (40°C or higher) temperatures have been compared without a trial
under more moderate conditions, but others have compared exercise in the heat with more
moderate conditions. The results of these tests have invariably shown that exercise per-
formance is impaired when the environmental temperature is high: indeed, a reduction in
exercise tolerance in the heat is a matter of common experience.

The effects of high ambient temperatures on exercise capacity can be extremely
large: Suzuki (46) reported that exercise time at a work load of 66% of VO,max was re-
duced from 91 min when the ambient temperature was 0°C to 19 min when the same exer-
cise was performed in the heat (40°C). In an unpublished study in which 6 subjects
exercised to exhaustion at 70% VO,max on a cycle ergometer, we found that exercise
time was reduced from 73 min at an ambient temperature of 2°C to 35 min at a tempera-
ture of 33°C. Many other studies have observed that performance of exercise in the heat at -
temperatures around 30-35°C dry bulb may be substantially reduced compared to a cooler
(20-25°C) environment (1,21,25,37,43).

More recently, we have measured the endurance capacity of subjects cycling at an
exercise intensity of about 70% of VO,max at ambient temperatures of 4, 11, 21 and 31°C
(15), and the results are shown in Figure 1. It is clear that there is an optimum temperature
for performance of this type of exercise, and that this optimum occurs at about 10°C, with
shorter exercise times being achieved at lower and at higher temperatures. Although fa-
tigue at these work intensities is generally considered to result from depletion of the mus-
cle glycogen stores, this is clearly not the case when the ambient temperature is high: the
total amount of carbohydrate oxidised was much less at a high (31°C) ambient tempera-
ture, because of the short exercise time, and it seems highly improbable that muscle glyco-
gen stores were exhausted when the subjects stopped exercising.

Maw et al. (30) have shown that ambient temperature can influence the subjective
perception of effort during exercise: subjects reported a lower level of perceived exertion
at an ambient temperature of 8°C or 20°C relative to exercise at the same power output at
40°C. Similar results were obtained by Galloway and Maughan (15), and these subjective
responses support the notion of a reduced exercise tolerance in the heat.

5. HYDRATION STATUS AND EXERCISE PERFORMANCE

It is often reported that exercise performance is impaired when an individual is de-
hydrated by as little as 2% of body mass, and that losses in excess of 5% of body mass can
decrease the capacity for work by about 30% (42). The original data on which these fig-
ures are based have proved elusive, but there are many reports in the literature of reduc-
tions in exercise performance resulting from hypohydration induced prior to exercise, and
these studies have been comprehensively reviewed (44).

Several different methods have been used to induce body water loss, including
thermal sweating, exercise at high or moderate ambient temperatures, restriction of
fluid (and food) intake, and the administration of diuretic agents. The different effects
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of these various procedures can account for some of the variability in response which
has been reported. Where exercise is used to provoke sweat loss, hyperthermia and de-
pletion of muscle and liver glycogen stores will also be possible causes of reductions
in subsequent exercise performance, and the results of these studies must be treated
with caution.

Nielsen et al. (36) showed that prolonged exercise, Which resulted in a loss of fluid
corresponding to 2.5% of body mass, resulted in a 45% fall in the capacity to perform high
intensity exercise lasting about 7 min. More recently, Walsh et al. (48) have shown that
prevention of dehydration by administration of I litre of saline solution during 1 hour of
exercise at 70% of VO,max resulted in a prolonged exercise time in a subsequent exercise
test at 90% of VO, max: exercise time was 9.8 min, compared with 6.8 min on the control
trial where body mass was reduced by 1.3 kg.

Passive heat exposure in a sauna or similar environment will result in an elevation of
body temperature and loss of sweat, but will not affect tissue carbohydrate stores. Nielsen
et al.. (36) found that sauna exposure (2.5% reduction in body mass, rectal temperature
39°C) reduced performance in a cycling task lasting about 7 min to 65% of the control
value. Thermal sweating (6 hours exposure at 46°C) with (4.3% reduction in body mass)
or without (1.9% reduction) fluid restriction reduced treadmill walking time by 48% and
22% respectively in a task that could be sustained for about 5-10 min: Ref. 12). In another
study, passive heat exposure (56°C) was used to induce dehydration corresponding to 2, 4
or 5% of initial body mass: subsequent performance of a 30s maximum power output test
was not affected by dehydration (19).

Saltin (41) found that exercise time in a standard test (about 6 min in the control
condition) on the cycle ergometer was reduced by both sauna dehydration (2.8% re-
duction in body mass: 20% reduction in exercise time), hard work in a mild environ-
ment (2.5-4 h at 70% of VO,max at an ambient temperature of about 18°C, resulting
in a 2.6% reduction in body mass: 25% reduction in exercise time) and by moderate
work in the heat (2.5-4 h at 56% of VOzmaX at an ambient temperature of about 37°C,
resulting in a 2.8% reduction in body mass: 19% reduction in exercise time). Other
studies which have used exercise in the heat to induce sweating have shown similar re-
sults (e.g. Ref. 36).

Diuretic administration (80 mg Lasix, 2.5% reduction in body mass) reduced exer-
cise performance by 18% in the study of Nielsen et al. (36). Armstrong et al. (3) used the
same drug (40mg) to reduce body mass by 1.6-2.1%: mean running speed in simulated
races over distances of 1,500 m, 5,000 m and 10,000 m was reduced by 3.1%, 6.7% and
6.3% respectively after dehydration.

Attempts have been made to induce a state of relative hyperhydration prior to exer-
cise by administration of glycerol solutions. These have the effect of increasing total body
water, but result in an increase in plasma osmolality, and so may be considered to result in
a relative hypohydration, even though total body water is increased (16). There have, how-
ever, been some recent reports of improvements in the ability to perform prolonged exer-
cise after glycerol administration (32).

There are few reports of the effects of hypohydration on mental performance and
cognitive function, but some negative effects have been recorded. Gopinathan ez al. (17)
reported a reduction in a variety of tasks involving arithmetic ability, short term memory
and a visual tracking test after dehydration (2-4% of body mass) induced by exercise in
the heat and water restriction: performance was not affected by a 1% reduction in body
mass. Other authors have reported similar effects (2,22).




Thermoregulation and Fluid Balance 109

6. EFFECTS OF FLUID INGESTION ON PERFORMANCE

The effects of feeding different types and amounts of beverages during exercise
have been extensively investigated, using a wide variety of experimental models. Not all
of these studies have shown a positive effect of fluid ingestion on performance, but, with
the exception of a few investigations where the composition of the drinks administered
was such as to result in gastrointestinal disturbances, there are no studies showing that
fluid ingestion will have an adverse effect on performance. These studies have been the
subject of a number of extensive reviews which have concentrated on the effects of ad-
ministration of CHO, electrolytes and water on exercise performance, and the results of
the individual studies will not be considered in detail here (11,23,27,33).

Many different fluid replacement regimens have been investigated, and in most stud-
ies, drinks administered during exercise trials have contained a variety of types and
amounts of carbohydrate as well as electrolytes and other components. The problems in
resolving the effects of fluid replacement from those of the supply of exogenous substrate
are formidable. This is particularly true as the most effective fluid replacement is known
to be achieved with drinks that contain small amounts of glucose and sodium (24). How-
ever, performance is improved by ingestion of carbohydrate, whether in liquid or solid
form (10), and it seems clear that the most effective way to improve exercise performance
is to replace both water and substrate. The precise balance between these two objectives
that will be most effective in any given situation will depend on a number of factors, in-
cluding the exercise intensity and duration, the ambient temperature and humidity and the
physiological and biochemical characteristics and nutritional status of the individual (27).

There have been rather few systematic investigations of the effects of variations in
the composition of ingested fluids or in the amount of fluid ingested on exercise perform-
ance. Much of the information is the literature consists of reports of what are effectively
tests of candidate solutions for optimising performance: where two or more solutions are
compared, they often differ in several respects, making interpretation of the results diffi-
cult. There are more coherent data relating to fluid replacement, and it is clear that in-
creasing the amount of carbohydrate contained in ingested fluids will slow gastric
emptying, thus limiting the possible rate of fluid replacement, while increasing the amount
of substrate delivered to the small intestine (47). The optimum rate of water absorption in
the small intestine is achieved with hypotonic (osmolality of about 220-250 mosmol/kg)
solutions with relative low glucose concentrations and relatively high sodium concentra-
tions (29).

As mentioned above, there are many studies showing improvements in performance
with the administration of plain water, while other studies show that solid carbohydrate
feeding can also improve performance. In one investigation, however, where several dif-
ferent treatments were compared, administration of a dilute glucose-electrolyte solution
was found to be more effective in improving performance than was a concentrated carbo-
hydrate solution (28).

7. POSSIBLE MECHANISMS OF REDUCED EXERCISE
TOLERANCE IN THE HEAT

With exercise at different temperatures, many studies have shown changes in cardio-
respiratory, thermoregulatory and metabolic function related to the ambient temperature.
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There are, however, inconsistencies in the reported changes with increases in oxidation
rates of both carbohydrate and lipid being reported during exercise in hot or neutral envi-
ronments (14,20) compared with a cool environment, and increased oxygen costs of exer-
cise observed in both cold (18) and hot (13) environments. Overall the reported metabolic
responses to heat exposure do not provide strong evidence for substrate depletion as the
primary cause of fatigue during exercise in the heat. More systematic studies examining
the effects of exposure temperature on the metabolic responses to exercise in the heat are
required in order to ascertain the major causes of reduced exercise tolerance.

Hypohydration is the most mechanism proposed for reduced exercise tolerance in
the heat. Since the early experiments of Adolph and associates (2), the effects of hypohy-
dration on exercise performance have been studied extensively. However, it is not clear
whether the hypovolemia or the hypertonicity associated with hypohydration is responsi-
ble for the subsequent elevations in core temperature, the changes in sweat rate and the
large cardiovascular drift which occur during exercise in the hypohydrated state. Montain
and Coyle (31) have highlighted the inconsistent effects of fluid ingestion on core tem-
perature and sweat rate. Typically, core temperature and heart rate are reduced and periph-
eral blood flow is maintained following fluid administration compared with no fluid
ingestion. This therefore strongly suggests that fluid balance is a key factor determining
exercise tolerance in a hot environment.

During moderate to intense exercise in the heat, the combined increased demands
for perfusion of the working muscles and of the skin can result in difficulties in meeting
both requirements (38). With hypohydration, peripheral blood flow is usually reduced and
heart rate increases in an attempt to maintain central vascular pressure. A reduction in pe-
ripheral blood flow will reduce the ability to lose heat causing body temperature to rise.
The dual demand of the working muscle and peripheral circulation in the heat may also
compromise hepatic, splanchnic and muscle blood flow which may ultimately limit exer-
cise capacity (40). This again suggests that fluid balance is a key factor determining exer-
cise capacity. In contrast to this hypothesis Nielsen (35) did not observe a reduction in
muscle perfusion during exercise and heat stress and suggested that a high core tempera-
ture was the more likely cause of fatigue in the heat. Similarly, Saltin et al. (43) suggested
that a high muscle temperature would limit exercise performance in the heat.

It is clear that further investigation of thermoregulation and fluid balance during ex-
ercise in hot environments is necessary in order to understand the mechanisms for the re-
duced exercise tolerance observed in the majority of studies conducted in the heat. It is
also apparent that the thermoregulatory response to exercise varies between individuals. It
is unlikely, therefore, that this or any other factor will contribute to the subjective sensa-
tion of fatigue to the same degree in all individuals or in all situations. Nonetheless, fluid
replacement appears to have a large influence on exercise tolerance during heat exposure,
although the mechanisms involved and the interactions with thermoregulation remain ob-
scure.
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ENDOCRINE REGULATION OF METABOLISM
DURING EXERCISE

H. Weicker and G. Strobel
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University of Heidelberg, Germany

1. INTRODUCTION

The efficiency of hormonal stimulation on metabolic regulation not only depends on the
plasma concentration of the hormones, their receptors, post-receptor, and second messenger
systems, but also on the enzymatic and metabolic adaptation triggered by physical activity.
Insulin and catecholamines, as well as the mechanisms, which elicit the metabolic response,
will be discussed. The previous assumption of the insulin mediated glucose transport through
the cell membrane after insulin receptor interaction and post-receptor activation is challenged
by the function of the glucose transporter Glut 4 on the plasma and intracellular membranes.
New findings on this subject, such as additive effects of insulin and exercise, will be reported.
The exercise induced catecholamine overflow, which can exceed resting values by up to 50
fold, is attenuated by adrenoreceptor down-regulation, post-receptor adaptation, activation of
second messenger systems, metabolic and renal clearance rates, as well as by the sulfconjuga-
tion of catecholamines. The metabolic regulation of carbohydrate- and lipid metabolism by
insulin and catecholamines will be addressed.

2. INSULIN

The biochemical structure of insulin, a 5 Kd peptide, is identified, its chemical and
genetechnological synthesis has been completed. The insulin interaction with its receptor
on the plasma membrane has been well established. However, the insulin effectiveness on
glucose uptake and the post-receptor signaling for intracellular glucose utilization are less
well elucidated.

2.1. Insulin Biosynthesis and Secretion

Insulin is stored in the B cells of the pancreas as a prohormone. It is secreted from
the B cells together with C peptide by exocytosis. The extent of the secretion is strongly
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influenced by the concentration of blood glucose and, to a lesser degree, by some amino
acids, such as arginine and alanine (22).

Insulin release is inhibited by stimulation of a adrenoceptors on B cells. This occurs,
for instance, during exhaustive exercise, due to elevated catecholamine.levels. The inhibi-
tion of the insulin release reduces hepatogenic and muscular glycogenesis and intensifies
the glycogenolytic and gluconeogenetic glucose output from the liver and glycogen mobi-
lization in muscle.

Insulin enhances the lipogenesis in adipocytes and isthe strongest hormonal inhibi-
tor of lipolysis, due to the activation of the enzyme phosphodiesterase. This enzyme cata-
lyzes the degradation of cCAMP to AMP, which prevents the phosphorylation of the
hormone sensitive lipases via protein kinase. Moreover, insulin enhances the glucose up-
take and the glycerolphosphate formation, which supports lipogenesis in fat cells, and also
diminishes the release of free fatty acids by the activation of the endothelial adipocyte
proteinlipase. Therefore, the o adrenergic inhibition of the insulin secretion supports the
substrate supply during work.

2.2. Insulin Receptor

The insulin receptor is a tetrameric glycoprotein of two o 135 Kd and two p 90 Kd
subunits, which has been formed after several cleavages of the insulin receptor precursors
in the cell. After the receptors have been incorporated into the plasma membrane, the car-
bohydrate moiety is covered by sialic acid, which prevents hydrolysis by galactosidase
(3,18). The mediation of the insulin effect via insulin receptors is regulated by different
mechanisms (Fig.1).

First, after insulin has bound to the o subunits of the receptor, the receptor becomes
converted, now specifically activating the tyrosine kinase at the catalytic site of the intra-
cellular § subunits. This activation seems to be responsible for the intracellular glucose
utilization, depending on a cascade of further enzymatic steps, in which tyrosine kinase
has a key function. However, with regard to glucose uptake, the significance of activated
tyrosine kinase is still not yet completely clarified. Besides the specific activation of tyro-
sine kinase by phosphorylation, threonine and serine phosphorylation sites of the insulin
receptor may be phosphorylated by cAMP sensitive protein kinase C after B adrenergic
stimulation by catecholamines (3,18). Phosphorylation of the insulin receptor via protein
kinase C reduces the insulin affinity of the o subunits during intense exercise, for exam-
ple, diminishing glycogenesis and lipogenesis and enhancing lipolysis and glycogenolysis.

Both specific tyrosine kinase phosphorylation as well as autophosphorylation via
protein kinase C enhance the internalization of the hormone receptor complex and its deg-
radation. Both effects might cause receptor down-regulation, which occurs considerably
during hyperinsulinemia (3,18).

2.3. Glucose Transporters (Glut 4 and Glut 1)

Glucose transporters on plasma membranes of skeletal muscle, adipocytes and some
other tissues, facilitate the glucose uptake. In skeletal muscle, glucose uptake can also be
elicited by exercise without insulin stimulation (1,5,14,15,16,17,19), challenging the pre-
viously postulated exceptional function of the insulin mediated glucose uptake. In periph-
eral tissues, glucose transporters Glut 4 and Glut 1 are most prominent.

The glucose transporters Glut 4 and Glut 1 are 40 Kd proteins with a carbohydrate
moiety of 12-15 % (1,4,5,7). The glucose transport through the plasma membrane is trig-
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Figure 1. The effect of B-adrenergic agonists mediated by autophosphorylation of threonine-serine phosphoryia-
tion sites and following activation of protein kinase C. Autophosphorylation (1) reduces insulin binding to the a-
subunit of the insulin receptor and (2) reduces tyrosine phosphorylation at the tyrosine kinase catalytic site, i.e.
reduces the effectiveness of insulin. For clarity, only one of the two o and § subunits of the insulin receptor is
shown.

gered by glucose itself, eliciting a conformational change of the glucose transporter. The
energy supply, necessary for this conformational alteration of the glucose transporters has
not yet been identified. Glut 1 transporters are distributed in many fetal and adult tissues,
apparently in human red cells and also in skeletal muscle. Glut 4 transporters are primarily
distributed on skeletal muscle, adipocytes and heart. After biosynthesis, the Glut 4 trans-
porter is stored in low density microsomes (LDM) or is expressed in the plasma mem-
brane. Both biosynthesis and translocation from LDM to the plasma membrane are
additively triggered by insulin and exercise, thus regulating the extent of glucose uptake.

2.3.1. Glucose Transport Into Skeletal Muscles. Glut 1 mainly facilitates the glucose trans-
port at rest. Its membrane density is somewhat higher on red than on white muscle fiber
membranes. Glut 1 membrane density cannot be influenced by exercise or physical train-
ing. On the contrary, Glut 4 membrane density is enhanced by insulin as well as by exer-
cise and training. The exercise dependent increase in Glut 4 density is more pronounced in
red than in white muscle fibres. Both insulin and exercise increase Glut 4 membrane den-
sity. However, the mechanisms by which insulin and exercise increase the translocation of
Glut 4 from LDM to plasma membrane are different ( 1,5,7,17,19.Fig.2). Insulin activated
tyrosine kinase seems to trigger Glut 4 exocytosis on LDM which supports the Glut 4
translocation to the plasma membrane. At the same time, insulin inhibits the pretransla-
tional biosynthesis of Glut 4, leading to a marked reduction of the Glut 4 pool of LDM.
Exercise also increases the Glut 4 recruitment from LDM to the plasma membrane, but
unlike insulin, exercise also increases the biosynthesis of Glut 4, leading to a minor de-
crease in the Glut 4 pool of LDM during exercise (1,5,6,7,12,1 3).
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. Figure 2. Glucose transport mechanism across the plasma membrane and the effect of insulin and exercise on the
regulation of the Glut 4 translocation from low density michrosomes (LDM) to plasma membrane and pretransla-
tional Glut 4 biosynthesis.

2.3.2. Adipose Tissue. The Glut 4 and Glut 1 transport and function of adipocytes is simi-
lar to the muscle. However, it is important to mention that insulin but not exercise acceler-
ates the Glut 4 translocation velocity from the LDM compartment to the plasma
membrane in fat cells (1,5,11).

2.4. Clinical Implications

The improvement of glucose uptake by exercise, due to the increase of Glut 4 den-
sity in plasma membrane, may have therapeutical consequences for both Type I and Type
IT diabetes mellitus. With the insulin deficiency of Type I, exercise and especially training
induces an insulin independent increase of glucose uptake by Glut 4 due to the rise of
plasma membrane Glut 4 density. This might partially compensate for the lack of the insu-
lin stimulated glucose uptake. In Type II diabetes, which is mainly accompanied by recep-
tor and post-receptor defects, as well as by insulin resistance; training and exercise also
have a benefit on the improvement of Glut 4 function. In this context, it should be men-
tioned that in rats oral treatment of diabetes mellitus Type II with sulfonylurea stimulates
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the Glut 4 recruitment as well (10), thus enhancing the translocation and increase of mem-
brane Glut 4 density. This should be kept in mind when Type II diabetics with obesity do
not respond to dietary regimens together with physical activation by special training
modes which are, at present, the first choice of treatment of Type II diabetes. However, it
has to be taken into account that neuromuscular impairment, which often occurs with dia-
betes mellitus of both types, reduces the capability to exercise and training, thus reducing
its benefits of Glut 4 translocation from LDM to plasma membranes (7,11,14,16,17,20).

3. CATECHOLAMINES

Catecholamines are derived from the amino acid tyrosine, which enters the chromaf-
fine cells in the adrenal medulla, and the postganglionary neurons. From tyrosine, L-dopa
is formed by the rate-limiting enzyme tyrosine hydroxylase and is then converted to
dopamine by decarboxylation. Dopamine is taken up into the storage vesicles, in which
dopamine B hydroxylase synthesizes norepinephrine. In the cytosol, norepinephrine is N-
methylated to epinephrine and is then taken up again in the storage vesicles. Whether the
postganglionary neurons function as dopaminergic, noradrenergic or adrenergic neurons
depends on the enzyme equipment. For instance, dopaminergic neurons do not possess
dopamine B hydroxylase and are therefore not able to synthesize norepinephrine. Catecho-
lamines may serve as neurotransmitters and as hormones. In humans, the ratio of epineph-
rine and norepinephrine released into the blood stream by the adrenal medulla amounts to
8:1. In the brain, the neurotransmitter dopamine prevails, followed by norepinephrine and
epinephrine. In the peripheral postganglionary sympathetic neurons, norepinephrine is the
preferred neurotransmitter. Its release is regulated by presynaptic a2 adrenoceptors (inhi-
bition) and B2 adrenoceptors (activation). Catecholamines, serving as hormones or neuro-
transmitters, are primarily regulated by the central sympatho-adrenergic stimulation due to
afferent or efferent impulses required for metabolic or cardiocirculatory adaptation. Dur-
ing exercise, the central sympatho-adrenergic stimulation depends on the work load and
duration of exercise and on the recruited muscle mass, but also on the emotional stress
(21,22). The sympatho-adrenergic center in the brain stem stimulates the preganglionary
neurons, followed by the excitation of their postganglionary neurons or the adrenal me-
dulla, resulting in the release of the hormones or neurotransmitters. The metabolic or car-
diovascular effects of catecholamines are mediated via the subtypes of o and/or
adrenoceptors.

As already mentioned above, the hormonal impact does not only depend on the hor-
monal blood concentration and on the receptor- and post-receptor-systems, but also on the
enzymatic and metabolic adjustment and the neuromuscular excitation during work. To
emphasize this point of view, we would like to discuss the well known example of muscle
glycogenolysis.

" 3.1. Glycogenolysis

Epinephrine dependent B2 stimulation, which activates the adenylate cyclase system
via Gs protein, results in the formation of the 3,5-cAMP. 3,5-cAMP phosphorylates a protein
kinase, activating phosphorylase kinase B, which for its part converts phosphorylase b to a,
catalyzing glycogen mobilization. Since phosphorylase a cleaves the glycosyl units phos-
phorolytically to glucose-1-phosphate, the ATP yield from glycogen compared to blood-borne
glucose is higher. Besides this well known pathway, the glycogenolytic rate due to exercise
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depends primarily on the cytosolic calcium, i.e. on the activation of phospholipase C. Phos-
pholipase C may be activated in skeletal muscle first by noradrenergic stimulation of the a1
adrenoceptor on the T tubular system and also by the voltage dependent calcium channels and
the dihydropyridine receptors (22). Activated phospholipase C increases the second messen-
gers, namely inositoltrisphosphate and the membrane-bound diacylglycerol. Inositoltrisphos—
phate enhances the calcium release from the SR through calcium channels, which are
identical with ryanodine receptors (9). These channels are sensitised by voltage sensitive sen-
sors between the triades and the T tubules (22). The increased calcium efflux triggers troponin
C, eliciting the myofilament coupling in muscle contraction. The cytosolic surplus of calcium
is bound by calmodulin, a calcium binding protein of the cytosol. Ca2+ calmodulin then acti-
vates the above mentioned enzyme cascade leading to the conversion of phosphorylase b to a.
In addition, diacylglycerol supports the function of the membrane-attached protein kinase al-
losterically, increasing the glycogen mobilization (22, Fig.3). Thus, the glycogen mobilization
will be directly adapted to the muscle contraction and the intensity of the T tubular excitation.
It will also be potentiated by the hormonal impact. The cooperation between the 32 adrener-
gic hormonal stimulation and the additive enzymatic metabolic regulation, which is elicited
by the T tubular excitation and SR coupling, indicates that the glycogen liberation already
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Figure 3. Stimulation of muscular glycogenolysis by the adenylate cyclase system and by the inositoltrisphos-
phate/diacylglycerol system. Reproduced with permission from Ref. 22.
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starts before significant catecholamine increase in blood is obvious. This theoretical consid-
eration supports the practical findings that the substrate mobilization from muscular glycogen
depots depends on the intensity and duration of muscle contraction.

3.2. Lipolysis

B2 adrenergic stimulation of lipolysis and fatty acid release in adipocytes is also me-
diated by hormonal interaction with enzymatic and metabolic adjustment. Activation of
the adenylate cyclase via Gs protein, after the binding of the ligands to the f2 adrenocep-
tors, elicits the protein kinase phosphorylation by c¢AMP. This activates the hormone sen-
sitive lipases and leads to the hydrolysis of triacylglycerol to fatty acids and glycerol. The
B2 adrenergic catecholamine stimulation prevails in human lipolysis, whereas ACTH and
glucagon, which especially takes place in animals, are only able to trigger the lipolysis in
humans if catecholamine production is impaired (22). a2 adrenoceptor stimulation inhibits
the adenylate cyclase activation via Gi protein. Thus, the cAMP dependent phosphoryla-
tion of protein kinase C is reduced.

3.3. cAMP/Receptor Density

Desensitised post-receptor regulation resulting in a reduced cAMP formation which
might be caused, for instance, by exhaustive long term exercise can be indicated by the
decreased ratio of cAMP/adrenoceptor density. The marked increase of catecholamines
during long-lasting exhaustive exercise increases the P2 adrenoceptor density of the target
cells, but inhibits cAMP production, influenced by the extent of B2 adrenergic stimulation
(8). This finding may be explained by an overproportional phosphorylation of protein ki-
nase, which is able to phosphorylate threonine and serine at the intracellular glycoprotein
moiety of the B adrenoceptors. The phosphorylation of these amino acids inhibits the Gs
function upon the adenylate cyclase activation and consequently decreases cAMP produc-
tion (8).

3.4. Measurement of the Overall Sympathetic Activity

Physical exercise represents the most powerful stimulus of the sympatho-adrenergic
system (2), which is important for the adaptation of metabolism and the cardiovascular
system to exercise. Therefore, knowledge about the sympatho-adrenergic activation dur-
ing various types of exercise and training seems of interest. Due to the short half-lives, the
free catecholamines are less appropriate to reflect the overall sympatho-adrenergic activity
over a prolonged period of time. Recent studies provide evidence that the single measure
of plasma norepinephrine sulfate reflects the overall spillover of norepinephrine during
prolonged periods of exercise (Fig.4). First, norepinephrine sulfate is formed from free no-
repinephrine by the enzyme phenol sulfotransferase. Second, norephinephrine sulfate in
plasma is concentrated about 2 to 4 times higher than free norepinephrine. Third, the
plasma half-life of norepinephrine sulfate compared to free norepinephrine is longer
(hours vs. minutes). Fourth, plasma norepinephrine sulfate accumulates with the duration
of exercise and rises with increasing workloads. Fifth, the increase in plasma catecholami-
nes during exercise depends on the total work performed, but not on the pattern of the
power output. These findings were established in continuous and discontinuous exercise
tests (21). Therefore, measurement of plasma norepinephrine sulfate after exercise reflects
the overall spillover of norepinephrine during the whole period of prolonged exercise per-
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Figure 4. Plasma free and sulfated norepinephrine at rest, as well as 20, 40 and 60 min after beginning of continu-
ous exercise from ten well-trained subjects. Values are means + standard error. * significantly different from rest-
ing values at p < 0.05. + significantly different between corresponding values of both exercise tests at p<0.05.
Results indicate that plasma norepinephrine is closely following the pattern of power output. Norepinephrine sul-
fate seems to accumulate during exercise, reflecting the overall norepinephrine spillover throughout the duration of
exercise. (Modified from Ref. 21 with permission).

formance, such as interval training sessions, soccer, handball and other competitive sport
events which last longer than one hour.
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1. INTRODUCTION

In the steady state of dynamic muscular exercise in humans, blood flow to exercis-
ing muscles (QM) increases essentially linearly with respect to work rate and oxygen up-
take (VO,). The profiles of the nonsteady state Q,, response however are poorly
understood, reflecting in large part the technical difficulties of accurately determining
limb blood flow during periods of rapid change. Previous attempts to establish QM kinetics
have been hampered by uncertainties relating to the assumptions of the techniques. For ex-
ample, the constant indicator infusion approach assumes that the indicator is uniformly
dispersed throughout the flow pulse, and none is lost prior to reaching the sampling site.
Also, “standard” Doppler estimates of flow from blood velocity assume both that the fo-
cus of the beam on to the vessel and the vessel geometry itself remain unchanged through-
out the exercise - with no assurance, of course, that they are. The duplex Doppler
technique, in contrast, is not prey to these assumptions as it (a) visualizes the vessel
throughout the measurement and (b) determines the vessel diameter and therefore can es-
tablish blood flow in addition to velocity (3,4) - assuming only that the vessel cross-sec-
tion is circular.

The aim of the present investigation was therefore to utilize duplex Doppler moni-
toring of both the common femoral artery (CFA) and its major branches - the superior
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femoral and the profunda femoris arteries (SFA, PFA) - to establish the dynamic profiles
of arterial blood flow to the lower limbs during exercise and recovery.

2. METHODS

Five healthy young subjects performed light- and moderate-intensity square-wave
exercise (6-minute bouts) of the quadriceps muscles in a semi-recumbent posture that al-
lowed the flow-sensing probe to remain stable during the exercise. The probe was placed
in the inguinal region of the inner thigh. The exercise comprised alternating knee exten-
sions against restraining rubber bands, arranged as stirrups over the dorsal surfaces of the
feet. The extensions were from the vertical to an angle of ~75° (with stops provided to set
the excursion limits), the cadence of 40/sec being set by a metronome. The return to the
initial position was achieved chiefly through the device recoil rather than by contraction
of the antagonist muscles: this had the effect of “isolating” the work to the quadriceps
muscles. Rotation of the inguinal region was minimized by means of a strap placed over
the thigh 5 cm rostral to the upper margin of the patella. The length and recoil charac-
teristics of the bands were selected so as to induce the required increments of metabolic
rate (i.e.VO, averaging 1.3 and 1.7 l/min for the light and moderate intensities, respec-
tively). CFA flow was measured by duplex Doppler imaging (Ultramark, Advanced Tech-
nology Laboratories, Seattle, USA) (3,4) at rest and then at 15-20 second intervals
throughout the exercise and subsequent 6-minute recovery phase. All procedures were ap-
proved by the appropriate Institutional Ethics Committee.

As subjects typically experienced difficulties in reliably maintaining the square-
wave profile at high work rates, a separate series of experiments was undertaken in which
six subjects completed a standard 30-second “Wingate” test on a cycle ergometer (Monark
814e, Varburg, Sweden) (1). Flow in the CFA, SFA and PFA was measured with the sub-
jects recumbent at rest and then at approximately 2, 15, 30 and 60 minutes post-exercise.
Monitoring was not undertaken during the exercise bout, as motion artefacts preclude ac-
curate Doppler monitoring during such a maximum-effort test.

3. RESULTS

3.1. Light and Moderate Exercise

In response to the square-wave workrate forcings, CFA flow increased in a curvilin-
ear fashion to reach a new steady state within 2-3 minutes (Fig. 1).

The individual on- and off-transient CFA flow responses were well fit to a mono-ex-
ponential function. That is, for the on-transient:

Qui(1) =Qu,(0) + AQ,(ss) - (1 - exp(-t/ron))

where QM(t) is the QM response at time ¢ after exercise onset; QM(O) is the resting or base-
line value; AQ,(ss) is the steady-state Q,, increment above baseline; and ton is the time
constant of the response.

For the off-transient:
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Figure 1. Individual response profile of CFA blood flow to a moderate square-wave workrate forcing.

Q1) = Q(0) + AQy(s8) - exp(-t/roff)

where QM(t) is the QM response at time ¢ after the _cessation of the work; QM(O) is the re-
covery baseline value; AQ,(ss) is the steady-state Qy between exercise and recovery; and
toff is the time constant of the response.

The group-mean t for the on-transient (ton) was not significantly different for the
light and moderate intensities of exercise, averaging 0.47 and 0.49 min (or 28.2 and 29.4
s), respectively (Table 1).

The off-transient responses for both intensities were also mono-exponential, with
time constants (toff) of 0.65 min (39 s) and 0.75 min (45 s), respectively). That is, on av-
erage (but not in all cases) they were slower than for the corresponding on-transient (Ta-
ble 1).

3.2. High-Intensity Exercise

As was the case for the lower exercise intensities, the decline in CFA flow back to
baseline during the recovery phase could also be characterized by a monoexponential
function (Fig. 2). This was also the case for the SFA and PFA responses. However, the re-
covery was in all cases substantially slower than for light and moderate exercise, with toff
averaging more than 12 min.
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Table 1. Group-mean parameter estimates

Light-Intensity Moderate-Intensity High-Intensity High-Intensity High-Intensity

CFA CFA CFA SFA PFA
Qy Ton(min) 0.47 0.49 - - -
Qy, Toff(min) 0.65 0.75 14.8 21.2 12.6
4. DISCUSSION

The control mechanisms for the kinetics of VO, during muscular exercise remains a
topic of controversy. The two major competing theories to account for this control process
contend, on the one hand, that the kinetics are controlled by enzymatically-controlled
changes in intramuscular high-energy phosphate profiles, with tissue blood flow being
adequate or even excessive for the current demands and, on the other, that the kinetics are
controlled by oxygen delivery to the contractile elements (i.e. control via blood flow limi-
tation). It seems unlikely that this important issue will be conclusively resolved in humans
until techniques are available which allow valid and reliable high-density determinations
of limb blood flow throughout the transient phase of the exercise.

Previous attempts to establish these flow dynamics have been limited by the broad
assumptions inherent in the techniques, such as those based on inferences from indicator-
dilution (2,6) and blood velocity (7,8) measurements. The duplex Doppler technique al-
lows limb blood flow to be quantifed directly without many of the possibly-unwarranted
assumptions of the other techniques. The major problem with this means of determining
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Figure 2. Group-mean responses of CFA, SFA and PFA flow at the off-transient of the Wingate test. Thick curves
represent best fits to the group-mean responses (0); thin vertical lines indicate the ranges of individual values (+).




The Dynamics of Blood Flow Changes 127

flow, however, remains that of the signal-to-noise ratio, especially when the scanning site
itself moves as a result of the exercise. Our technique of knee-extension exercise allows
the quadriceps to be contracted (resulting in metabolic rates approaching 2 /min) with lit-
tle or no movement of the scanning region. This resulted in profiles of CFA flow which
were adequate for kinetic analysis during the exercise (Fig. 1). Naturally, the off-transient
kinetics were less noisy. It should be possible, therefore, to obtain higher-resolution pro-
files of the flow dynamics by superimposing replicates of the transient; i.e. improving the
signal-to-noise ratio. This, however, presupposes that the noise on the limb blood flow
measurement is white and Gaussian, as it is for VO, (5). There is currently no information
available on these signal features or on the reproducibility of the parameter estimates.

As it is currently not technically feasible to measure the blood flow transients val-
idly during high-intensity cycle-ergometry, we restricted our analysis of the Wingate test
to the recovery phase. Here the flows were readily determined, with kinetics that were
markedly long with respect to those of the lower intensities (Table 1). This prolonged flow
recovery phase has recently been shown to be markedly long compared to the recovery
profile of VO, (9), but similar to those of exercise-induced metabolites such as lactate, pH
and catecholamines, but not potassium (4).

We therefore conclude that duplex Doppler techniques have the potential to provide
the required resolution of limb blood flow dynamics to address the issue of whether the
dynamics of muscle O, utilisation during exercise are controlled by and limited by limb
perfusion. The ability to discriminate the flow profiles in vessels distal to the bifurcation
of the common femoral artery also provides the potential for such considerations in leg
muscles other than the quadriceps femoris. This also opens for consideration the important
issue of the distribution of blood flow in different modes of leg exercise.
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1. INTRODUCTION

In humans, oxygen flows from inspired air to the mitochondria against a resistance,
which is overcome by an overall O, pressure gradient. According to the O, conductance
equation, this resistance is provided by the sum of numerous in-series resistances, so that
a progressive drop in O, partial pressure from inspired air to the mitochondria takes
place. This approach was applied to the study of the O, transfer system at maximal exer-
cise (22). In this case, at the steady-state, the flow of O, is the same across each resis-
tance and is equal to Vo,max. Afterwards, a multifactorial model of Vo,max limitation
was developed, assuming that each of the resistances in-series (or their reciprocal, the
conductances) provides a sizeable fraction of the overall limitation to Vo,max. Three
major groups of conductances were identified, namely 1) the pulmonary conductances,
related to alveolar ventilation and to alveolar-capillary O, transfer, 2) the cardiovascular
conductance (Gq), due to cardiovascular oxygen transport, and 3) the muscular conduc-
tances, related to tissue O, diffusion and utilisation. The second turned out to provide 60-
to-70% of the overall Vo,max limitation, at least during exercise with big muscle groups
in normoxia (4, 5, 10).

However, Gq includes factors that respond linearly and others that respond non-line-
arly (see below). The former include, for example, changes in haemoglobin concentration
(Hb), as in the case of anaemia or of autologous blood transfusion. The latter vary when
the inspired O, partial pressure (Pio,) is modified (hypoxia - hyperoxia). Since in the for-
mer case Vo,max varies linearly with Hb (5), whereas the Vo,max decrease in hypoxia is
curvilinear (2, 9), one could expect that modifying the linear vs the non-linear terms defin-
ing Gq may affect Vo,max in a different manner. This hypothesis, which is the basis for
this theoretical paper, is challenged by the results obtained.
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2. THEORY

The flow of O, across Gq is equal to:
Vo,max = Gq (Pao, - Pvo,) 8}

where Pao, and PVo2 are the O, partial pressures in arterial and mixed venous blood, re-
spectively. The conductance term Gq is in turn equal to:

Gq=Q Bb (Pao, - Pvo,) = 1.34 Q Hb cb ()

where Q is cardiac output, and the constant 1.34 (in mlO, g'l) the physiological oxygen
binding coefficient of haemoglobin. The term Bb indicates the oxygen transport coeffi-
cient of blood (in miO, Torr’l) otherwise equal to the average slope of the oxygen disso-
cration curve:

Bb = (Ca0, - Cvo,)/(Pao, - Pvo,) 3)

where Cao, and Cvo, indicate oxygen concentrations in arterial and mixed venous blood,
respectively. Similarly, the term ob (in Torr™"), which can be defined as an oxygen satura-
tion coefficient of blood, is equal to:

ob = (Sao, - Svo,)/(Pao, - Pvo,) C))

where Sao, and Svo, are the haemoglobin oxygen saturations in arterial and mixed venous
blood, respectively. While ob is the non-linear term of Eq. 2, Hb and Q represent the lin-
ear term of the same equation. The former variable can be modified by changing either the
O, pressure gradient or the characteristics of the O, equilibrium curve (e.g. by means of
pathological haemoglobins).

3. ASSUMPTIONS AND CONSTRAINTS

This analysis is an application of the five-site model of Vo,max limitation (5). Con-
trol values for Vozmax in normoxia of 2.9 1 min"! and for Hb of 150 g 1" were used 3).
An invariant Q of 20 1 min'l, irrespective of Pio, , was also assumed. Mitochondrial Po,
was assumed to be near zero (14). Hill’s model of the oxygen equilibrium curve was used.
A steady-state for gas exchange was imposed, implying a gas exchange ratio equal to one.
The latter assumption allows taking into account the Bohr effect in the computation of sb
and bb. No changes in other O, conductances than Gq were admitted.

The simulation was carried out along two lines. First, Hb was let to vary, and the en-*
suing Gq (or Rq) calculated. The resulting Vo,max was then computed by means of the
same iterative procedure employed in a previous study (10). The constancy of O, flow in
mixed venous blood (11, 12) was used as a criterion to interrupt the simulation and to re-
tain the resulting Vo,max value. Then Hb was fixed at its reference value, while Pio,, and
thus Pao,, were let to vary. The ensuing Gq and Vo,max values were then computed by
the same principles as for the previous case. This procedure gave a remarkable reproduc-
tion of the curve describing the decrease of Vo,max in hypoxia (2, 9).
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Hill’s model of the oxygen equilibrium curve has been used for its simplicity. Al-
though some of the assumptions it was based on were falsified by further experimental
evidence, it still provides a reliable empirical description of the oxygen equilibrium curve,
at least in the saturation range from 0.20 to 0.98. Also the constraint that no conductance
except Gq was let to vary contributed to the simplification of the simulation. However, the
same constraint limits the range of validity of the results. For instance, these do not refer
to hypobaric hypoxia (altitude exposure), because the decrease in barometric pressure and
thus in gas density which occurs at altitude results in a higher ventilatory conductance to
O, flow. The other assumptions have been discussed in detail in a previous paper (10).

4. RESULTS AND DISCUSSION

Figure 1 describes the changes in Vo,max ensuing from induced changes in Hb. It
has been constructed from the equation of the multifactorial model for Vo,max limitation
which holds when only one resistance to O, flow is varied (5). The slope of the line (=
0.57) is equal to the fractional limitation to Vo,max imposed by Rq (Fq). Experimental
values from different sources in the literature (1, 6, 7, 18, 20, 23, 24) were added to the
figure. These appear to be in good agreement with the theoretical data, at least in the
physiological range. Nevertheless, Rq, calculated by linear regression from the experimen-
tal data, appears to be 0.7, i.e. higher than the theoretical value. This may be due to some
distortions introduced by the imposed constraints on the theoretical line, which have little
influence around the physiological range, but may become particularly important towards
the extremes.

This representation could not be used for the hypoxic-hyperoxic simulation, because
it requires constant Pio,. Thus the classical Vo,max vs Pio, curve was used to represent
the simulation results (Figure 2). The curve obtained reproduces quite well that described
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Figure 1. Ratio of Vo,max before to Vo,max after an acute change in haemoglobin concentration as a function of
the induced change in cardiovascular resistance to oxygen flow (Rq). The slope of the line is equal to the frac-
tional limitation to Vo,max imposed by Rq (Fq, 10). The filled dots, to which the equation refers. represent the re-
sults of the present simulation. The open dots refer to experimental data from various literature sources (1, 6, 7,
18, 20, 23, 24)..
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Figure 2. Normalised Vo,max (normoxic value set equal to one) as a function of inspired oxygen pressure (Pioy).
The filled dots represent the results of the present simulation. The open dots refer to experimental data from vari-
ous literature sources (8, 13, 15, 16, 17, 19, 21).

by the experimental data (8, 13, 15, 16, 17, 19, 21). It is noteworthy that the shape of Fig 2
implies a progressive increase of conductance (= Q/AP or, in this case, Vo,max /Pio,),
likely due to changes in Gq imposed by the characteristics of the O, equilibrium curve
(10).

Both Figs 1 and 2 refer to conditions that lead to changes in Cao,. These, however,
are the result of a linear response in the former case, but of a non-linear response in the
latter. This being the case, one could expect that the two considered conditions may not
have the same effects on Vo,max for a given change in Cao,. However, this is not so. In
fact the relationships between Vo,max and Cao, in the two tested conditions, which are re-
ported in Fig 3, are described by two identical linear equations. This means that, for any
given change in Cao,, independent of the reason behind it, equivalent variations in
Vo,max are to take place, once the same starting condition (normocythaemia in normoxia)
is maintained. In practical terms, this is to say that anaemia and hypoxia have the same ef-
fects on Vo, max.

It should be noticed, however, that this does not imply that the fractional limitation
to Vo,max is the same in the two tested conditions. In fact, Fig 2 does not inform on the
fractional limitation to Vo,max, as it implies a change in the overall pressure gradient
which prevents from computing Fq. It has been argued that Fq may be lower in hypoxia
than in normoxia. Consequently, if one is blood-doped in hypoxia, for the same change in
Hb, a smaller increase in Vo,max is to be expected than in normoxia.
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Figure 3. Vo,max as a function of arterial oxygen concentration (Cao,) as simulated from changing haemoglobin

concentration (anaemia/polycythaemia, A) or from changing inspired oxygen pressure (hypoxia/hyperoxia, B).
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1. INTRODUCTION

During dynamic exercise in the heat, plasma noradrenaline (NA) levels are higher
than during the same exercise in a thermoneutral environment (2). However, the exponen-
tial noradrenaline-heart rate relationship is unaltered in exercise with exogenous heat (2).
Heat stress seems to have no added effect on plasma adrenaline (A) concentration (2). The
aim of our study was to detérmine the effect of dry and humid heat on plasma NA and A
concentrations during prolonged light exercise, and their relationships to core temperature
and hemodynamic variables.

2. METHODS

Eight healthy, physically fit, and unacclimated men volunteered for the study. Their
mean (1 SD) age, height, weight, and maximal oxygen uptake (VO, ) were 3243 years,
175+6 cm, 72+6 kg, and 59+5 ml/min/kg, respectively.

The tests included three prolonged treadmill tests at 30%VO,_ in standard work-
ing overalls (clothing insulation value 0.7 clo units) as follows: once in a thermoneutral
(20°C/40%), once in a warm humid (30°C/80%), and once in a hot dry (40°C/20%) envi-
ronment. The tests were done at one week intervals in a random order at the same time of
day. The exercise consisted of seven 30 min work periods separated by 5 min pauses for
weighing and blood sampling (total duration 4 hours). During the tests, water was offered
ad libitum, and drinking was encouraged.

Before each test, a Teflon catheter was inserted into an antecubital vein, and the sub-
ject then lay in a supine position at least 30 min before the resting blood sample was
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Figure 1. Plasma adrenaline concentration in relation to heart rate at rest and during prolonged light exercise in
thermoneutrality, and under heat stress.

taken. During exercise, blood samples for NA and A analysis were taken after 1 hand 3 h
of excercise. Plasma NA and A were analyzed by a single-isotope radioenzymatic tech-
nique (1). The intra-assay coefficients of variation for A and NA were 12.6% (at the level
of 0.25 nmol/l) and 6.4% (2.2 nmol/l), respectively. In addition, rectal temperature (Tre),
heart rate (HR), cardiac output (CO) (CO,-rebreathing technique), stroke volume (SV),
and skin thermal conductance (C) were determined. The methods and results of these vari-
ables have been presented elsewhere (3).
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Figure 2. Plasma noradrenaline concentration in relation to heart rate at rest and during prolonged light exercise
in thermoneutrality, and under heat stress.
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3. RESULTS

At rest NA, Tre, and HR were not significantly different between the three climates.
At rest, NA averaged 0.88%0.35, 0.88+0.22, and 0.92+0.24 nmol/l in the thermoneutral,
warm humid, and hot dry environment tests, respectively. Plasma A was slightly lower
(p<0.05) before the test in the thermoneutral environment (0.17£0.04 nmol/l) as compared
to the hot dry environment (0.23+0.09 nmol/l), but similar to the warm humid environ-
ment (0.19+0.07 nmol/l).

During exercise, HR, Tre, and C were significantly higher and SV was lower in the
warm humid and the hot dry environment in comparison to the thermoneutral environ-
ment. Cardiac outputs did not differ significantly between the climates (Table 1). The
mean VO, was approximately 1.3 I/min with no difference between the three climatic con-
ditions.

In all climates, NA and A were significantly higher during exercise as compared to
rest. As compared to thermoneutrality, heat stress had a significant added effect on NA an
A concentrations both after 1 h and 3 h of exercise (Table 1).

Plasma NA correlated significantly with HR (0.90), Tre (0.79), C (0.70), and SV
(-0.44). Plasma A correlated significantly with HR (0.81), Tre (0.76), C (0.54), and SV
(-0.34).

4. CONCLUSIONS

In our study, very little difference in heat strain was observed between the two hot
climates. Dry and humid heat stress during prolonged light exercise had an added effect
on NA and A. Heightened skin blood flow under heat stress presumably required greater
compensatory vasocontriction, especially in inactive regions, because CO was unaltered.
Thus, increased NA levels probably indicated greater sympathetic outflow to splanchnic
area, kidneys, inactive muscles and perhaps also to active muscles. Elevated A levels may
be related to metabolic factors or psychologic factors accompanying prolonged physical
work in the heat. ,

Table 1. Plasma catecholamines, rectal temperature, and hemodynamic variables after 3 hours of
light exercise in a thermoneutral, a warm humid, and a hot dry climate. Mean%SD for eight subjects

Variable Thermoneutral Warm humid Hot dry
Noradrenaline (nmol/l) 1.93 £ 0.46 4.54 £ 1.09° 434+ 156"
Adrenaline (nmol/1) 0.47 £0.13 1.00 % 0.40° 0.98 + 0.39"
Rectal temperature (°C) 37.7+0.2 38.3£0.2° 38.2+0.3°
Cardiac output (I/min) 11.8+1.9 12.8 £ 0.9 123124
Heart rate (beats/min) 90.0+6.0 136.0 = 16.0° 125.0 £ 14.0°
Stroke volume (ml) 131.0 £24.0 100.0 £ 14.5° 106.0 £ 22.0°
Conductance (Km%/W) 33.6+4.9 112.6 + 35.6" 106.5 +26.1°

é p<0.05 as compared to the thermoneutral environment
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1. INTRODUCTION

During simultaneous motor actions, e.g. in walking, the respiratory rhythm changes
due to an entrainment with locomotor rhythm. This entrainment is in accord with the phe-
nomenon of “relative coordination” (5). Since central nervous coordination is charac-
terized by reciprocal interactions (5), an influence of the respiratory rhythm on the
walking pattern might also be expected. The biological importance of coordination is still
a matter of debate, although it is often stated that such entrainment reflects economy of
the involved motor actions (2—4).

The purpose of the present study was to investigate the coordination between breath-
ing and walking in humans with emphasis on the following items: -

a. Does the strength of coordination depend on the metabolic load or on the
rhythm of locomotion?

b. Is coordination between breathing and leg movement a truly mutual interaction,
including influences on the temporal stride pattern exerted by the respiratory
rhythm?

¢. Does coordination cause a change of the respiratory rate (RR) with functional
consequences for ventilation (Ve) and to energetic cost of the motor exercise?

The Physiology and Pathophysiology of Exercise Tolerance
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Figure 1. Coordination degree, step rate, and respiratory rate at different levels and kinds of load. Significant dif-
ferences between load levels are marked by |with A, B, C labelling the appropriate part of the test.

2. METHODS

We examined 18 healthy volunteers walking on a treadmill (Woodway) at three
workload levels produced by combinations of different velocities and grades. The experi-
mental protocol consisted of five walking tests: V1 (velocity 1 m/s, slope 0); V2 (velocity
1.5 m/s, slope 0); V3 (velocity 1.8 m/s, slope 0); S1 (velocity 1 m/s, slope 5%); S2 (veloc-
ity 1 m/s, slope 10%). Each walking test consisted of three parts with different means of
guiding the respiratory rhythm: A - “spontancous breathing” (with no acoustic pacing of
the respiratory rhythm); B - “externally paced breathing” (with metronome acoustic signal
to pace the onset of inspiration and expiration, typically at 10 breaths/min); C - “step-re-
lated breathing” (using a step-related click signal to trigger the onset of inspiration).

Respiratory variables (air flow, tidal volume, inspiration and expiration times, respi-
ratory rate, and concentrations of respiratory gases) were measured by an ultrasonic pneu-
motachograph and by a mass spectrometer, respectively, and ventilatory and pulmonary
gas exchange variables were derived breath-by-breath using an automated respiratory
analysis system; i.e. respiratory rate (RR), inspiration time (TI), expiration time (TE), tidal
volume (VT), minute ventilation (Ve), oxygen uptake (VO,). Leg movements were re-
corded by mechano-electrical goniometers.
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Coordination implies a constant phase relation between both processes at an integer
rate ratio (cf. Fig. 2). The degree of coordination (CD) is expressed as the frequency of the
preferred phase relation (in % of the total number of phase relations within one test). The
exact procedure of CD determination is described in detail in Ref. 12.

Respiratory changes during coordination are reflected by the differences between
non-coordinated and coordinated periods (ARR, AVT, AVe, and AVO, ) within one test.
The relationship between these parameters has been analyzed by linear correlation and re-
gression. Within each test for which the number of both coordinated and non-coordinated
breaths was at least 15 breaths (n = 145, cf. Table 1), we additionally compared respira-
tory and step parameters in periods of coordination with non-coordinated periods: (RR, TI,
TE, VT, Ve, VO,, and step rate (SR). We tested the significance of differences by the
Mann-Whitney U test.

3. RESULTS

3.1. Dependence of Coordination Strength on Metabolic Load and
Walking Speed

Coordination strength improves distinctly with increasing walking speed and step
rate. The respiratory rate does not influence the degree of coordination. Metabolic loads

Subject No. 12, V1A

Cl
o
4]

Tinsp (in s)

Texp (in s)

Tstep (in s)

SR/RR

924 944 964 984 1004 Breath No.

Figure 2. Sequential presentation of cross-intervals (CI), inspiratory and expiratory times (Tinsp, Texp), step dura-
tion (Tstep), and rate ratio (SR/RR) of subject 12, VIA.
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Table 1. Percentage of analogous and inverse changes of TI and TE (at least one parameter

being significant) and percentage of significant RR and SR differences between coordinated

and non-coordinated periods. n = number of coordination periods (only for periods lasting at

least 15 breaths). Asterisks mark significant differences to part A (chi-squared test; *:p<0.05,
**:p<0.01, two-tailed probability)

Analogous T/T Inverse T/T, significant RR significant SR
n changes changes differences differences
A 42 57.1% 4.8 % 54.8 % 333%
B: 32 12.5 % ** 12.5% 12.5 % ** 37.5%
C: 71 14.1 % ** 42.3 % ** 12.7 % ** 53.5%*

* imposed by increasing the treadmill slope have only a slight effect on the coordination de-
gree (Fig. 1). This effect of slope becomes obvious in cases of constant respiratory and
step rates (part B, comparing V1 with S1 and S2).

3.2. Mutual Interaction of Breathing and Walking Rhythms

In non-paced breathing (part A), we found the temporal pattern of respiration to
change in all coordinated periods. The variability of the respiratory cycle time - expressed
by the standard deviation of RR - decreases by about 35%. In about 55% of coordinated
periods, significant changes of the mean TI and TE occurred as well. These alterations
mostly occur in the same direction (Table 1, left hand side), i.e. both inspiration and expi-
ration are prolonged or both are shortened and, hence, result in significant RR shifts (Ta-
ble 1, right hand side). We term these “analogous” changes.

In most coordination periods, we also found the step rate to become more regular,
but clearly to a lesser extent than the respiratory rate. The standard deviation of step rate
decreases by about 22%, and the percentage of significant changes of SR during coordina-
tion is only 33%. Figure 2 shows a characteristic example of the temporal respiratory and
step pattern modulation during coordination.

Pacing the respiratory rhythm (parts B and C) modifies the respiratory rate and
changes the SR/RR ratio towards an integer ratio. The respiratory rhythm becomes less
flexible to coordinative motor influences. Alterations of TI are often accompanied by in-
verse changes of TE (cf. Table 1). Phase-coupling is, in more cases than in part A,
achieved by modifying SR. The percentage of significant SR differences is distinctly
higher than in non-paced breathing. On the contrary, the number of significant RR
changes is reduced.

3.3. Influence of Coordination and RR Modulation on VT, VE, and
Vo,

Alterations of TI and TE at the onset of coordination are associated with changes of
tidal volume. The absolute amounts of AVT and ARR are about 12% of the values during
non-coordinated periods in non-paced breathing. Pacing the respiratory rhythm allows
only smaller variations of AVT and ARR (about 7.5%). In about 60% of all coordination
periods, the VT modifications correlate negatively with those of RR, the correlation coef-
ficient between AVT and ARR being -0.73, p<0.001. Therefore, Ve modulations are (with
about 6%) clearly smaller than those of RR and VT. Significant changes of Ve occur in
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about 40% of coordinated periods lasting 15 or more breaths, the number of increases and
decreases being similar (21% and 17%). In non-paced breathing (part A), AVe correlates
more tightly with ARR than with AVT (Fig. 3). In paced breathing (parts B and C), we
found AVe to be much more dependent on AVT (r = 0.61; p < 0.001) than on ARR (r =
0.03).

Although step-related pacing of the respiratory rhythm (part C) improves coordina-
tion, we found no significant differences of VO, between parts C and A. Changes of Vo,
occur in about 20% of coordinated periods lastlng 15 or more breaths. With the exceptlon
of Part B, significant increases predominate by far (Table 2). The absolute amount of VO,
change during coordination (AVO, ) is under all conditions about 5%. Changes of VO
during coordination correlate significantly with changes of minute ventilation (AVe) (r =
0.60; p < 0.001). In only 30% of all coordination periods does AVO2 respond inversely
relative to AVe.

4. DISCUSSION

4.1. Dependence of Coordination Strength on Metabolic Load and
Walking Speed

Recent studies in human running (2, 6) showed that coordination becomes closer at
higher work loads achieved by increased treadmill speed. In decerebrate cats, Kawahara ef
al. (8) found coordination to improve with increasing stepping frequency. Results of
Loring et al. (10) indicate that entrainment between breathing and walking occurred more
frequently at higher walking speeds and at 10% treadmill inclination. Therefore, the ques-
tion arises whether it is the higher work load or the increased stride rate that affects the

AV.e(nc-c)

ey
20 -15 10 10
a
m ARR(nc-c)
8 AVr{nc-c)
|
-] o
B8 o pe
AV.e = -0.34 + 0.31 * ARR(nc-o) 6 1
L] =]
" & o

Figure 3. Linear regression of the differences between non-coordinated and coordinated breaths in part A: AVe vs.
ARR (full squares), and AVe vs. AVT (open squares), total n = 207 tests.
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Table 2, Percentage of significant VO2 changes in periods of coordination and
portions of significant increases and significant decreases (for number of
coordination periods in each part, see Table 1)

In periods of spontaneous respiratory rate paced by respiratory rate paced by
coordination respiration(part A) metronome (part B) step rhythm (part C)
significant V.02 changes 16.7 % 25.0% 19.7 %

- significant increases 14.3 % 12.5% 16.9 %

- significant decreases 2.4 % 12.5% 2.8%

degree of coordination. Our results provide evidence that the treadmill speed and, hence,
the stride rate has a much stronger effect on the coordination degree than an increased
work load achieved by walking uphill at constant treadmill speed. Neither increased respi-
ratory rate associated with increased work load nor the SR/RR ratio have a substantial ef-
fect on coordination degree.

4.2. Mutual Interaction of Breathing and Walking Rhythm

During coordination between breathing and other voluntary movements, the respira-
tory rhythm usually subordinates to the movement rhythm (1, 11). Influences of respira-
tion on the additional movement occur as well (14), but to a lesser extent (13). In
coordination, the extent of each rhythm’s frequency variation depends on the relationship
between their ability to defend their intrinsic frequency against coordinative influences
and the strength of the attraction (5). The results of the within-test comparisons revealed
that, although both respiratory and stepping rhythms become more regular during coordi-
nation and - in some cases - their rates change significantly, the alterations of the respira-
tory rhythm predominate over those of the walking rhythm. We assume that voluntary
attention paid to walking, larger energy expenditure of the walking movement and a
. stronger sensory feedback (caused, for example, by touching the ground or by the tread-
mill speed) are factors limiting variations of the walking rhythm. This assumption is sup-
ported by our result that higher work load per se can enhance coordination independent of
walking and respiratory rates, and agrees with findings reported in literature. Coordination
of pairwise limb movements with breathing is more stable than in movements of a single
limb (13). Fictive movements entrain the respiratory rhythm to a lesser extent than real
movements (9). Since the respiratory rhythm is less constrained than the stepping rhythm,
it can adjust its rate in a wider range to other movements’ rates.

4.3. Influence of Coordination and RR Modulation on VT, VE, and
Vo,

In order to meet metabolic demands, alveolar ventilation has to be stabilized against
variations of respiratory rate and tidal volume. Since these two parameters are subject to
numerous non-homeostatic influences, such as trunk position and movements, psycho-af-
fective influences, communicative functions (speaking, laughing, singing etc.) and also
central coordination with concomitant motor activities, any variation of one of these pa-
rameters requires a compensatory modulation of the other one. Human subjects are able to
match VT with imposed changes in RR and vice versa based on judging both respiratory
rate and tidal volume (7). In the present experiments, we found coordinative changes of
respiratory rate being accompanied with changes of tidal volume. The number of signifi-
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cant Ve changes in periods of coordination and the positive correlation between ARR and
AVe demonstrate the compensation by tidal volume to be incomplete. According to v.
Holst’s theory, coordination causes increase or decrease of the attracted rhythm’s rate
(that means the respiratory rate) dependent on the velocities of the concomitant rhythms
and on their actual phase relation in order to strive after stable rate ratio and phase rela-
tions(1). Since AVO?2 is positively correlated with AVe and hence, in periods of coordina-
tion, is often higher than in non-coordinated periods, an economy of energy is unlikely to
be an essential effect of coordination during walking.

5. CONCLUSIONS

Coordination depends more on the temporal pattern of the dominant rhythm than on
metabolic load. Coordination between breathing and walking is a real reciprocal interac-
tion the influence of walking on the respiratory rhythm being stronger than vice versa..
Coordination can cause modifications of respiratory rate that are associated with altera-
tions of VT. Since VT modifications do not fully compensate for changes of respiratory
rate, significant changes of Ve and VO2 can occur during coordination with no clear pref-
erence of increase or decrease. Consequently, energy economy is not considered to be the
main biological importance of coordination during walking.
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1. INTRODUCTION

The vascular endothelium is important in modulating vasomotor tone (1,3). Among
the important vasoactive substances synthesized by endothelial cells is endothelium-de-
rived relaxing factor or nitric oxide (NO), which is synthesized from the amino acid L-ar-
ginine and catalyzed by nitric oxide synthase (16,33) in response to many stimuli
including flow-induced shear stress at the interface between blood and the endothelial cell
surface (7,8). This flow-dependent control seems to be important in the coronary circula-
tion due to the extremely pulsatile nature of flow patterns in this vascular bed.

During exercise, cardiac work and myocardial oxygen demand of the heart increases
several-fold due to sympathetic stimulation. Consequently, coronary vasodilation occurs
primarily due to local metabolic mechanisms (5). NO may be released from the coronary
endothelium due to the elevation in shear stress caused by increases in coronary blood
flow and to neurohumoral stimulation (2,10). The present study evaluated the role of NO
on regulation of the coronary blood flow during exercise, using the selective intracoronary
infusion of the NO synthase inhibitor NY monomethyl-L-arginine (L-NMMA) in chroni-
cally instrumented, conscious dogs.

2. METHODS

Experiments were performed on seven mongrel dogs (2030 kg) of either sex. Dogs
were chronically instrumented to measure aortic pressure (AoP), left ventricular systolic
and end-diastolic pressures (LVSP, LVEDP), maximum rate of rise of left ventricular sys-
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tolic pressure (+dP/dt_ ), circumflex coronary blood flow (CBF), and heart rate (HR). A
circumflex artery catheter was used for selective injection of drugs into the circumflex
coronary artery and collection of arterial blood samples. A catheter was inserted into the
coronary sinus for myocardial venous blood sampling.

Data was collected while the dog was resting quietly or running on a treadmill. Each
animal was subjected twice to a standardized submaximal exercise regimen (9). The first
exercise test was a control test. On the next day, L-NMMA (35 mg over 20 min) was in-
fused into the left circumflex artery and the submaximal exercise test repeated. While this
dose of L-NMMA did not affect the CBF response to sodium nitroprusside, blockade of
NO synthase significantly attenuated the CBF response to acetylcholine (46% at 20
ug/min, p < 0.05). Simultaneous aortic and coronary sinus blood samples were withdrawn
at rest and during exercise for measurement of myocardial oxygen extraction and myocar-
dial oxygen consumption (MVO,) to determine whether changes in vascular tone by NO
during exercise was caused by changes in MVO,.

Data are reported as mean + standard error of the mean (SEM). For all comparisons,
data within and among the protocols were analyzed for statistical significance using two
way analysis of variance (ANOVA). If the ANOVA detected significant differences
within factor means, then these differences were identified with the Student paired t-test
for Factor A (with or without L-NMMA) and with the Student-Newman-Keul procedure
for Factor B (exercise workload). Statistical significance was accepted at p<0.05.

3. RESULTS

Data from all dogs are summarized in Table 1. In the absence of L-NMMA (control
condition), CBF increased as the intensity of exercise increased. At rest and at a mild exercise
workload (4.8 kph/0 % incline), CBF was not different between control and L-NMMA condi-
tions. In contrast, the magnitude of increase in CBF was significantly attenuated by intra-
coronary L-NMMA at workloads greater than 6.4 kph/0 % incline (p<0.05).

For both control and L-NMMA conditions, graded exercise produced progressive in-
creases in MAP, HR, LVSP and LVEDP, and +dP/dt_, . Note that at rest and during exer-
cise, MAP, HR, LVSP, and LVEDP were not different between control and L-NMMA
conditions at any respective level of exercise, indicating that intracoronary infusion of L-
NMMA did not affect systemic hemodynamic parameters. However, intracoronary infu-
sion of L-NMMA did attenuate the increase in +dP/dt___ during moderate to strenuous
levels of exercise (i.e., workloads greater than 4.8 kph/4 % incline; p<0.05).

At rest, MVO, and oxygen extraction were not affected by intracoronary administra-
tion of L-NMMA. However, as the intensity of exercise increased for both conditions, ar-
terial-venous oxygen content difference, oxygen extraction, and MVO, were increased
significantly (p < 0.05), while coronary sinus oxygen content was decreased (p < 0.05).
After L-NMMA blockade, at workloads higher than 6.4 kph/8 % incline, MVO, was sig-
nificantly reduced compared to respective control values (p < 0.05), but oxygen extraction
was not changed.

4. DISCUSSION

The most significant findings of this study are: a) in the conscious resting state and
at mild levels of exercise, NO does not appear to contribute to coronary vasodilation; and
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b) NO-mediated vasodilation appears to contribute to increases in coronary blood flow
during moderate to heavy exercise, since blockade of NO synthesis with L-NMMA attenu-
ates increases in coronary blood flow during exercise. These data indicate that endothe-
lium-dependent flow-induced dilation, in addition to the metabolic vasodilation, may be
an important stimulus to maintain myocardial oxygen supply during exercise.

The results of the current study demonstrated that the increase in CBF and dP/dt ma
during exercise were less after NO blockade and as a result, MVO, was reduced. There are
two possible explanations regarding the reduction in dpP/dt and MVO, during exercise
after blockade of NO production by L-NMMA. First, a reductlon in exercise coronary hy-
peremia led to the reduction in myocardial contractile function and MVO, as a result of
the Gregg phenomenon (5). This reduction of MVO, could have been caused by reduced
coronary blood flow because myocardial oxygen extractlon did not increase to maintain
MVO, at given workload. A second possible explanation of these results is that L-NMMA
itself and/or the reduction in NO synthesis directly caused a decrease in myocardial con-
tractility, which led to the decrease in MVO,, (1,4,11) although there is little experimental
evidence for this possibility. As a result, coronary flow will be lower during exercise.

In summary, our data indicate that at rest and at low levels of exercise, coronary hy-
peremia is more likely due to local metabolic factors and increases in perfusion pressure
rather than NO release. However, during moderate to heavy exercise, NO-mediated vaso-
dilation, in addition to the metabolic-mediated vasodilation, appears to be important in
maintaining myocardial oxygen supply during exercise. After NO blockade, the reduction
in coronary blood flow during exercise decreases myocardial contractility and myocardial
oxygen consumption. This indicates that endothelium-dependent flow-induced dilation, in
addition to the metabolic vasodilation, is probably an important stimulus to maintain myo-
cardial oxygen supply during exercise.
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1. INTRODUCTION

Physical exercise is widely regarded to be important for health. However, heavy
physical exertion has been shown to be associated with a higher incidence of myocardial
infarction (3, 13, 30). It has also been shown that physical exercise activates fibrinolysis,
coagulation and thrombocytes (8—10, 1424, 26-28). Methodological problems, such as in
vitro activation of platelets, limited the value of earlier studies. Newly developed analyti-
cal tests for molecular markers of the hemostatic system (20) and flow-cytometric tech-
niques for the detection of surface antigens on platelets (25) have enabled more detailed
insights into the changes of the hemostatic system during exercise.
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For example, Kestin et al. (11) found a flow-cytometric detected activation of plate-
lets in sedentary volunteers, although not in trained subjects. Also, Wang et al. (29)
showed that platelet activation may be dependent on the intensity of exercise. Further-
more, Rocker and colleagues (19, 20, 23) described an activation of the hemostatic system
with pronounced changes of the fibrinolysis following exercise of different intensities.

The aim of the present study was to examine the influence of exercise intensity on
the activation of thrombocytes and the hemostatic system in healthy endurance trained
athletes, by documenting the time course of changes in the hemostatic system following
exercise.

2. METHODS

2.1. Subjects

The clinical characteristics of the 17 participants (amateur triathletes) are shown in
Table 1. 15 athletes (13 men, 2 women) finished the whole protocol. None of them were
smokers. No anabolic drugs were taken. 11 volunteers took magnesium tablets, 5 took vi-
tamin E, 12 took other vitamins and 5 had recently taken medical drugs (i. e. antiallergic
drugs).

2.2. Protocol

After a 30 minute rest period in the supine position, an exercise test was performed
on a cycle ergometer. An aerobic period of 30 minutes came first in which the load was
adjusted to yield a heart rate of around 120 min™'. The mean work rate in this period was
125 Watts. An anaerobic period followed with a stepwise increase of the load by 40 Watts
every 4 minutes until the volunteers reached fatigue. The mean peak load was 295 Watts.
Plasma lactate concentrations were consistently little changed from resting levels in the
aerobic phase, but were systematically elevated for the anaerobic phase (Table 2).

Table 1. Clinical characteristics of the 17 participants (15 men, 2 women)

Median (25% / 75%-percentiles) Range

Age [years] 25(21.5/29.5) 19 -44
Training [years) 5(2.5/6) 2-10
Heart rate [min"] 72 (58/76) 38-100
RRsys [mmHg] 140 (132.5/145) 120 - 165
RRdia [mmHg] 95 (90/100) 75-110
Waerob [W] 125 (125/150) 75-175
Wmax [W] 295 (230/310) 155 - 350
LV mass index [gOm'z] 137.6 (110.2/160.9) 84.1 - 236
FS [%] 31.2(23.7/39.9) 10 - 50

RRsys, systolic blood pressure; RRdia, diastolic blood pressure; Waerob, workload under aerobic conditions; W
maximal workload; LV, left ventricular; FS, fractional shortening.
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Table 2. Activation of thrombocytes, concentrations of hemostatic markers and hematological
variables in 15 participants (13 men, 2 women) during exercise

REST AER ANA 30 min 60 min 90 min
P-selectin {%] 2.3 26 3.2 2.3 2.3 2.4#
(2.0/2.4) [(2.4/3.2) |(2.9/6.2) (2.312.9) [(2.0/25) [(2.1/2.6)
PLT [10%pul"] 234 263 284 188 188 178#
(205/288) |(242/310) |(257/325)  |(165/239) |(161/236) |(146/220)
TAT [ugel] 1.9 49 53.3 39.6 54.1 50.0#
(1.2/3.3)  {(1.8/15.2) |(33.5/60.0) |(28.0/60.0) |(26.5/60.0) |(34.4/60.0)
F1, F2 [nmoll™]  [0.4 0.55 1.41 0.83 117 1.0#
(0.25/0.48) | (0.37/0.74) |(0.8/1.78)  |(0.67/1.32) |(0.59/1.74) |(0.75/2.04)
PAP [pgel"] 441 948 4286 896 1017 780#
(369/765) |(768/1629) | (2782/5000) |(779/1948) |(567/1353) |(699/1281)
FM [pgemi™] 0.43 0.51 0.96 - - -
(0.17/0.64) |(0.09/0.93){(0.7/1.8)
RPP 9.7 218 38.0 8.6 8.0 7.8#
[10%min"smmHg] |(7.5/11.8) |(19.7/24.7)|(34.2/41.4) |(7.8/9.6) |(7.1/9.5) (7.0/8.6)
Lactate [mmol™] 1.1 1.8 77 - - -
(1.01.8) [(1.1/2.0) [(6.3/10.1)
WBC [10%puI"] 48 6.1 8.7 5.5 5.5 6.24#
4.36.1) |(52/86) |(7.3111.2) (4075 |(4274) |(5.6/8.3)
HCT [%] 426 446 46.1 426 40.8 42.1#
(40.0/44.2) | (40.8/46.1) | (43.7/49.2) |(39.1/43.6) |(38.2/42.9) |(38.7/43.6)

#, p < 0.001, Friedman ANOVA; PLT, platelets; WBC, white blood cell count; HCT,
hematocrit; for additional abbreviations see text. Values in parentheses are 25% and 75%
percentile values.

2.3. Analytical Procedures

Blood samples were drawn at rest and immediately after aerobic and anaerobic exer-
cise. Blood for flow-cytometric (ORTHO, Cytoron-absolute) detection of p-selectin (CD
62, GMP-140) expression was immediately diluted in a special stabilization buffer (Cyfix:
25). In vitro activation of platelets was assessed by microscopy of the discoidity of the
thrombocytes (25).

The concentrations of thrombocytes (PLT) and white blood cells (WBC), the hema-
tocrit (HCT) and lactate concentration were determined using standard analytical proce-
dures. Concentrations of prothrombin fragments (F1, F2), thrombin-antithrombin complex
(TAT) and plasmin-antiplasmin complex (PAP) were measured by enzyme-immuno-as-
says (EIA; Behringwerke Marburg). Fibrin monomers (FM), to provide a marker of fibrin-
generation, were measured by a separate EIA (Boehringer Mannheim).

To rule out heart disease and to determine the degree of physiologic myocardial hy-
pertrophy, all participants underwent an echocardiographic examination. To characterize
the left ventricular (LV) systolic function, the fractional shortening was calculated. The
LV mass was calculated using a formula by Devereux (6). Heart rate (HR) and systolic
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blood pressure (SBP) were obtained simultaneously, and the rate pressure product (RPP =
HReSBP) derived.

3. RESULTS AND DISCUSSION

Strenuous exercise, as in the present study, leads to an activation of both the coagu-
lation and the fibrinolytic systems (Table 2, Figs 1 and 2).

In contrast to earlier studies (19, 20, 23), fibrinolysis (as judged by the PAP/TAT ra-
tio) was not pronounced compared to the changes in coagulation variables. This is caused
by an extreme increase of TAT after anaerobic exercise with a second peak level after 60
min. In more-highly trained triathletes under less anaerobic conditions (17, 18), the
PAP/TAT ratio was increased after exercise. In other studies with exercise in the upright
position, no pronounced increases of coagulation markers were found (4). In the follow-up
period of 90 min with complete cardiocirculatory recovery (RPP lower than baseline val-
ues), TAT remained markedly elevated. As the PAP/TAT ratio further decreased in the
post-exercise period, this may be a critical period of increased hemostatic risk for cardio-
vascular events in some predisposed individuals.

Platelets are activated less by aerobic and markedly more by anaerobic exercise
(Fig. 1). These findings are in contrast to the results of Kestin et al. (11), who found plate-
let activation in sedentary people only. Other studies using different methods confirm our
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Figure 1. Box-plots of the PAP/TAT ratio at rest, during and post-exercise. Extreme values are displayed as o if
they exceed the vertical box length by 1.5%. PAP, plasmin-antiplasmin complex; TAT, thrombin-antithrombin
complex.
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Figure 2. Box-plots of p-selectin levels at rest, during and post-exercise. Extreme values are displayed as o and *
if they exceed the vertical box length by 1.5 and 3.0%, respectively.

findings (29). It is striking that not only median increases of p-selectin expression occur
with maximal exercise, but additionally the variance increases substantially with maximal
exercise. This means that some athletes had a markedly higher increase of platelet activa-
tion than others. In these athletes with higher p-selectin values, no additional special char-
acteristics such as age, body mass, left ventricular hypertrophy, other hemostatic variables
or fitness level could be found.

It is yet unclear in which way activated platelets are cleared from the circulation.
Micheleson (12) recently described that platelets possibly lose surface p-selectin but re-
main functional in the circulation. The possible mechanisms of activation of the hemo-
static ‘system include increased shear stress (5, 7, 20), mechanical forces (28) and direct
catecholamine effects (1, 2).

4. CONCLUSIONS

Thrombocytes and plasma coagulation have been shown to be activated less by
moderate and more by maximal physical exercise in endurance-trained athletes. The ex-
tent of the activation of thrombocytes varies widely with, for example, the fibrinolytic re-
sponse being less pronounced for exercise performed in the supine position. Thus,
activation of the hemostatic sytem may therefore contribute to the cardiovascular risk of
heavy physical exertion in a subset of predisposed athletes.
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1. INTRODUCTION

Performance of intense dynamic exercise in highly trained athletes may be associ-
ated with a drop in arterial O, saturation (%Sa0,), also called exercise-induced hypox-
emia (EIH) (4, 9). The causes for this gas exchange imperfection are unclear, but
ventilation-perfusion mismatch is considered an important factor (5, 6). Blood flow distri-
bution in the lung is greatly influenced by body position, and ventilation-perfusion distri-
bution, reportedly, is more homogenous in the supine (Sup) than in the upright (Up)
position (1). In order to examine the influence of body posture on %Sa0, in exercise, we
exercised a group of elite road cyclists progressively to maximum in Sup and Up, the hy-
pothesis being that an expected desaturation in upright cycling would disappear or be re-
duced during supine work as a result of attenuation of uneven ventilation-perfusion
distribution.

2. MATERIAL AND METHODS

2.1. Subjects

Eight male athletes, age 19-27 yrs, volunteered as subjects in this study which was
approved by the regional Ethics committee. All subjects were non-smokers with no known
pulmonary or other diseases or disorders.
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2.2. Protocol and Techniques

Two progressive cycle ergometer tests to exhaustion, separated by 60—75 min, were
performed in random order, one in Up and the other in Sup. After 10 min of rest and 4 min
of work at 160 W and 240 W, respectively, a progressive exercise protocol was initiated
where 3 min of work at estimated VO,max was followed by 40 W increments every min
until exhaustion (80 rev per min). The Douglas bag technique was used for measurements
of ventilation (VE), O, uptake (VO,), and CO, output (VCO,). Blood was drawn from an
arterial catheter and analysed for 0O, tension (pa0,), CO, tension (paCO,), %Sa0, pH,
and lactate concentration (La). Alveolar pO, (pAO,) was estimated from the alveolar gas
equation. Alveolar ventilation (VA) was calculated from VCO, and paCoO,.

2.3. Statistics

Data are presented as mean + SEM. Analysis of variance for repeated comparisons
was employed as the main statistical treatment. ANOVA yields two main effects, work in-
tensity and work position, and an interaction term. Paired t-tests were employed for com-
parison between individual data sets (rest and maximal values) once a significant F-ratio
had been found; significance level at P<< 0.05.

3. RESULTS

VO,max for upright exercise averaged 75 ml O, . min™ per kg body weight (range
70-84) thus supporting the high fitness level of the subjects. The change in working pos-
ture from Up to Sup significantly reduced maximal working capacity. Maximal power out-
put decreased by 14% from 505+14 to 43611 W (P<<0.001), VO,max by 10% from
5.39+0.14 to 4.81+0.12 1 O, . min™* (P<<0.001), VEmax by about 15% from 186.4+4.9 to
159.2+4.9 I.min"! and VAmax by 21% from 125.3 t0 99.2 1 . min’ (P<<0.001). The maxi-
mum blood lactate concentration decreased from 10.0+0.7 to 7.8+0.5 mmol.l"! (P<<0.05).

Individual values for VA and La as a function of relative work load (% of activity-
specific VO,max) during progressive supine and upright exercise are depicted in Fig. 1.
VA values were generally similar in Up and Sup from rest to near-maximal exercise; how-
ever, the Sup value was clearly lower (P<<0.0001) at maximum as reflected in a signifi-
cant work intensity-by-posture interaction term. The La interaction term was also
statistically significant. If anything, La was slightly higher in heavy submaximal and early
maximal exercise but this was reversed at maximum.

Data for blood gases and pH are presented in Table 1. pa0, dropped gradually from
100 Torr at rest to about 80 Torr at maximum (P<<0.0001) with no difference between Up
and Sup. %Sa0, dropped (P<<0.0001) from 98.1+0.2% at rest to 95.2+0.4% at exhaustion
in Up, and from 98.31£0.2% to 94.4+0.5% in Sup (Up vs Sup ns). Mean pAO, values
ranged 100-105 Torr at rest and in submaximal exercise, and increased to 115+1 Torr
(Sup) and 118+1 Torr (Up) at exhaustion (P<<0.01). Arterial pCO, was virtually constant
during the initial work loads but decreased at work loads above 70—-80% of VO2max. The
interaction term was significant, indicating a lower paCO, at exhaustion in upright exer-
cise than in supine (33.8 vs. 36.2 Torr; P<< 0.01). Average arterial pH-values were be-
tween 7.40-7.42 from rest to 80-90% VOzmax, and then declined to about 7.31 at
maximum with no significant difference between Up and Sup. Hemoglobin concentration
increased from 8.5 mmol.l" at rest to 9.4 mmol.I"! at maximum exercise (P<<0.0001).
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Figore 1. Individual values for VA and La during progressive supine and upright exercise. Open circles are from
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4. DISCUSSION

The study confirmed the presence of EIH in highly trained athletes during maximal
dynamic exercise. The decreases in %Sa0, from about 98% to 95% and in paO, from
around 100 Torr to 80 Torr were clearly 51gn1ﬁcant and all subjects had lower %Sa0, and
paO, at exhaustion than at rest. The decrements were, however, smaller than those re-
ported by Dempsey et al. (4) but in accordance with data by Powers et al (9) and Inbar et
al. (7), and also similar to our own earlier data (8).

The hypothesis that changing from Up to Sup would diminish EIH during intense
exercise was not confirmed. Arterial blood desaturated to the same extent in Sup and in
Up, and the drop in paO, was also similar in the two situations. A study in pulmonary pa-
tients on the effect of upright versus supine position exercise was also unsuccessful in

Table 1. Blood gases, alveolar pO, and acid-base status during progressive cycle
ergometer exercise in upright (Up) and supine (Sup) position (mean = SEM; n=8)

Warm-up Maximal exercise
Rest light heavy min 3 min 5 maximum

pa02 Up 99+3 94+1 8842 84+1 80+2 8242
Torr Sup 100+2 90+1 851 82+2 79+2 - 80+5
%Sa0, Up 98.1£0.2 97.8+0.1 97.3£0.1 96.5+0.2 96.4+0.4 95.240.4

Sup 98.3%0.2 97.6£0.1 97.2+0.2 96.6+0.3 95.910.4 94.4+0.5
pAO, Up 10542 101+t 103£1 107+1 109+1 1181
Torr Sup 1062 100+1 105+ 1091 1131 1151
paCO, Up 38.8+0.8  40.8+0.6  40.3+0.7 38.8+0.9 37.7x0.8 33.8+0.5
Torr Sup 39.4+1.1 41.0+0.9 39.7+1.1 37.9£0.9 36.1£0.7 36.2+0.8
pH Up 7.42+£0.007 7.41£0.003 7.41£0.005 7.41£0.007 7.40+0.009 7.31+0.015

Sup 7.41£0.006 7.41+0.004 7.41£0.006 7.40+0.006 7.40+0.009 7.32+0.013
Base excess Up 1.0+0.3 1.6£0.4 1.5£0.4 0.4£0.6 -0.9+0.8 -8.5+0.9
mmol . 1-1 Sup 1.0+0.4 1.6£0.3 1.1£0.4 -0.7£0.6 -2.2+0.8 -6.3+0.9

pa02 = arterial pO, %Sa0, =% arterial O, saturation pAO, = alveolar pO, paCO, = arterial pCO,
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showing a beneficial effect on arterial oxygen saturation on shifting to the supine posture
(2). Dempsey et al. (3) examined the effect of varying body posture on pulmonary gas ex-
change at lower work intensities, i.e. VO, up to about 2.5 1. min™'. At rest, the alveolo-ar-
terial pO2 difference was narrowed in Sup, but during exercise no clear effect was
evidenced on this or other oxygen variables, thus supporting the main conclusions of the
present study.

Contributing to the failure in eliminating exercise-induced arterial O, desaturation
may have been a reduced maximal ventilatory capacity in supine position. VEmax de-
clined by 15% in comparison with Up, and VAmax by 21%. These decreases are larger
than the percentage drop in VO,max and indicate an insufficient hyperventilatory re-
sponse in Sup. It is of interest that the VA values to a large extent were similar in Sup and
Up for gas exchange levels up to about 90% of VO,max. The difference was only seen
during the very highest work rates. In accordance with this, the largest drop in %Sa0, was
seen from min 5 to exhaustion, i.e. in the final stage of the maximum exercise test. Sup-
portive of this is also the behaviour of paCO,. Whereas the Sup values were virtually con-
stant during the last two observations in the maximum exercise, Up showed a marked drop
from 37.7 to 33.8 Torr. The potential role of hyperventilation in the maintenance of arte-
rial O, saturation during maximal exercise has been examined by Inbar et al. (7). In ex-
periments with well-trained individuals breathing helium to increase ventilatory function,
these authors observed a reduced exercise-induced desaturation in comparison with nor-
moxia.

5. CONCLUSION

Performance of progressive cycle ergometer exercise to maximum in highly trained
road cyclists was accompanied by significant decreases in %Sa0, and pa0,. This exer-
cise-induced hypoxemia was not abolished or reduced by a change in working posture
from upright to supine. An expected favourable influence of gravity towards a more ho-
mogenous ventilation-perfusion distribution in Sup may have been opposed or neutralized
by a reduced ventilatory capacity.
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1. INTRODUCTION

Exercise intolerance is the most distressing consequence of their disease for the ma-
jority of patients with chronic respiratory disease. We will briefly review the major abnor-
malities during exercise in patients with chronic obstructive pulmonary disease (COPD)
but will also refer to other chronic diseases. The interested reader is referred to more de-
tailed reviews (4, 13).

The major responses to exercise in patients with COPD are listed in Table 1. Table 2
contrasts usual patterns of exercise response in COPD to those of five other common
cardiorespiratory disorders: interstitial lung disease, congestive heart failure, mitral valve
disease, pulmonary vascular disease and unfitness.

2. METABOLIC RATE

COPD patients have a small but significant increase in resting oxygen uptake (V,,)
compared to normal subjects. In the past it was frequently assumed that COPD patients
had an elevated V, at a given work rate during exercise. However, the available data in-
dicates that there is no significant difference in V, at a given work rate, when compared
to normal humans (4). The rise in V, in response to an increase in work rate is slower in
COPD patients than in normal humans, causing a delay in attainment of steady state con-
ditions (17). The mechanisms underlying this are unknown but altered skeletal muscle me-
tabolism or cardiovascular abnormalities are most likely (14).
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Table 1. Typical responses to exercise testing in patients with COPD*

At Maximal Exercise:
Low peakV ,, and peak work rate
LowV,
HighV /MVV
Low V.
Normal or slightly reduced V;/VC ratio
Low heart rate (usually)
Low oxygen pulse
Reduced metabolic acidosis (usually)
At Submaximal Exercise:
Normal or near normal V,,
HighV
High F, low VT
High arterial PCO,, low arterial PO,
Normal cardiac output (usually)
High heart rate, low stroke volume
Increased metabolic acidosis
(at least in some patients)

* Data are shown in comparison to normal subjects of the same sex, age and body size.
See text for details. Reproduced with permission from reference 4.

3. VENTILATION

The ventilatory response to exercise in COPD is summarized in Figure 1. During
submaximal exercise, COPD patients have increased dead space ventilation and (usually)
reduced alveolar ventilation (7). Total ventilation (V) is usually increased during sub-
maximal exercise. The highest level of ventilation (i.e. maximum ventilatory capacity,
MVC) that a subject can produce is limited by the maximum inspiratory and expiratory
flow volume curves, that is by the highest inspiratory and expiratory flow rates that can be
generated (16). COPD patients have reduced maximum expiratory flow rates at all lung
volumes, with lesser reductions in maximum inspiratory flow rates (7). Therefore MVC is
reduced in COPD. The combination of increased V, and reduced MVC means that the

Table 2. Common patterns of exercise response

COPD ILD CHF MVD PVD UNF
Maximal V,, { J J 3 J 3
HR at submaximal work 0 TorN T T * T
Maximal HR { rarely N i {orN N { N
VE at submaximal work TorN 0 1) 0 1+ Tabove LT
Peak V/maximal voluntary ” 0 N N N NA
ventilation
Peak VT/vital capacity Nord N N N N N
Arterial O, desaturation + or - + - - + -

COPD = Chronic Obstructive Pulmonary Disease , ILD = Interstitial Lung Disease, CHF = Congestive Heart Failure, MVD =

Mitral Valve Disease, PVD = Pulmonary Valve Disease, UNF = Unfitness, LT = Lactate Threshold.

TN, { refer to an increase, no change, or decrease compared with normal response; + or - refer to the presence of absence of ar-

terial O, desaturation with exercise.

Reproduced with permission from reference 7. ‘
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DEAD SPACE VENTILATION (V,) | ALVEOLAR VENTILATION V)

TOTAL VENTILATION (V)
=V, +V,

MVC = MAXIMAL VENTILATORY CAPACITY
OXYGEN UPTAKE

— NORMAL HUMANS
----COPD

Figure 1. Schematic comparison of typical ventilatory changes during progressive exercise in COPD patients and
in normal humans. See text for details. Reproduced with permission from Reference 4.

ventilatory demands of exercise are a much greater proportion of maximum ventilatory ca-
pacity than in normal humans, i.e. the V./MVC ratio is increased at a given work rate dur-
ing exercise (Figure 1). The reduced MVC constrains the ability of COPD patients to
increase ventilation and this is a major cause of exercise limitation in these patients (4).

4. BREATHING PATTERN

Healthy humans initially increase V during mild exercise by increasing both tidal
volume (V) and respiratory frequency (). At higher work rates, V. usually remains con-
stant at 50—60% of vital capacity and further increases in V, are due to increases in f alone
(6, 15). The same general pattern usually occurs in COPD patients. However, V1 is less
and f is greater than in healthy humans at similar levels of V|, and peak V. is less 5, 8,
9). Such a tachypneic breathing pattern is not unique to COPD and is seen in the vast ma-
jority of patients with different respiratory or cardiac conditions (7, 12). A study (9) of pa-
tients with COPD, restrictive lung disease, bronchial asthma and heart disease found a
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strong linear correlation (R = 0.827, P < 0.0001) between peak exercise V; and vital ca-
pacity when all patients were considered together (Figure 2). The ratio of peak exercise
V; to vital capacity in COPD is usually similar to that of normal humans and patients with
other cardiorespiratory diseases (5, 9) though some patients with severe COPD may have
a slightly smaller ratio (8). Therefore the altered breathing pattern in COPD and in other
patients with respiratory disease is probably largely due to their altered respiratory me-
chanics (9).

5. RESPIRATORY MUSCLE FUNCTION

As reviewed elsewhere, patients with COPD have to generate much greater inspira-
tory muscle pressures than normal humans at similar work rates (4). This is because of
their increased end expiratory lung volume (dynamic hyperinflation), increased inspira-
tory flow resistance, increased minute ventilation, decreased lung compliance (frequency
dependent), and chest wall distortion. In addition, inspiratory muscle strength is decreased
in COPD and this is further decreased because of dynamic hyperinflation during exercise.
Therefore the load (pressure generated as a proportion of pressure generating capacity) on
inspiratory muscles is much higher in COPD than in normal humans (4). This increased
load is the major reason for the increased breathlessness of COPD patients during exer-
cise. It has been suggested that inspiratory muscle fatigue may develop during exercise in
COPD (18) but there is no convincing evidence of this at this time (4).

4
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Figure 2. Relation between peak exercise tidal volume (V1 max) and vital capacity (VC) for patients with chronic
obstructive pulmonary disease, restrictive lung disease, heart disease, and bronchial asthma. Different symbols are
used for the four patient groups.There was a significant linear relation between V., max and VC (see regression
line): V. max = 0.55 VC - 0.09 litres (R = 0.827, P<0.0001). Reproduced with permission from Reference 9.
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6. ARTERIAL BLOOD GASES

As shown in Figure 1, COPD patients usually have a reduced alveolar ventilation
during exercise. Therefore arterial PCO, is usually higher than in normal humans and, in
many patients, arterial PCO, may rise during exercise (7). Many patients with severe
COPD have arterial oxygen desaturation during exercise. This is partly related to hy-
poventilation and the effect of a fall in mixed venous PO, on low ventilation - perfusion
lung units and shunt (19). Some patients with COPD may increase or keep arterial PO, the
same during exercise. It is not possible to predict, from resting measurements, which
COPD patient will desaturate during exercise.

7. CARDIAC FUNCTION

Cardiac output is frequently normal at a given V, during submaximal exercise (7).
However, heart rate is usually increased and stroke volume decreased, when compared to
normal subjects. Therefore oxygen pulse is reduced. Peak heart rate is usually less than
normal, though it may be normal in some patients with mild disease (2, 7). Patients with
COPD have increased pulmonary artery pressures during exercise because of their in-
creased pulmonary vascular resistance (10, 11). Most patients with moderate or severe
COPD have evidence of right ventricular dysfunction during exercise (7).

8. METABOLIC ACIDOSIS

It was once assumed that COPD patients stop exercise at work rates lower than those
at which they would develop significant metabolic acidosis. However, review of studies
over the last 20 years shows that this is not the case (7). Many COPD patients have sig-
nificant metabolic acidosis at end-exercise. In addition, many COPD patients develop me-
tabolic acidosis at lower work rates than normal humans, i.e. their “lactate threshold” is
reduced (3, 7). This further increases the ventilatory demands of exercise in these patients.
Exercise training improves exercise performance in COPD patients partly by reducing me-
tabolic acidosis at a given work rate (3).

9. LIMB MUSCLES

Traditionally, little attention has been paid to limb muscle function in COPD. Re-
cent studies provide clear evidence of limb muscle dysfunction in this population. Limb
muscle strength is frequently reduced and there is evidence of abnormal muscle metabo-
lism during exercise (1, 20). This is discussed further elsewhere (14).

10. EXERCISE LIMITATION

It is therefore clear that COPD patients have abnormal ventilatory, blood gas, car-
diovascular, acid-base and limb muscle function during exercise. To what extent do these
(or other) abnormalities contribute to the impaired exercise tolerance? Ventilatory/respira-
tory muscle function probably contributes to exercise intolerance in many, but not all, pa-
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tients (4). Hypoxemia is probably a significant factor in those patients with oxygen de-
saturation during exercise. At this time, there are insufficient data regarding the role of
limb muscle and cardiovascular function in exercise limitation in COPD. However, we be-
lieve that limb muscle dysfunction is probably a significant factor in many patients (14).
These issues merit further study.
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1. INTRODUCTION

It has been suggested that the immunological responses to exercise are a subset of
the physical stress reactions that characterize surgery, thermal and traumatic injury, haem-
orrhagic shock and acute myocardial infarction (1). Therefore, acute exercise can be
viewed as a prototype for studying the effects of physical factors on the immune system

Q).

2. EXERCISE LEUKOCYTOSIS

The basal levels of circulating leukocytes are rapidly increased by physical activity
(3). The leukocytosis is due to increased concentrations of neutrophils, monocytes and
lymphocytes. The neutrophil concentration increases during exercise and it continues to
increase following exercise. During exercise natural killer (NK), B and T cells are recru-
ited to the blood, which is reflected in an elevated total lymphocyte count. The composi-
tion of T cells is altered; thus the CD4/CD8 ratio decreases, because the CD8 count
increases more than the CD4 count. Following severe exercise the lymphocyte concentra-
tion decreases below its baseline value, and the duration of this suppression depends on
the intensity and duration of the exercise stress (1).

3. NATURAL KILLER CELLS

NK cells are thought to play an important role in the first line of defense against tu-
mour and virus-infected target cells. The NK cell activity is determined as the percentage
lysis of 5!Cr-labelled tumor cells, e.g. K562 target cells. NK cells are highly sensitive to
physical exercise and are recruited immediately to the blood during acute exercise. The
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modulation of the NK cell activity in response to exercise has been investigated exten-
sively (2). During exercise the absolute concentration and the relative fraction of blood
mononuclear cells (BMNC) expressing characteristic NK cell markers is markedly en-
hanced. Simultaneously, the NK cell activity (the cytotoxic activity of the NK cells) in-
creases. Following intense exercise of at least one hour, the NK cell activity is suppressed.

4. ANTIBODY PRODUCTION

The secretory immune system of mucosal tissues such as the upper respiratory tract
(URT) is considered to be the first barrier to colonization by pathogenic microorganisms
causing URT infections. In mucosal secretions immunoglobulin A (IgA) is the major class
of immunoglobulins, and the level of IgA in mucosal fluids correlate more closely with re-
sistance to URT infection than serum antibodies. Suppressed levels of salivary IgA has
been reported in cross-country skiers after a race and after 2 hours of intense ergometer
cycling (4).

S. LYMPHOCYTE PROLIFERATION

The ability of lymphocytes to proliferate following stimulation with concanavalin A
(ConA) and phytohaemagglutinin (PHA) decreases, whereas the proliferative response to
interleukin-2 (IL-2) or lipopolysaccharide (LPS) or poke weed mitogen (PWM) increases
(2). The low PHA response of cells isolated during bicycle exercise was shown to be due
to a decreased contribution to the BMNC-pool of the CD4+ cell subfraction rather than to
a changed proliferative response per CD4+ T cell, and the increased ability of cells to pro-
liferate following stimulation with IL-2 was caused by an increased fraction of CD16+
cells, and not by an increased expression of IL-2 receptors. Thus the changes in prolifera-
tive response during exercise is not a result of altered function or activation of the indi-
vidual lymphocyte.

6. CYTOKINES

Cytokines serve as messengers of the immune system, but unlike endocrine hor-
mones (the messengers of the endocrine system) which exert their effects over large dis-
tances, the cytokines generally act locally. Physical exercise that includes eccentric
muscle contractions increases the production of some cytokines. Increased interleukin-153
(IL-18) in muscle tissue was found for up to 5 days following eccentric exercise. The IL-1
activity in plasma increased following eccentric exercise in untrained subjects. Following
long distance running, increased concentrations of interleukin-6 (IL-6) in plasma were
found, and others have found increased plasma-tumor necrosis factor-o. (TNF-a).

7. ROLE OF STRESS HORMONES

Physical stress increases the concentrations of a number of stress hormones in the
blood, including catecholamines, growth hormone, beta-endorphins, adrenocorticotrophic
hormone (ACTH) and cortisol, whereas the concentration of insulin declines. Studies
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where adrenaline, noradrenaline, growth hormone and insulin were selectively infused to
obtain plasma concentrations identical with those obtained during exercise showed that
catecholamines and growth hormone potentially could mediate exercise-induced immuno-
modulation (2). These observations were supported by studies in which pharmacologic
blockade of stress hormone receptors was performed.

8. ROLE OF HYPERTHERMIA AND HYPOXIA

Severe and prolonged exercise induces elevated core temperature and, in some in-
stances, arterial hypoxemia. In vitro hyperthermia and hypoxemia have numerous effects
on the immune system (1). The selective effect of in vivo hyperthermia and hypoxia on the
human immune system have been investigated. Both hyperthermia and hypoxia induced
recruitment of the lymphocytes to the blood, especially the CD16+ NK cells, and the neu-
trophils. When exercise was performed during hypoxic conditions, a significantly larger
increase in the concentration of NK cells was seen compared to exercise during normoxic
conditions (1). :

9. CONCLUSION

During exercise, lymphoid cells, especially NK cells, are recruited to the blood and
if muscle damage occurs the cytokine level is enhanced. Following intense exercise of
long duration the concentration of lymphocytes in the blood is suppressed and the function
of NK and B cells are inhibited. The mechanisms underlying exercise-induced immuno-
modulation are probably multi-factorial and include adrenaline and growth hormone, and
possibly also exercise-induced hyperthermia and hypoxia. Furthermore, a lack of glu-
tamine has been suggested to contribute to impaired lymphocyte function after muscular
activity. During the time of immunodepression, often referred to as “the open window”,
the host may be more susceptible to microorganisms bypassing the first line of defense.
However, moderate exercise, which induces increases in the concentration of immuno-
competent cells in the blood without causing post-exercise immunosuppression, may im-
prove host defense to infections.
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1. INTRODUCTION

The activity of the peripheral sympathetic nervous system can be evaluated based on
its influence on the organism as a whole; in terms, for example, of the blood pressure and
heart rate responses. Because of the complex regulation of these variables, however, such
an approach remains problematic. The evaluation of sympathetic activity can be more reli-
ably based on an analysis of plasma and urinary catecholamine profiles (17-19,31,35).
This approach is justified on the basis of correlations that have been demonstrated (i) be-
tween the heart rate responses to sympathetic stimulation and the release of endogenous
catecholamines into the coronary sinus of the dog (40), and (ii) between sympathetic ac-
tivity in sympathetic fibers of peripheral nerves, recorded with microelectrodes, and the
venous noradrenaline concentration of the respective extremity (38).

There are, of course, differences in noradrenaline concentration in samples of arte-
rial, venous and coronary venous blood drawn simultaneously, but positive correlations
have been demonstrated between such samples drawn from various vascular sites (23), es-
pecially during exercise (4). The reporting of noradrenaline levels in capillary or arterial
blood is considered to be most appropriate (1,19,35), since the concentration in venous
blood may be changed considerably following its passage through organs, both by addi-
tional release and by elimination. The plasma noradrenaline concentration is determined
by release and spillover on the one hand and by plasma clearance on the other.

Since the plasma half-life of noradrenaline of 2-3 min in healthy individuals at rest
does not change appreciably during exercise (7,12,23), changes in plasma catecholamine
levels in healthy individuals during exercise can be primarily explained by changes in re-
lease. Based upon studies using incremental exercise (7,8,12,17,18,30,37), the sympa-
thetic nervous system becomes important for cardiovascular and metabolic function at
about halfway to maximum work rates, corresponding to plasma catecholamine levels of
5-6 nmol/l (17,18,35). However, as the sensitivity of the organism to catecholamines in-
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creases during physical exercise (3) and the influence of antagonists such as the vagus de-
creases (5), physiological importance can be assumed even at lower exercise intensities.

2. PHYSICAL TRAINING AND SYMPATHETIC ACTIVITY

Endurance training typically results in an initial increase in vagal activity (28), fol-
lowed or in parallel with a reduction in sympathetic drive (8,30,39). This has been termed
the training-dependent “vegetative” change or adaptation of the organism. It is not, how-
ever, induced by resistance training (17). This adaptation is expressed during submaximal
exercise in an “economy” of cardiovascular activity, a reduction in myocardial oxygen re-
quirement (9,33) and an increased cardiac capacity. The physiological cardiac hypertro-
phy and regulative dilatation - the so-called Sports Heart - has to be seen as an significant
additional mechanism in high-performance endurance athletes through its effect of further
improving cardiac capacity (32). The possibility can be considered that the endurance
training-related change in vegetative tone might depend partly on a training-dependent
change in afferent neuronal feedback from the musculature (16) - “peripheral command” -
as well as a change in “central command” (13). The necessary training volume amounts to
about 30-60 min endurance training three times per week, at least 3—4 weeks at an inten-
sity of 60-70% V0, (30,39). Since the plasma clearance shows no training dependency
in healthy individuals and slight changes only during exercise (12), the reduction in
plasma catecholamine levels reflects primarily a reduction in release, going along with an
increase in the sensitivity to catecholamines, reflected by an increase in beta-adreneore-
ceptor density (2,3,18) that is partly lost again during training cycles with an inadequately
high training volume (11).

3. PARASYMPATHETIC TYPE OF OVERTRAINING AND
SYMPATHETIC ACTIVITY

The hypothesis of a neuro-vegetative dysfunction in the parasympathetic type of
overtraining syndrome (10) is supported by the finding of a 40-70% decrease in the noc-
turnal basal excretion of urinary free catecholamines (24,25) as confirmed by Naessens et
al. (29). The reduction in basal catecholamine excretion was in the range observed in pa-
tients with autonomic dysfunction (20,21). Catecholamine excretion increased again in af-
fected athletes during the recovery period (25). Basal catecholamine excretion may reflect
the intrinsic sympathetic activity, since activating mechanisms of the neuro-vegetative
axis, such as (i) “central command” (13), (ii) afferent nervous feedback (16), and (iii) me-
tabolic or nonmetabolic error signals (13) are reduced to a minimum during sleep. There-
fore, there is some evidence that a reduction of intrinsic sympathetic activity in the
parasympathetic type of overtraining syndrome can be one factor of a cornplex mechanism
which causes “central fatigue” in affected athletes. Besides an overtraining-related de-
crease in intrinsic sympathetic activity, an increased noradrenaline plasma response has
been observed at given submaximal work loads (26) and a decreased maximal exercise re-
sponse in advanced stages (14). A decrease in senstivity to catecholamines was also ob-
served during training cycles with an inadequately high training volume (11), as is also
suspected during overtraining (24).
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4. AUTONOMIC DYSFUNCTION AND SYMPATHETIC ACTIVITY

The importance of the sympathetic nervous system for adaptation of the organism to
stress, such as orthostasis and physical exertion, becomes particularly clear in patients suf-
fering from a primary insufficiency of the sympathetic nervous system, such as primary
orthostatic hypotension (Shy-Drager Syndrome, Bradbury-Eggleston Syndrome)
(19,20,36). In Bradbury-Eggleston Syndrome, or in Shy-Drager Syndrome if there is con-
comitant central-nervous-system involvement, only marginal concentrations of sympa-
thetic neurotransmitters and hormones are released and circulate in the blood in advanced
stages (19,20). Twenty four hour renal elimination of catecholamines also decreases to 20-
30% of healthy control values as an indication of a reduced total catecholamine metabo-
lism (19,20). In the advanced stage, patients can hardly right themselves without
immediate circulatory collapse, there being no significant increase in heart rate (19,20,36).
No adequate adjustment of cardiovascular function to exercise-related demands is possi-
ble. Even during physical exertion in the supine position, there is a decrease in pressure
without an adequate increase in heart rate (19,20). Physical inactivity leads to an addi-
tional loss of aerobic work capacity of the skeletal musculature reflected by an inadequate
increase in lactate concentration during mild exertion (22,27). An increase in stress toler-
ance was possible when noradrenaline has been administered subcutaneously in these pa-
tients via a programmable micro-dosing pump (22).

5. NEUROCARDIOGENIC SYNCOPE AND SYMPATHETIC
ACTIVITY

Beside Shy-Drager and Bradbury-Eggleston Syndromes, in patients with neuro-
cardiogenic syncope (which can be established by tilt-table testing), syncope can be effec-
tively prevented in about 50% of patients by B-blocker therapy (15): in the responders,
syncope was preceeded by a higher adrenaline response and sinus tachycardia, pointing to
a significant role of endogenous catecholamines in the pathogenesis of neurocardiogenic
syncope; that is, exercise or orthostasis tolerance can also be compromized in cases of
relative sympathetic overstimulation.

6. PARAPLEGICS VS. TETRAPLEGICS AND SYMPATHETIC
ACTIVITY

Because of the interruption of efferent sympathetic fibers with spinal cord transec-
tion above T1, no increase in noradrenaline and adrenaline plasma levels and also inade-
quate blood pressure and heart rate responses have been observed in tetraplegics during
wheelchair exercise compared to paraplegics (transection below T1); that is, exercise tol-
erance in tetraplegics is additionally limited by a secondary dysfunction of the sympa-
thetic nervous system (34), besides the transection-related loss in active musculature.
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1. INTRODUCTION

Peripheral arterial occlusive disease (PAOD) leads to exercise intolerance because
of an insufficient blood supply to the lower extremities. As in relatively well-compensated
PAOD patients, the insufficient blood supply becomes evident only during exercise, an
exercise test has to be applied for its detection and estimation. Although there are several
methods which can be used to investigate the peripheral blood supply, the issue remains as
to how best quantitate the peripheral blood supply during exercise and, furthermore, to as-
sess its functional reserve.

Among several methods which can be used for estimating peripheral blood supply,
the systolic Doppler ankle pressure (DAP) has been widely applied (14). Not only is DAP
important for diagnosing PAOD, but also the “Doppler Index” - i.e. DAP versus the sys-
temic systolic blood pressure - is useful for classifying grades of PAOD and for assessing
the functional reserve of the peripheral blood supply (7). However, the usefulness of the
DAP measurement is limited in some PAOD patients with microvascular angiopathy and
it may be invalid and inconvenient to implement during exercise. Venous occlusive
plethysmography is another method which can quantitatively measure the blood flow to
the lower exti emities in PAOD patients (13). However, measurement is impossible during
exercise.

Thus, studies on methods which can be used to estimate the peripheral blood supply
during exercise are needed. In recent years, we have attempted to estimate the peripheral
blood supply to the lower extremities in PAOD patients during exercise using two nonin-
vasive methoas - transcutaneous oxygen tension and whole-body Thallium imaging. These
are discussed in detail in the following account (4,5).
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LTRANSCUTANEOUSOXYGENTENSK»HTCPOQ

Originally, tcPO, was used to monitor the changes of arterial PO, (6). Subsequently,
a relationship between tcPO, and the blood supply to the site of placement of the tcPO,-
electrode was demonstrated (11). Based on this relationship, tcPO, has therefore been
taken as an index of the blood supply.

We investigated 20 patients with PAOD stage II (intermittent claudication) using
DAP and tcPO, during a treadmill test, cycle-ergometry and rowing-ergometry. The tcPO,
was measured with a Clark-type electrode (heated to 45°C) at two sites for each subject:
the peripheral tcPO, was measured on the calf where a potential exercise-induced is-
chemia might be expected in PAOD patients and, as a control, the central tcPO, was
measured on the chest where a potential ischemia may presumably be excluded.

In comparison to controls, the PAOD patients had a distinctly reduced performance
with lower-body exercise (treadmill test and cycle-ergometry), while for upper-body exer-
cise (rowing-ergometry with a fixed seat) there was no significant difference of perform-
ance between the two groups. We found that during the upper-body exercise, DAP and
tcPO, remained almost unchanged, whereas during lower-body exercise they both clearly
fell (Figure 1). Since during upper-body exercise, the lower extremities are not (or only
slightly) stressed and therefore their peripheral blood supply should not be obviously af-
fected, DAP and tcPO, stayed relatively constant. During lower-body exercise, however,
the peripheral blood supply to the lower extremities is stressed and the functional reserve
becomes exhausted. This implies that the peripheral blood supply to the lower extremities
can be reflected in DAP together with tcPO,. Furthermore, we found a hyperbolic rela-
tionship between DAP and tcPO, during lower-body exercise (Figure 2). This relationship
suggests that the higher the DAP, the greater the tcPO,. In the lower range of DAP, a
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Figure 1. Continuous recording of transcutaneous oxygen tension (tcPO,) during multiple-stage cycle-ergometry.

* and #: start and end of the exercise, respectively. Cc and Cp: central and peripheral tcPO, of a control subject,
respectively. Pc and Pp: central and peripheral tcPO, of a PAOD patient. Reproduced from Ref. 4 with permission.
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Figure 2. The relationship between transcutaneous oxygen tension (tcPO2) measured at the calf, and systolic Dop-
pler ankle pressure (DAP) during an exercise test. Reproduced from Ref. 4 with permission.

small change of the DAP was accompanied by a large change of tcPO,, which implies that
in a critical ischemia the change of tcPO, is more sensitive than that of DAP.

3. 201-THALLIUM IMAGING

As early as the 1950s, a direct correlation between tracer distribution and fractional
blood flow of cardiac output has been reported (8). Strauss et al. described, for the first
time, that the regional distribution of 20171 reflected the fractional distribution of the car-
diac output (12). Since then, several studies employing 20171 jmaging have been per-
formed in patients with PAOD (3,10). However, most of these studies dealt with resting
blood flow. The relationship between regional 20171 uptake and the blood supply of the
lower extremities in patients with PAOD during exercise therefore needs to be established.

We studied the regional blood supply of the calf (RBS, %) in PAOD patients during
exercise using 20171 whole-body imaging, and compared these results with those obtained
from tcPO, measurements. In the tcPO, study mentioned above, we found that the veloc-
ity of tcPO, fall (VtcPOZ\L) during cycle-ergometry was inversely related to DAP. In the
present study, VtcPOzi« was therefore calculated as:

VtcPO,{ = (tcPO,rest - tcPO,mi)/2PHT 6}

where: tcPO,rest and tcPO,mi represent the resting tcPO, and the minimum tcPO, during
exercise, respectively; and PHT = pressure half time from tcPO,rest to tcPO,mi. 33 pa-
tients with PAOD and 10 subjects without PAOD (i.e. controls) were enrolled in this study.
A stepwise incremental cycle-ergometer protocol was performed to the limit of tolerance.
In the last minute of exercise, 2 mCi of 201TI were injected intravenously, and whole-
body images were taken simultaneously from anterior and posterior projections with a
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dual-head camera system immediately (stress image) and 4 hours (redistribution image)
following exercise. The RBS(%) was calculated from the regional geometric mean counts
of the calf divided by the total counts of the whole body. In agreement with the results of
the study mentioned above, the exercise performance of the PAOD group during cycle-er-
gometry was reduced (72 vs 125 W) and the peripheral tcPO, fell dramatically (51 to 19
mm Hg). The RBS of PAOD patients was clearly reduced both in the stress and redistribu-
tion images, compared to controls; there was a significant increase of RBS in the redistri-
bution image (Table 1). Furthermore, nonlinear regression analysis showed a hyperbolic
relationship between stress RBS and the velocity of tcPO, fall during the exercise test
(Figure 3). Our results suggest that (i) the 2°' Tl whole-body images are comparable to the
tcPO, measurement in differentiating patients with PAOD from subjects without PAOD
during exercise and (ii) the regional 2°' Tl uptake reflects regional blood supply in PAOD
patients, giving information about the functional reserve. The hyperbolic relationship be-
tween peripheral tcPO, and RBS derived from the *°' Tl whole-body imaging implies that
the lower the RBS, the faster will be the tcPO, decrease in a critical ischemia.

4. DISCUSSION

To date, the gold-standard examination for PAOD has remained arterial angiogra-
phy. This method can directly locate the arterial lesions and the grades of vascular damage
can be judged. However, with this method it is difficult to assess the collateral circulation
and to estimate the functional reserve (1). The walking distance in a treadmill test there-
fore has been adopted as a standard means of assessing the functional reserve (9). How-
ever, it is recognized that this index is subjective and of limited value in patients with
difficulties in walking or maintaining balance. In contrast, DAP is a well-established
method for diagnosing PAOD and is used to assess the functional reserve of the peripheral
blood supply. Since this is a discontinuous method and is invalid in patients with
angiopathy (incompressible vessels), its usefulness is limited during exercise.

PAOD patients can be differentiated from subjects without PAOD by means of
tcPO, measurements. In comparison to the walking distance approach, tcPO, provides an
objective index and, unlike DAP, it is a continuous measurement and is especially conven-
ient for exercise studies. However, if the blood supply is not critically reduced, tcPO, es-
sentially stays within the normal range because of the hyperbolic relationship between

Table 1. Regional blood supply (%) determined by whole-body 200 images in controls and PAOD
patients immediately after (stress) and 4 hours (redistribution) following exercise (5)

n stress redistribution P
calf control 10 3.1+£05 3405 NS
PAOD 33 1.5+0.7 2.8+0.7 .01

P .01 .05
thigh control 10 18.0+£22 17.3£2.0 NS
PAOD 33 104+3.0 11.4+23 - NS

P .01 .01
leg control 10 21,1422 20.7+£2.1 NS
PAOD 33 12.0+34 14326 .05

P .01 .01

Values were taken from the right side of controls and the mainly involved side of PAOD patients (mean + SD). Repro-
duced from Ref. 5, with permission.
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Figure 3. Relationship between tcPO, fall (VtcP02~L, mmHg/s) and the regional blood supply (RBS, %) in PAOD
patients during a cycle-ergometry (VtcPO24 = -0.032 + 0.39/RBS, 1* = 0.54, P<0.05). Reproduced from Ref. 5

with permission.

tcPO, and blood supply (4,6,11). Therefore, the absolute value of tcPO, is considered
clinically not to be as valuable as the tcPO, changes, and tcPO, alone seems to be inade-
quate to provide quantitative information about the blood supply, although in a critical is-
chemia the tcPO, change is even more sensitive than that of DAP.

20171 whole-body images have been used to assess resting leg perfusion (2). How-
ever, only a few studies have addressed the blood supply during exercise. We have de-
scribed here our findings on the calf blood supply during cycle-ergometry, using a
dual-head camera system which allowed calculation of the geometric mean counts from
the simultancous anterior and posterior images (5). The regional blood flow can be theo-
retically calculated by multiplying cardiac output by the percentage of the regional 20071
uptake and thus blood supply can be derived quantitatively. Certainly, the 29171 whole-
body imaging is quite expensive and complicated to undertake, which may limit its rou-
tine clinical use.

In conclusion, the noninvasive methods - tcPO, and 2071 whole-body imaging - can
be used clinically to investigate peripheral blood supply in PAOD patients during exer-
cise. These approaches are therefore especially useful in assessing the functional reserve
of peripheral blood supply.
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1. INTRODUCTION

The degree of the metabolic stress associated with muscular exercise depends on the
intensity of the work being performed. Consequently, the gas exchange, acid/base and
ventilatory requirements will also be intensity dependent. Low intensity exercise can be
performed utilising ATP formed aerobically through oxidative phosphorylation but sup-
plemented from creatine phosphate stores utilisation. When heavy exercise is undertaken,
anaerobic glycolysis further supplements the high energy phosphate transformation with
the consequent production of lactic acid - which at cellular pH is dissociated virtually en-
tirely into lactate ions (La’) and protons (H"). The consequent H" is predominantly buff-
ered by bicarbonate ions (HCO;): the resulting carbonic acid yields extra carbon dioxide
to be excreted by the lungs in addition to that produced from cellular respiration. The level
of oxygen uptake at which lactate increases has been termed the Anaerobic or Lactate
Threshold (LT).

The LT is usually determined during an exercise test in which the work rate is in-
creased progressively to the limit of tolerance. Various methods can be used to discrimi-
nate the LT: (a) arterial or arterialised-venous blood may be sampled and analysed to
determine the [La’] / [pyruvate] ratio, the [La’] and the standard [HCO,]. When plotted
against VO, , the [La’]/ [pyruvate] ratio remains relatively stable despite a small gradual
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rise in [La’] or fall in [HCO,]. This is followed by a subsequent steepening of the rela-
tionship at the LT reflecting increased net production of lactate and hydrogen ions. Log
transformation of [La’] and [HCO,T] VersusVO2 plots commonly improves the linearity of
the relationship before and after this point (1).

(b) Non-invasive estimates of the LT can be achieved by studying the ventilatory
and gas exchange effects of the relative increase in CO, output occasioned by buffering of
H" (6). In normal subjects, a systematic rise in the ventilatory equivalent for oxygen
(VE/VO,) and end tidal PO, is seen at the LT without a decrease in the end tidal PCO, , so
ruling out non-specific hyperventilation. The detection of the excess carbon dioxide out-
put in comparison to oxygen uptake - the V-slope method - has also been proposed to pro-
vide a valid index of the LT (2). With this relationship,VCO, is plotted against VO, and is
usually found to present two linear components which intersect at the LT (if the initial
non-linear segment is disregarded). This method together with blood [HCO,] and plasma
[La’] measurement has been applied in patients with COPD(®4,5).

Determination of the LT serves to partition two important domains of work inten-
sity: one which an individual is able to sustain for a prolonged period (below LT) and an-
other in which the exercise is curtailed due to inability to meet the cardiopulmonary and
gas exchange requirements for the task (above LT).

The LT may therefore be used to: 1) evaluate a subject’s capacity for wholly aerobic
work; 2) differentiate between various mechanisms that lead to effort intolerance; 3) de-
sign training regimens for normal subjects and rehabilitation programmes for patients with
respiratory or cardiac disease; 4) assess the physiological effect of therapeutic and reha-
bilitative interventions and 5) assess patients undergoing organ transplantation.

In patients with severe pulmonary disease such as COPD, a number of factors might
affect the ability to determine the LT from ventilatory and gas exchange variables during
an incremental exercise test. These patients can have a severely reduced exercise capacity
and hence peak VO, Consequently, the small change in VO, from rest to peak exercise
might make discrimination difficult and, as these patients tend to be severely physically
deconditioned, the LT would also be expected to occur at a low absolute metabolic rate. In
severely limited patients with COPD, this can occur at the lowest work load in the exer-
cise test protocol. In addition, the ventilatory and gas exchange kinetics at the onset of ex-
ercise are known to be slow in these patients (3) and abnormalities of lung mechanics and
pulmonary vasculature might also alter the relationship between events occurring in the
muscle and resultant changes in pulmonary gas exchange. Finally, the demand for in-
creased ventilation may not be capable of being met at high work rates because of airflow
limitation.

2. PURPOSE OF THE INVESTIGATION

We wished to ascertain whether the LT can be validly determined from pulmonary
gas exchange variables in patients with severe COPD.
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3. METHODS

3.1. Subjects

The subjects investigated were 15 (7 female) patients with the clinical features of
COPD showing a <20% improvement in FEV  after inhalation of 2.5 mg of nebulised sal-
butamol. Mean (+SD) age was 68 (£8) years; FEV|, 860 (+352) mL; FEV % predicted, 34
(£9) %.
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Figure 1. Plots of VCOz( A) VE (B), R (C) and [La’] (D) against VO, in a subject performing a 5 watt/min cycle
ergometer incremental exercise test preceded by 3 minutes of “unloaded” cycling.
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3.2. Exercise Testing

The subjects performed incremental exercise to the limit of tolerance on a standard
electrically braked cycle ergometer (Bosch, ERG 551). We estimated the “unloaded”
power output for cycling this ergometer to be 20 Watts at 60 rpm.

In a preliminary study in which a 3 minute “unloaded” pedalling period preceded the
onset of work incrementation, it became apparent that a LT could not be discerned in
some of our subjects: there being no break point in either the V-slope or the plot of venti-
lation against VO, (Figure 1, A and B). From these plots it was not clear whether this was
because of LT occurring at a very low VO2 or whether LT was actually not reached due to
severe effort intolerance. A clue to discriminating between these alternatives was provided
by the fact that R, the respiratory exchange ratio, rose progressively from an early stage
(rather than the usual fall seen at the start of exercise) suggesting early onset of excess
CO, output (Figure 1, C). Finally, measurements of [La’] supported this notion of ongoing
net La” production from early in exercise. Thus it appeared that LT had been reached at a
VO, associated with “unloaded” pedalling at 60 rpm. Consequently, it was necessary to
modify the standard incremental protocol.

After a period at rest to allow acclimatisation to the experimental apparatus, the sub-
Jects performed one minute each of “unloaded” cycling at 20, 40 and 60 rpm. This was
followed by one minute increments of 5 Watts cycling at 60 rpm to tolerance. A metro-
nome was used to help the subjects maintain regular cycling at the lowest frequency. We
found that subjects were able to perform these low rates of pedalling surprisingly well.
The protocol produced an acceptably linear ramp of VO, as shown in Figure 2.

Ventilation and pulmonary gas exchange were monitored using a mixing chamber
system (Quinton, Q-plex 1). The LT was determined by inspection using the V-slope plot
together with plots of VE, R, VE/VO,, mixed expired O, concentration, VE/VCO, and
mixed expired CO, concentration against VO,. The profile in the first minute of exercise
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Figure 2. Plot of VO, against work rate in a patient (FEV, = 0.83 L; 29% predicted) undergoing the modified in-
cremental exercise protocol .
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Figure 3. Plots of VCO,(A), VE (B), R (C) and [La’] (D) against VO, for a subject undergoing the modified one
minute incremental exercise test protocol.

was not included in the analysis to obviate error due to non-linearity of gas exchange in

the early phase.
Plasma lactate concentration was measured in arterialised-venous blood and was

plotted as [La’] against VO, to allow comparison with the other variables.

4. RESULTS

Examples of plots of [La’], VCO,, R and VE against VO, are shown for a subject
whose peak VO, was similar to that shown in Figure 1 (Figure 3). In this subject the modi-
fied incremental protocol was used. A clear break point was seen in the plots of [La’l,
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VCO, and VE accompanied by a rising R. Thus, although this occurred at a VO, seen with
unloaded pedalling at 60 rpm, the data allowed discrimination of the LT.

In all cases, hyperventilation at the putative LT - determined from the V-slope - was
ruled out by showing the mixed expired CO, concentration becoming steady or continuing
to rise. There was an increase in VE /VO, and mixed expired oxygen concentration at LT
in half of the subjects. In all cases the value determined for the LT by ventilation and gas
exchange criteria was consistent with that determined separately by assay of plasma [La’].

It is of note that in 12 of our subjects, the LT was determined to occur at a VO, at or
below that seen during “unloaded” cycling at 60 rpm. Mean LT was 0.65 (+0.17) L/min;
mean peakVO, was 1.1 (+0.44) L/min; LT 64 (+12) % peak VO,. In this group of patients
there was a strong relationship between FEV, and peak VO, and a weaker one between
FEV, and LT. For the linear regression of peak VO, on FEV,,r=0.88, p< 0.0001. For the
linear regression of LT on FEV,,r=10.79, p< 0.001. LT and peak VO, were also related: r
=(.82, p<0.001.

In 13 subjects a single V-slope break point was identified. In two subjects, however,
the V-slope plot did not clearly conform to the expected pattern. Two break points were
discernible in the relationship, the first from gradients of 0.66 and 0.68 (S,) and the sec-
ond from gradients of 0.88 and 0.99 (S,). In these patients, the [La’] was used to confirm
the LT. This occurred at the first V-slope break point.

5. DISCUSSION

The unloaded pedalling phase of an exercise testing protocol can, in itself, constitute
a significant metabolic challenge in patients such as those with severe COPD. This conse-
quently presents a problem in determining the LT. However, by modifying the protocol
we have been able to provide a gas exchange profile at very low work rates which im-
proves resolution of the LT. This is possible without access to an ergometer which pro-
vides truly unloaded pedalling and fully variable work loads. In our subjects, the peak
VO, and, to a lesser extent, the LT were related to expiratory air flow, suggesting that in
patients with the most severe airflow limitation, a modified approach to incremental exer- |
cise testing such as we describe may be appropriate. Patessio et al. (4) have shown that in |
patients with COPD, performing an unloaded cycling period followed by 10 watt incre-
ments each minute, there can be a substantial discrepancy between the lactic acidosis
threshold (falling [HCO,]) and the LT determined from gas exchange when this occurs
within the first 2 minutes of incremental exercise: thereafter, the difference between the
estimates is much smaller. The present protocol may therefore be of value in delaying the
time of onset of the LT thereby allowing greater precision in its estimation from gas ex-
change variables.

In a sub-group of subjects, the presence of more than one apparent break point in the
V-slope did not conform to the criteria for determining the LT. This made interpretation of
the thresholds difficult. We had initially thought that the behaviour around the first break
point reflected a “pseudo-threshold” (7) resulting from the filling of CO, stores or an
over-rapid work rate incrementation. However, the [La’] plot confirmed the earlier break
point (i.e. that with the uncharacteristically low S,) as the LT. Thus, it may be that the cri-
terion of S, being close to 1 may not be appropriate to all patients. The cause of the low S
seen in these patients remains to be elucidated.

Thus, we have found that the non-invasive discrimination of the LT in an incre-
mental exercise test using standard equipment and suitable adjustments to the study proto-

]
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col can be adequately performed in patients with severe COPD. However in a minority of
patients, gas exchange data alone may not be adequate for this purpose.

6. CONCLUSIONS

In the majority of patients with severe COPD and impaired exercise tolerance, the
lactate threshold may be determined from gas exchange variables in spite of these sub-
jects’ impaired lung mechanics and abnormal pulmonary circulation. However, the exer-
cise test protocol may need to be adjusted in the most severely impaired patients to enable
the lactate threshold to be determined. Finally, care must be exercised when interpreting
gas exchange data, especially when there is more than one clear break point in the V-
slope: measurement of plasma lactate may be necessary to determine the lactate threshold
in these cases.
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1. INTRODUCTION

Heart transplantation has become an accepted therapy for end-stage congestive
heart failure not only in adults but also in children (P-HTR), particularly following im-
provements in the immunosuppressive regimens. However, little is known about the
structural evolution of the allograft or its adaptive response to increased metabolic de-
mand. Normal growth of the allograft is especially important in P-HTR, since the possi-
bility to undergo cardiac development commensurate to the increase in body size is
essential for the normal physical performance of these patients (10). In addition, ade-
quate growth may hypothetically be associated with some form of cardiac reinnervation,
which, as is well known, does not occur in adults. So far, however, experimental evi-
dence of sinus node reinnervation is lacking even for P-HTR. In fact, a study by Hsu et
al. (2) has shown that the heart rate (HR) response to graded exercise of P-HTR is simi-
lar to that of adult HTR (A-HTR).

The purpose of the present investigation was to detect indirect evidence of func-
tional cardiac reinnervation in children, based on the cardiovascular and metabolic re-
sponse of P-HTR to exercise. In particular, the focus was to analyse the control
mechanisms of heart function in P-HTR and the kinetics of pulmonary gas exchange for
rest-to-work transients. This is only a preliminary part of a wider project, which comprises
also the assessment of heart beat interval variability by both stochastic and deterministic
dynamical analysis, as well as an assessment of catecholamine sensitivity of the myocar-
dium.
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2. METHODS

2.1. Subjects

The present investigation was conducted on a limited group of subjects (n = 6) aged
13.7 + 2.4 yr (mean * SD). The children’s parents were asked to provide informed consent
prior to the study, which was approved by the institutional Scientific and Ethical Commit-
tee.

Measurements were carried out, on average, 36 months (range: 4-63) after trans-
plantation. All patients were investigated on the occasion of their routinely scheduled
clinical laboratory tests. At the time of the study, P-HTR were immunosuppressed only
with cyclosporine and azathioprine. None of them showed clinical or histological evi-
dence of rejection. The subjects performed only spontaneous physical activity, and none
was enrolled in any formal exercise training program.

2.2. Methods

Heart rate was continuously monitored by ECG (Cardioline ETA 150, Remco Italia).
Pulmonary ventilation (VE) and oxygen uptake (VOZ) were monitored breath-by-breath
by means of a computerised 0,-CO, analyzer-flowmeter combination (MMC 4400tc, Sen-
sorMedics). Volume and gas analysers calibrations were performed prior to each measure-
ment by means of a 3-liter syringe (Hewlett Packard 14278B), at three different flow
rates, and by means of gas mixtures of known composition, respectively.

2.3. Experimental Protocols

The subjects were asked to perform:

a. a graded incremental test on an electronically braked bicycle ergometer (Medifit
10008, Remco Italia) in which, after a 5-min rest period, an initial constant load
(25-40 W, depending on age and body mass) was imposed for 2—3 min, fol-
lowed by 10 W increments at 1-min intervals up to voluntary exhaustion;

b. a 5-min constant-load test, requiring ~60% of peak oxygen uptake (VO,p).

3. RESULTS

3.1. Steady-State Measurements

Resting HR, VO,, and VE of P-HTR were 1015 beats/min, 5.8 + 0.9 ml 02/kg.min,
and 0.17 * 0.02 L/kg.min, respectively. Peak values (HRp, VO,p, and V Ep) were 172 +
22 beats/min, 32.4 + 7.0 ml O2/kg.min, and 1.36 + 0.25 L/kg.min, respectively.

3.2. Nonsteady-State Measurements

The adjustment rate of both HR and VO, of a typical P-HTR (a 14 year old girl) is
shown in Fig. 1 during graded exercise up to voluntary exhaustion (protocol a). It may be
seen that starting from a resting value of ~105 beats/min, HR increases rapidly at the onset
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Figure 1. Rate of readjustment of HR and VO, of a typical P-HTR (a 14 year old girl) during graded exercise to
voluntary exhaustion.

of exercise then rising progressively to a peak value of 174 beats/min. The subject could
develop up to 100W of mechanical power and the VO,p attained was ~37 ml O,/Kg.min.

The adjustment rate of HR during a 5-min constant-load exercise (~60% VO,p, pro-
tocol b) in a P-HTR and, for comparison, in a typical adult HTR taken from the literature
(cf. ref. 1) is shown in Fig. 2. Both patients were examined 5 months after transplantation.
As may be seen, in a typical P-HTR, HR increases almost immediately at the onset of ex-
ercise, reaching a steady-state level in 2-3 min and then stays constant until the end of ex-
ercise. At work offset, HR decreases rapidly resuming the pre-exercise value in 3—5 min.
All six P-HTR subjects responded similarly. As appears from Fig. 2, the exercise response
of P-HTR was different from that of a typical adult HTR (see lower tracing). Indeed, the
latter is characterized by: (a) a 30-45 s initial phase during which HR is unchanged or
only slightly increased; (b) a retarded linear increase of HR at a rate that is greater the
heavier the load; and (c) a slow recovery to pre-exercise levels (5 to 25 min. depending on
absolute work rate) (1.4).
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Figure 2. Rate of readjustment of HR during a 5-min constant-load exercise (~60% VO,p) in a typical P-HTR
and, for comparison, in a typical adult HTR taken from the literature (c.f. Ref. 3). Both patients were examined 5
months after transplantation.




202 C. Marconi et al.

4. DISCUSSION

As is well known, the innervated heart responds to exercise with an almost instanta-
neous increase in rate, which is sustained initially by the release of the parasympathetic
tone and thereafter by an increase of sympathetic activity (5). In contrast, typical adult
transplanted patients are characterized by a blunted HR response, mainly depending on the
level of circulating catecholamines (3).

The peak HR of P-HTR (~170 beats/min) appears to be definitely higher than that of
adult HTR. Indeed, from a survey of the literature, the average HRp of 432 adult HTR
(average age: 39 yr, range: 29-52 yr), most of them cycling in the upright position, was
~133 (range: 110-148) beats/min. At variance with the above figure, higher values (159
beats/min) were recorded by Savin ef al. (7) on a group of 15 A-HTR running on a tread-
mill up to voluntary exhaustion 3 years after transplantation.

On 31 P-HTR (mean age 13 + 4 yr) examined 1.3 years after transplantation, Hsu et
al. (2) found HRp of 136 * 22 beats/min. This average figure is ~30 beats/min lower than
that found in the present P-HTR group and lies in the range prevailing for A-HTR. A sub-
group of 6 P-HTR that was examined by Hsu et al. (2) were characterized by a normal ex-
ercise capacity, showed a relatively high HRp (147+19 beats/min); this, however, is
definitely lower than that reported for the present study (~170—175 beats/min).

No information is available from the literature regarding the adjustment rate of HR
of P-HTR at the onset of submaximal constant-load exercise. Thus, the present finding of
arelatively fast HR response at the onset of exercise appears to be new.

The average VO,p of the 6 investigated P-HTR is significantly higher than pre-
viously reported by Hsu er al. (2). These authors found an average VO,p of 20%6
ml/kg.min in a group of 31 P-HTR performing a symptom-limited exercise protocol ~15
months after surgery. It is noteworthy that the 6 P-HTR examined by Hsu ef al. (2), be-
sides having a higher peak HR, exhibited a higher than averageVO,p (i.e. 26.3 = 5.4
ml/kg.min), which is similar to that found in the present study (32.4 £ 7 ml/kg.min).

5. CONCLUSIONS

The novel finding emerging from the present study is that P-HTR may exhibit car-
diovascular and metabolic responses to submaximal and maximal exercise similar to those
of healthy sedentary subjects. This is contrary to most of the previous experimental evi-
dence. This unexpected finding is rather surprising and intriguing. Indeed, it raises a major
issue - the possibility that the allograft, particularly in children, may resume some form of
nervous control. Although sympathetic reinnervation occurs commonly in animal models,
it was believed not to occur in the human allograft, even though, recently, some indirect
evidence of sympathetic reinnervation of transplanted human hearts has been recently pro-
vided (7-9).

In any case, it should be pointed out that a faster rate of adjustment of HR in re-
sponse to exercise, as well as a greater HRp and VO,p, may be caused by changes other
than sinus node reinnervation. Indeed, the type of medical treatment may influence the ac-
tivity of the pacemaker and its sensitivity to catecholamines, particularly with respect to
the use of prednisone and also some individual features of the patient (such as age at time
of transplantation, type and length of disease, and physical fitness). Further investigations
are therefore necessary to gain insight into the mechanisms controlling the function of the
transplanted heart during exercise.
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DEATH IN SPORTS

Contrast between Team and Individual Sports

M. Parzeller and C. Raschka
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Fulda, Germany

1. INTRODUCTION

For many people, sports represent an important component of their leisure time. The
positive effects of sports on physical performance and health are indisputable. Sports are
therefore frequently used in the prevention and therapy of different diseases. Nevertheless,
there are numerous reports of individuals dying from a range of causes while performing
sports (1,3-6,8). Furthermore, considerable public interest is aroused by the often sensa-
tional reporting of these events in the media (7). In the scientific literature, the cause of
death during the performance of sport is usually subdivided into traumatic or non-trau-
matic categories (4,6). In the majority of cases, cardiac events are held responsible for
non-traumatic deaths. The most usual reasons for cardiac death are hypertrophic
cardiomyopathy and also other cardiovascular abnormalities including congenital coro-
nary artery anomalies and valvular disease if the athletes are younger, and coronary artery
disease if they are older (i.e. over 35 years) (2,5). In this retrospective study, the causes of
death were compared between team sports and individual sports.

2. METHODS

In a large retrospective mortality study lasting 11 years from 1981 to 1991, 1619 deaths
in athletes were documented. The data were collected in 6 states of West Germany (Hesse,
Baden-Wiirttemberg, Saarland, Hamburg, North-Rhine Westphalia and Schleswig-Holstein
having a total population of about 37 million residents). The athletes were all members of a
sports club, which had taken out life insurance for the athletes in the event of death.

This study analysed the type of sport (team or individual), the causes of death (trau-
matic, cardiovascular, traffic accident on the way to sports ground, other reasons), the re-
lation to training or competition, and anthropometric factors such as gender and age.
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3. RESULTS

The results are summarized in Tables 1 and 2. Death occurred in 57 different kinds
of sports. For team sports, 9 types of sports were involved with a total of 625 cases. For
individual sports, 47 sports were included with 994 cases.

The proportion of death between team and individual sports was 38.60 to 61.40%.
Most cases for team sports are reported for soccer (501), handball (79), volleyball (19),
German fist ball (12), and basketball (7). In individual sports, they were documented for
tennis (115), cycling (90), gymnastics (89), table-tennis (70) and bowling (57).

4. DISCUSSION AND CONCLUSIONS

The incidence of sports death is lower for women than for men, both for team sports
and individual sports. There are substantial differences in traumatic deaths between these
two modes of sport. They largely reflect the highly traumatic risks taken when performing
individual sports such as aerial sports (32), cycling (52), and horse-riding (39).

With an incidence of about 61%, cardiovascular complications are the most common
cause of death while performing sport. The majority of cases documented for cardiovascu-
lar death occur during training in individual sports (357) such as tennis (57) and gymnas-
tics (58). However, in an overview for all kinds of sport, the majority of cardiovascular
deaths during training occur in soccer (150). Cardiovascular deaths occurring during com-
petition are mainly seen in team sports such as soccer (190) and handball (33) and during
individual sports such as tennis (48) and table tennis (36). Soccer with a 30.95% incidence
(relative to all sports deaths) contributes significantly to the epidemiology.

The median age of death for team sports is lower for both male and female athletes,
compared to individual sports. The median age of death for incidents occurring on the way

Table 1. Incidence of death for males and females across all sports, and for individual sports and
team sports

All sports
male female
No. cases 1548 71
% of total 95.61 4.39
Median age (yr) 42.05 36.73
Individual sports
male female
No. cases 935 59
% of total 94.06 5.94
%of all sports 57.75 3.64
Median age (yr) 46.00 39.48
Team sports
male female
No. cases 613 12
% of total 98.08 1.92
% of all sports 37.86 0.74
Median age (yr) 36.02 23.33
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to the sports ground is less than 25 yr for team sports. For individual sports, the median
age is about 10 years older. This contrasts with a much higher median age of death (about
50 yr) for cardiovascular causes of death during individual sports.
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1. INTRODUCTION

Endurance performance is dependent on the coordinated responses of the cardiovas-
cular and respiratory systems, muscle metabolism, mechanical efficiency, and ther-
moregulation. A number of reviews have focused on one, or several, aspects of these
responses (1,7,18). Yet, one central tenet of optimizing endurance performance revolves
around the efficient aerobic transformation of metabolic substrate into mechanical power
output, with delayed depletion of the glycogen reserves (1,10). Thus, it is important to
have an efficient oxygen transport system and a metabolic' system that supplies appropri-
ate substrates to the mitochondria for oxidative metabolism with minimal concurrent gly-
colysis, a concept called “tight coupling” of oxidative metabolism (14).

The metabolic conditions in the muscle during constant load submaximal exercise
appear to be established early in the non-steady state phase. Linnarson et al. (21) showed
that a greater O, deficit at a constant submaximal workload during hypoxia was associated
with greater concentrations of muscle and blood lactate, and with greater muscle phos-
phocreatine (PCr) depletion than during normoxic or hyperoxic tests. DiPrampero and
Margaria (9) found a progressive depletion of PCr as the absolute O, uptake (\702) in-
creased during electrically-induced exercise in dog muscle. Further, they proposed that
this was a direct consequence of the increased magnitude of the oxygen deficit incurred at
the onset of exercise (9). Thus, it seems likely that individuals who can adapt their oxida-
tive metabolism more rapidly to the demands of the exercise task will benefit greatly later
in exercise by establishing an intracellular environment consistent with tighter metabolic
control (14).

The magnitude of the oxygen deficit is dependent on the increase in VO, between
the baseline work rate and steady state exercise (AVO,), and on the rate at which VO, in-
creases at the onset of exercise (i.e. VO, kinetics as given by the time constant, 7). This
can be expressed in the relationship: Oxygen deficit = AVO, x t (29). This will result in
an increase in oxygen deficit if the work rate is increased (9,29), or there will be a change
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in the magnitude of the oxygen deficit if the VO, kinetics are accelerated or slowed. In a
range of physiological conditions, we have shown that VO, kinetics can be slowed. For
example, with transitions from a mild to a moderate work rate (16), with hypoxia (22), or
with beta-blockers (15), the kinetics of VO2 are slower compared with their control condi-
tions. With supine exercise, the increase in VO, is slower than in upright exercise, but this
VO, kinetic response can be accelerated by application of lower body negative pressure
during the supine exercise transition (17). These experiments collectively suggest that
VO, kinetics at a constant work rate are determined by the ability of the O, transport sys-
tem to deliver O, to the working muscles.

The purpose of this paper is to focus on the O, transport responses with exercise and
training that might influence the VO, kinetics in the transition from rest to exercise. A
group of subjects took part in a training study consisting of 2 h/day of cycling at 60%
Vo, peak that lasted up to 30 days. The data presented show the blood flow and the metabo-
lic responses to a step increase in work rate. As the blood flow kinetics accelerated, so too
did the VO, kinetics. The potential interrelationships between O, supply at the onset of
exercise and metabolism during the steady state of exercise are considered in light of
measured changes in muscle oxidative capacity.

2. METHODS

A total of 12 healthy male subjects or subsets of this group, and 11 matched control
subjects for the blood flow measurements, took part in this experiment after reading and
signing a consent form approved by the Office of Human Research of the university. In
the completion of this study, the subjects completed four different types of exercise tests:
(a) Incremental exercise tests with work rate increased at 15 W/min for the purpose of
measuring VOzpCak. (b) A 90 minute exercise test at a work rate of 60% of the pre-train-
ing \'/Ozpeak for measuring the metabolic response to constant load exercise. (c) Step tran-
sitions in work rate from a baseline of 25 W to a work rate equal to 60% pre-training
VOzpcak in which the VO, kinetics responses were observed. (d) Dynamic knee extension
exercise raising and lowering a weight equivalent to about 15% maximal voluntary con-
traction while measurements were made of femoral artery blood flow velocity. The com-
plete experimental details of these studies can be found elsewhere (24,26).

The VO, kinetic responses were evaluated in the transitions between 25 W and
the work rate equivalent to 60% pre-training VOzpcak. Breath-by-breath VO, data from
four repetitions of the step changes in work rate were ensemble averaged and then fit
by a two component exponential model in which the time constant of the second com-
ponent (t,) has been suggested to reflect the muscle level time course of change in
oxygen consumption (2), and where the time required to pass through 63% of the dif-
ference between baseline and steady state values is expressed by the mean response
time (MRT) (20).

Blood flow velocity was obtained by pulsed Doppler measurements using a 4 MHz
probe (model 500 V, Multigon Industries Inc., Mt. Vernon, NY) placed over the femoral
artery 2-3 cm distal to the inguinal ligament. The time course of change in mean blood
velocity (MBV) was evaluated from four repetitions of the step increase in work rate by
measuring the time to achieve a 63% increase in flow from the baseline level to the steady
state.
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3. RESULTS AND DISCUSSION

By the completion of 30 days of training, there were significant increases in two in-
dicators of improved endurance fitness \'/Ozpeak and citrate synthase activity (Table 1).
However, short-term training did not significantly affect either \'/O:,_pCak or citrate synthase
activity as indicated on tests completed on days 5-8 of training. In spite of no effect on
\70zp ook OF muscle oxidative enzymes with short-term training, there were significant ef-
fects on muscle metabolism, VO, kinetics and blood flow velocity observed in tests con-
ducted between days 4-10.

3.1. Short-Term Training Responses

The rate of increase in VO, at the onset of 60% Vo, peak exercise was faster at 4 and
9 days of training than it was prior to training as indicated by both the 1, and MRT (Table
1). Consistent with this faster adaptation in oxidative metabolism was a smaller reduction
in muscle PCr, and a smaller increase in muscle and blood lactate concentration as meas-
ured at the 15 minute point during the 90 minute exercise test on day 5 of training. Also
consistent with the faster VO, response was the observation of lower blood lactate con-
centrations noted as early as 2 minutes into the submaximal tests on days 4 and 9. By 6
minutes of constant load exercise, blood lactate had increased by about 2 mmol/l above
baseline values in pre-training testing, but by only 1 mmol/l after 4-9 days of training.
The data from the current series of experiments are consistent with those previously re-
ported by Green and colleagues from biopsy samples taken after 15 minutes of exercise
(3,12) as well as after 3 minutes of exercise (11). The metabolic profiles established in
these early biopsy samples were maintained during experiments lasting up to 90 minutes.
This supports the hypothesis that the adaptive phase might be critically important in deter-
mining the biochemical environment in the later phases of exercise.

Delivery of O, to the working muscles is primarily dependent on the adaptation of
blood flow. Arterial O, content is normally well maintained although small decreases have
been observed at the onset of vigorous exercise (23), and highly trained athletes often de-
saturate at maximal exercise (8). We observed a faster increase in mean blood flow veloc-
ity through the femoral artery after 10 days of training (MRT = 8.6+4.4 s) than in the
pre-training tests (MRT = 14.2£7.6 s). In both cases, these responses appear to be faster

Table 1. Peak values of oxygen uptake, muscle citrate synthase (CS) activity and
parameters for curve fitting describing the increase in VO, at the onset of exercise

CS Activity
Training Day VO, . (/min) (ml/kg protein/h) VO,-1,(s) VO,-MRT(s)
Pre-Training 3.52+0.20 3.7£0.3 37.2+4.8 38.1£2.6
4-5 - 3.9+0.3 28.8+5.1* 34.9+2.4%
8-9 3.55+0.20 - 22.942.7* 32.5%1.8*
30 3.89+0.18%F 5.7£0.3*% 15.8+1.3*F 28.3%£1.0*F

Values are mean+SE (n=7). 12 is time constant of the second exponential component, and MRT is mean response

time (see Methods).

*gignificantly different from Pre-training (P<<0.05), tsignificantly different from training days 4-5 and 8-9
(P<<0.05) .
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than those of VO,, but additional processes including blood flow heterogeneity and redis-
tribution are probably involved in O, delivery.

3.2. Long-Term Training Responses

The significant increases in VO, peak and muscle citrate synthase activity found after
30 days of 2 h/day endurance training are important in further improving the metabolic re-
sponses to exercise at 60% VOzpeak. The rate of increase in VO, was faster at 30 days than
it was at days 4 and 9 as well as in pre-training testing (Table 1). Coincident with this was
a further reduction in blood lactate so that there was no significant increase in blood lac-
tate above the baseline value during the tests after 30 days of training. Of prime impor-
tance to the long-term endurance performance of these individuals were the changes
measured in intramuscular metabolism. Muscle lactate concentration at 15 minutes of ex-
ercise was 29.8+3.6 mmol/kg dry weight pre-training, 16.8+2.3 after 5 days of training,
and 12.3+2.4 after 30 days of training. There was also significantly less PCr depletion af-
ter short-term as well as long-term training. PCr concentration at the 15 minute time point
during the 60% VO, . exercise was 46.6+2.9 mmol/kg dry weight pre-training, 56.2+3.6
after 5 days of training, and 62.7+2.9 after the 30 days of training. A direct consequence
of this smaller depletion of PCr was a lower concentration of inorganic phosphate (Pi) on
day 30 (58.4+5.2 mmol/kg dry weight) than in pre-training (82.3+3.3)and a lower calcu-
lated free AMP and ADP (5). The lactate/pyruvate ratio was reduced from pre-training
(106+28) to 5 days of training (64+12) and 30 days of training (56£7). All of these factors
taken together suggest a tighter coupling (3,5,11,14) of metabolic control in the trained
state.

3.3. Training, Oxygen Delivery, and Metabolism

Prior to this series of investigations, it had always been noted that faster increases in
VO, at the onset of exercise were found in persons with a high VOZpeak’ or after at least
5-10 weeks of exercise training (4,13). Presumably in this latter case, there would have
been an increase in muscle oxidative enzyme potential as a result of the training program
(12). Observation of an increase in mitochondrial enzymes provides a logical mechanism
by which the muscle phosphorylation potential can be maintained at a higher level during
exercise at a fixed metabolic rate (3,14). Understanding of the metabolic adaptation at the
onset of exercise is less complete. Recently, Hochachka and Matheson (14) have hypothe-
sized a rapid recruitment of active enzymes to allow a match of metabolic ATP production
rate to metabolic demand. In this scheme, it is possible that, especially at the onset of ex-
ercise, the activation of the enzyme catalytic sites could sustain more rapid increases in
ATP production if appropriate concentrations of substrate were available. We have hy-
pothesized that an important rate limiting step that sets the rate of increase in VO,, even
during submaximal exercise such as at 60% VOzpeak, could be the delivery of O, as a sub-
strate to the working muscle (16,17), but other substrates could be rate limiting (2,29).

To date, the only available evidence for human muscle metabolism in the transition
from rest to exercise comes from studies of relatively small muscle mass using magnetic
resonance spectroscopy. The estimated time course of oxidative metabolism closely paral-
lels that of VO, measured at the mouth (2,30). This time course of increase in oxidative
metabolism appears to be slower than the rate of increase in O, delivery. The quandary
lies in attempting to explain the faster VO, kinetics at the onset of exercise after only 4 or
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9 days of training in the face of no measurable change in muscle mitochondrial enzyme
potential.

The current data are the first to report a faster increase in blood flow following a pe-
riod of endurance training in human subjects (26). Similar observations have recently been
made in animal training studies. In these latter studies, the mechanism suggested to ac-
count for the more rapid vasodilation that permits the greater flow has been an endothe-
lium derived relaxation factor, possibly nitric oxide (27). Whether this mechanism
accounts for the faster kinetics of the blood flow response in our population of healthy
young subjects after 10 days of 2 hours/day of endurance training, or is only involved in a
steady state response, is not known.

There are other unknown factors involved in the control of blood flow and the deliv-
ery of O, at the onset of exercise. Whether blood flow is immediately distributed appropri-
ately to the muscle fibres that are exercising is not known. Nor is the time course known
for the process of O, extraction from this blood. Although it has recently been suggested
that the entire hyperemic response in the first seconds of exercise can be accounted for by
the muscle pump (25), this appears unlikely (6,19,28). The muscle pump hypothesis sug-
gests that emptying of the venous vessels will increase the perfusion pressure gradient
across the vascular bed (25)]. But, the rapid increase in blood flow even with limbs above
the heart where venous pressure is negligible, argues for specific local vasodilation (6,19).
Further, the response is graded to match metabolic demand (6,19) suggesting a local va-
soactive metabolite produced in proportion to the exercise intensity. It will be important to
reconcile this metabolite theory with the current training study in which production of me-
tabolic by-products might be expected to be reduced with improved fitness, yet there was
a more rapid increase in blood flow.

4. CONCLUSIONS

Endurance training at 65% VO, peak for 2 hours/day for as little as 45 days resulted
in significant change in a range of metabolic responses that will probably have major im-
pact on the ability to exercise for several hours. The important message from these studies
is that these metabolic changes are evident within the first minutes of exercise. This has
recently been confirmed in biopsy samples taken after 3 minutes of constant load exercise
(11). Thus, the faster VO, kinetics that we observed after 4 days of training was associated
with a tighter coupling of metabolic control as shown by less depletion of muscle PCr, and
with smaller accumulations of lactate, creatine, and inorganic phosphate (3). Further, there
is less depletion of muscle glycogen stores early in exercise (11,12), and this has the con-
sequence of delaying glycogen depletion, a critical factor in fatigue with endurance exer-
cise (1).

The mechanisms responsible for the quick adaptation of metabolism appear to be re-
lated to at least two different factors. The acceleration of oxidative metabolism found
early in the training program is independent of significant changes in oxidative enzyme
potential (12). This does not eliminate the possibility that some factor associated with the
activation of enzymes might be involved. But, it suggests that the more rapid increase in
muscle blood flow that we observed could be responsible for supplying more O, at the on-
set of exercise to permit a greater aerobic energy yield (16). The continued acceleration of
oxidative metabolism noted at 30 days of training is probably related to the increase in mi-
tochondrial enzyme activities.
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Endurance exercise is normally classed as being several hours long, but the factors

limiting performance appear to have made their mark on energy production within the first
minutes of exercise.
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1. INTRODUCTION

Understanding of physiological responses to upper body exercise is important and
meaningful. Muscles of the upper body are not only involved in many daily work routines
at home and at work, but also in many kinds of sports (10,14,22,24,34). Upper body exer-
cise can be used also for exercise testing in clinical conditions in which leg exercise is
either limited or inconvenient due to amputations, peripheral arterial occlusive disease, ar-
thritis and many other disabilities (2,12,32,36).

Much daily work is mainly of a static type; dynamic work of upper body muscles is
more frequently involved in sports (17,22,24,30,36). Since dynamic exercise is preferred
for testing cardiopulmonary and metabolic function, the present analysis is focused on this
type of exercise.

The more common modes of dynamic upper body exercise are arm-cranking, canoe-
ing and rowing with a fixed seat. While arm-cranking involves mainly arm and shoulder
muscles, trunk muscles are additionally involved in rowing with a fixed seat or with ca-
noeing (2,17,23,27,32). Rowing with a sliding seat and swimming are considered as typi-
cal whole-body exercises, which stress both upper body and leg muscles (6,16,24).

2. PHYSICAL PERFORMANCE AND METABOLISM

2.1. Maximal Performance

The maximal work rate and maximal oxygen uptake (VO,max) of upper body exer-
cise have been shown to be lower than that of cycling or of treadmill running
(1,4,14,22,25). The reduced maximal performance is clearly related to the smaller mass of
upper body muscle compared to leg muscles (22,25,31). Accordingly, it has been demon-
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strated that VO, of upper body exercise is clearly related to the muscle mass involved

(12).
2.2. Work Efficiency

The net work efficiency of arm-cranking, canoeing and rowing (approximately 18,
15 and 20-22%, respectively) is lower than the work efficiency of cycle ergometer exer-
cise which is 23-25% (5,17,26,31). Therefore, a consistently higher oxygen uptake (VO,)
has been shown at a given submaximal work rate for these types of upper body exercise
compared to treadmill or cycle ergometer exercise (1,4,5,25).

The difference in work efficiency between upper body and leg exercise may be due
to different mechanical constraints (22,30,36), but there are also physiological causes. It
may be argued, for example, that arm cranking is an unusual work pattern, with arm mus-
cles having different innervation patterns or different recruitment patterns of motor units
(22). However, we have demonstrated: (a) a similar work efficiency for rowing in both
trained oarsmen and cyclists (26), and (b) no significant difference in work efficiency of
arm cranking between trained canoeists and controls (17; unpublished observations).

2.3. The Effects of Muscle Mass on the Recruitment of Muscle Fibres

Work efficiency can be influenced by recruitment of fibre types and by muscle
mass. Generally, in normal subjects, upper body muscles have a higher percentage of fast-
twitch fibres, less muscle capillarity and less muscle mass compared to leg muscles
(12,15,21). At a given work rate (assuming the same work efficiency), an equal number of
motor units must be recruited for leg and upper body work. However, the equal recruit-
ment of motor units indicates that a higher percentage of the muscle fibre pool is recruited
for the smaller arm muscles, and that more fast-twitch muscle fibres (which fatigue more
rapidly than slow-twitch fibres) are recruited. This argument is supported by the observa-
tion that while the VO, of arm-cranking was not significantly higher at low work rates
compared to cycling, it was greater for work rates at which lactate accumulation started

.
2.4. Metabolic Consequences

In normal subjects, the recruitment of a higher percentage of fast-twitch muscle fi-
bres in arm exercise will lead to: (a) a higher dependency on carbohydrate metabolism, (b)
increased lactic acid formation, and (c) a reduced net work efficiency (21). Accordingly,
higher blood lactate concentrations have been found in all types of upper body exercise in
non-specifically trained subjects compared to cycling or treadmill running
(7,14,17,25,30).

In contrast, in upper-body trained subjects lactate accumulation does not differ much
between upper body, leg or combined exercise (17,26,34). For example, maximal lactate
concentration was not significantly different in trained canoeists performing cycling, arm-
cranking and canoeing (averaging 10.8, 10.8 and 10.2 mmol 1", respectively) (17). This
presumably reflects training adaptations of the upper body muscles (9,21). Accordingly, in
highly trained rowers no clear difference was found in the percentages of fast- and slow-
twitch fibres or the muscle capillarity between m. vastus lateralis and m. deltoideus (20).

The different muscle mass and the different recruitment of fast- and slow-twitch
muscle fibres may be also responsible for the different VO, kinetics in upper body exer-

.
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cise. The VO, kinetics of upper body exercise in response to a step increase of work rate
are significantly slower than those of cycle exercise at the same work rate, the same VO,
or lactate concentration (7,8). These delayed VO, kinetics will increase dependency on
anaerobic metabolism.

2.5. Combined Upper Body and Leg Exercise

The addition of upper body to leg exercise will increase maximal work rate but this
will depend on the training status of the subjects (24). Subjects trained in canoeing, row-
ing or swimming gain more work rate and more VO, from the addition of arm work to leg
work (Apower ~18% and AVO,max ~6%) (24). We demonstrated in canoeists a 9.8% in-
crease in VO,max during rowing compared to cycling, but VO,max was 14.6% lower in
arm-cranking and 9.7% lower in canoe ergometer exercise compared to cycling (17). In
well trained oarsmen, VO,max was reported to be ~3% higher in rowing compared to cy-
cle or treadmill ergometer exercise (6,10,24,26). Again, these effects are linked to the
muscle mass which is added to leg work by upper body exercise (4,22,25).

3. CARDIOCIRCULATORY RESPONSES

Since cardiac output is linked to VO, regardless of exercise mode, the charac-
teristics of cardiac output in upper body exercise are similar to those of VO, found in leg
exercise, as described above (1,8,19,31), and there was reportedly no difference in right
atrial pressure for arm or leg exercise (5). Compared to leg exercise, heart rate is about
20% higher in arm exercise, and stroke volume is somewhat lower (1,5,18,19,33). In
trained canoeists and rowers, no significant difference of heart rate was found in arm and
leg exercise if the same posture was used (30,34).

The peripheral vascular resistance is higher in arm-cranking compared to leg work
(1,5,31) which results in an approximately 20 mmHg higher mean arterial blood pressure
in arm-cranking (1,5,19,31). Diastolic arterial pressure increases more than systolic pres-
sure, which remains essentially in the same range for arm and leg work (1,31). If addi-
tional muscles are added to upper body work, peripheral vascular resistance decreases.
The combination of leg and arm work also has either a similar or a lower vascular resis-
tance and arterial blood pressure than does leg work alone (5,31 (Fig. 1). For example, we
have demonstrated a lower systolic arterial pressure and the same diastolic arterial pres-
sure in patients rowing with a fixed seat (i.e. using arm, shoulder and trunk muscles) com-
pared to cycling (27,28). In trained oarsmen, rowing with a sliding seat resulted in lower
diastolic and mean arterial pressures compared to cycling in the same position (11). The
cardiovascular responses are closely linked to muscle mass, capillarity, the vascular re-
serve and the VO, of the muscles recruited for the exercise (8), without systematic differ-
ences between leg and arm exercise (8,19).

4, VENTILATORY RESPONSES

4.1. Ventilatory Demands

Ventilation (VE) is tightly coupled to carbon dioxide output (VCOZ)'in arm as well
as in leg exercise (1,5,19,20,31). The similarity of the ventilatory response of leg and up-
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Figure 1. Peripheral vascular resistance index versus oxygen uptake in leg, arm and combined exercise in seated
and supine positions. Reproduced from Ref. 5 with permission.

per body exercise was illustrated by Casaburi ef al. who plotted VCO, and VE versus lac-
tate concentration (7). Interestingly, VCO, and VE kinetics are faster than expected in arm
exercise (7). It can be speculated that this is related to lower work efficiency and to a
smaller protein buffering capacity of the arm.

4.2. Ventilatory Mechanics and Breathing Pattern

Arm exercise may affect breathing patterns at higher work loads, when trunk mus-
cles become more involved in the exercise. During rowing, canoeing and swimming the
respiratory musculature is confronted with dual demands: (a) assisting the force genera-
tion for the exercise and (b) being the effector for ventilatory control. As a result, the tidal
volume achieved may be lower in upper body work. For rowing. tidal volume increased
not only to the level at which the compliance curve becomes relatively flat, but increased
further into this region implying an increased elastic work (29) (Fig. 2).

In this region of the compliance curve, rising ventilatory demands can be only met
by increases in the frequency of breathing. Furthermore, a tight phase-coupling of ventila-
tory and locomotor rhythms was found during rowing (Fig. 3). All subjects entrained their
breathing, so that during the stroke the subjects exhaled and inspired one time between the
strokes (29). This entrainment of locomotor rhythm and breathing, together with relatively
restrained tidal volumes, will result in two possible strategies to maintain increased venti-

O
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Figure 2. Tidal volume (VT) and inspiratory intrapleural pressure (P pI) in rowing at different work rates in 5 sub-
jects (means and standard deviations). Reproduced from Ref. 29 with permission.
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Figure 3. Response of breathing frequency (fb) as a function of stroke frequency (fs). The solid lines represent
isopleths of constant fb:fs, fb/fs = 1 (0D, 2 (0), 3 (x). Adapted from Ref. 29.
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latory demands: (a) increasing breathing frequency, which is relatively restrained to multi-
ples of frequency of rowing, or (b) increasing the frequency of rowing (reverse entrain-
ment). Both strategies have been demonstrated in ergometer rowing (29). A consequence
of a lack of hyperventilation would be a failure to maintain alveolar PO, and impairment
of CO, elimination (29).

5. CLINICAL UPPPER-BODY EXERCISE TESTING

Exercise stress testing is a well-established method for the diagnostic, prognostic
and functional assessment of patients. In patients who are unable to perform sufficient leg
exercise on a treadmill or cycle ergometer, upper body testing can be a useful alternative.
The maximum work load achieved during arm work in patients with coronary heart dis-
ease (and without disabilities) was approx. 40% of that during leg work (3,13,23) and also
peak VO, was lower (13 versus 18 ml'min'lkg") (2). Because of the limited work rate in
arm-cranking, we have examined rowing with a fixed seat and found maximum work load
to be only 10% lower than in cycling. This indicates an advantage of rowing with a fixed
seat over arm-cranking for evaluation of overall metabolic capacity as a prognostic factor
(27,28). In patients with peripheral arterial occlusive disease, we were able to demonstrate
a significantly higher maximum work load (16) and VO, in the rowing versus the cycle
test (Fig. 4).

The cardiovascular responses to upper body exercise are not essentially different be-
tween patients with coronary heart disease and normals (2,3,13,27,28), although there is a
tendency for higher systolic blood pressures in arm cranking (23). In most studies, the
maximum rate-pressure product in patients does not differ between upper body and leg ex-
ercise (2,27,28); neither do indices of left ventricular wall stress (3).

There is reportedly a higher sensitivity of arm exercise for the detection of ischemia
by both ST-depression and angina (23,36), which was achieved only by a higher rate-pres-
sure product (23). Most studies show similar or slightly lower sensitivity and specifity for
the detection of coronary heart disease when comparing arm exercise (arm-cranking, row-
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Figure 4. Maximal work load (Pmax) and maximal relative oxygen uptake (VOZ/kg) in 34 patients with periph-
eral arterial occlusive disease during cycle (CE) and rowing ergometer (RE) exercise.
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ing) with leg exercise (2,13,22,27,28,32). There seems not to be a different occurence of
arhythmias (13,22,27,28). Therefore, upper body exercise testing does not confer a par-
ticular advantage over leg work for patients in general, but is clinically useful in patients
with leg disabilities.

6. CONCLUSIONS

In comparison with leg exercise, upper body exercise is essentially an exercise in
which smaller muscle groups are involved. As a result, the cardiopulmonary and metabo-
lic responses to upper body exercise may differ more or less from those to leg exercise be-
cause of factors such as muscle mass, fibre type composition and training status. In
non-specically trained individuals maximal physical performance, oxygen uptake and
work efficiency are lower in upper body exercise compared with leg exercise, while at a
given work rate VO,, lactate, VE and cardiac output are higher. These differences will be
diminished in individuals who are, or become, well trained for upper body exercise.

In patients with peripheral arterial occlusive disease and with other disabilities of
the legs, upper body testing is useful for clinical diagnostic and prognostic tests.
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1. INTRODUCTION

The isokinetic concept of exercise was described by Hislope and Perrine more than
25 years ago (5). Since the advance of computer technology, isokinetic ergometers are
now available for analyzing force continuously during exercise (6), and their reliability
and validity has been widely explored (2,3). :

Isokinetic trunk ergometry has been used to demonstrate and quantify the benefits of
specific training and rehabilitation programs, especially in patients suffering from low
back pain (8). However, valid data from individuals with no lumbar pain who participate
in standardized physical training programs is not widely available (9). Also, it is not yet
known whether nonspecific physical training also improves isokinetic force generation by
the trunk musculature. Neither is it clear which parameters are most useful in charac-
terizing the physical capacity of the lumbar spine - which may be defined as the ability to
maximally activate a large number of motor units in a given interval of time. In the past,
electromyographical analysis has been used to assess this “innervation” capacity. Because
of the ability to adapt the work load to the joint angle during motion, isokinetic ergometry
allows measurement of the time taken by a muscle group to achieve its maximum (peak)
force. The increase of force per unit time during an isokinetic motion can therefore be
used as an indicator of the innervation capacity.

Our intention was to test the speed of innervation as a means of distinguishing be-
tween trained and physically untrained subjects. We therefore performed a study in a
group of experienced sportspersons and compared them to similar subjects who were
physically untrained.
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2. METHODS

We measured isokinetic parameters for flexion (flex) and extension (ext) of the
trunk on a LIDO Back™ Isokinetic System in 27 male recruits before (T1) and after (T2)
their basic military training. Eight students served as a control group, and were tested
twice over a 3-month period. The positioning of the subject positioning is shown in Fig-
ure 1.

The recruits were initially allotted to 2 groups: group 1 (Gl, n=14) included those
recruits who typically had done less than 2.5 h of sports per week in the past 3 years.
Group 2 (G2, n=13) were physically trained recruits (>2.5 h of sports/week).

All 35 volunteers were required to perform 15 repetitions of trunk flexion and exten-
sion at a speed of 90°/s per test. The recorded force was digitally corrected for gravity. In
the so-called gravity inertia mode, the weight of the upper half of the body was measured
before the test. According to the angle of flexion during the exercise test the correspond-
ing force values were added or subtracted (7). The range of motion was set to 80°, Figure
2 shows an original recording of isokinetic trunk ergometry. _

All subjects were tested twice (T1, T2), before and after a period of 3 months. The
students were asked to keep the amount of physical activity at a constant level for the in-
tervening period. The recruits started their basic military service after test 1. During that
time all recruits had to participate in approximately the same amount of physical activity
(3). Student’s t-test was used to test the differences before and after standardized physical
training in each group.

Figure 1. Subject positioning in the LIDO Back™ Isokinetic System. Stabilization was provided by a waist belt
and by bolsters on the lower extremities. Data were digitally recorded and analyzed by a personal computer.
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Figure 2. LIDO Back™ Isokinetic System. Original recording of isokinetic trunk flexion (Flex) and extension
(Ext). Note the good reproducibility of the corresponding curves for alt eight consecutive repetitions.

3. RESULTS

The physical data of the subjects are summarized in Table 1. There were no signifi-
cant changes in body weight during the 3-month study period. All subjects were able to
produce a force during flexion and extension over a range of motion of 80° in both tests.

As shown in Table 2, there were no significant changes in the isokinetic parameters
among the students. The recruits, however, who were physically untrained (G1) showed
an increase in peak torque and in work per repetition. The joint angle of peak torque dur-
ing flexion of the trunk increased. In group 2, a decrease in peak torque during extension
was seen. The joint angle where the initially well trained recruits were able to produce
their peak torque did not change significantly, either in extension or in flexion. The work
per repetition in this group increased only in flexion.

Table 1. Subject data (mean values + standard deviation)

Number Age (years) Height (cm) Weight (kg)
Students 2 female, 6 male 22.4+/-2.2 179 +/- 8.8 72 +/-10.1
Untrained recruits (G 1) n=14 20.6 +/- 1.4 180 +/- 6.4 76 +/- 14.5

Trained recruits (G2) n=13 21.5+/-1.9 181 +/-4.7 81.+/- 8.7
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Figure 3. Peak torque (Mmax) to angle at peak torque during flexion and extension in physically untrained (G1)
recruits before (T1) and after (T2) their basic military training.

4. DISCUSSION

The values for isokinetic parameters measured in this study did not change signifi-
cantly in the student (i.e. control) group. As they had kept the amount of physical activity
at a constant level throughout the 3-month period, this indicates good reliability for isoki-
netic trunk ergometry (as performed in this investigation) in healthy subjects.

In untrained recruits taking part in an essentially standardized physical exercise pro-
gram for 3 months, the isokinetic force values increased whereas the joint angle at peak
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Figure 4., Peak torque (Mmax) to angle at peak torque during flexion and extension in trained (G2) recruits before
(T1) and after (T2) their basic military training.
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torque remained almost unaltered. The joint angle corresponds to the time when maximal
force is produced. The ratio of peak torque (Mmax) to the joint angle of peak torque quan-
tifies the individual speed of innervating a group of muscles. It can therefore be used to
describe the innervation capacity. We assume that the innervation capacity did not change
during the relatively short period of three months. This ratio did not change in any group.

Although the peak torque of trunk extension decreased in the initially trained re-
cruits during their basic military service, most parameters remained relatively stable in
this group. Differences in Mmax for trunk flexion and extension have been reported for
athletes depending on their sporting disciplines (1). Among our subjects, Mmax values did
not differ significantly. But the Mmax alone clearly cannot quantify the physical capacity
(2). We assume that the ratio of Mmax to the angle of peak torque is a more valid indica-
tor for distinguishing physically trained and untrained subjects, as shown in Figures 3 and
4. This ratio remained stable during a training period lasting only 3 months.

The ratio of peak torque divided by the joint angle of peak torque is a new parameter
to describe the physical capacity. However, electromyographical validation of this pa-
rameter is still lacking. It therefore needs to be investigated further in the context of isoki-
netic ergometry. Particularly in rehabilitation programs for patients suffering from low
back pain, we would expect a further opportunity for isokinetic trunk ergometry to moni-
tor longer-term therapeutical benefits.

5. CONCLUSIONS

We conclude that isokinetic dynamometry of the trunk is a valid and reliable tool to
demonstrate and quantify the benefits of physical training in healthy subjects, as well as in
patients. The ratio of peak torque to the joint angle at peak torque is proposed to aid in the
quantifying of lumber physical capacity. However, further investigations are required to
evaluate the robustness of this new isokinetic parameter.
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THE HORSERIDER’S SPINE DURING EXERCISE

Christine Heipertz-Hengst

Seminar fiir Therapeutisches Reiten
Orthopadische Uni klinik, D 60528 Frankfurt/Main
Germany

1. INTRODUCTION

There is an extensive need for research into the sports-specific effects of horseback
riding, particularly with regard to the rider’s spine during exercise. To date, the reactions
have been considered only in terms of empirical analysis and by practical experience. On
the one hand, horseback riding offers benefits - including its uses in therapy; on the other
hand, however, many riders complain of back pain. The purpose of this paper is to explore
these issues in greater depth.

2. STRAIN OF HORSEBACKRIDING ON THE SPINE OF THE
RIDER

2.1. Methods

2.1.1 Biomechanical Analysis. Electronic measurements of dynamic pressure distribution
were made during riding on 80 riders equipped for synchronised high-frequency film
analysis and measurement of oscillation. A measuring mat was integrated into the saddle.
Working on a capacitative measuring principle using dielectric media (5), the device trans-
mitted the force and impulse of the movement process to a transducer connected to a com-
puter. This system allowed on-line analysis of the measured pressure data, providing
coloured pictures, graphs and tables (Fig. 1a). Cinematographical recording of markers
placed on both horse and rider was followed by high-speed film biomechanical analysis
which allowed the display of vertical and horizontal curves of the movement process in a
three-dimensional coordinate system (4) (Fig.1b and c). Oscillation measurements of the
horseback (6) were carried out using piezoelectric transducers that indicated acceleration
and extension at the C7 and sacral levels (Fig.1d). In brief, therefore: the movements of
the horse cause specific impulses on the rider’s spine; these are specific for each pace
(walk, trot, canter ) and speed; they are different in direction, frequency and amplitude;
they can be defined as vibration and motion within three dimensions, in extreme circum-
stances enhanced to shock, compression, and bending.

The Physiology and Pathophysiology of Exercise Tolerance
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Figure 1. (a) Pressure distribution, output on monitor. (b) High-speed-film movement analysis with markers in a
coordinate system. (c) Horizontal and vertical movement of the pelvis during trot. (d) Measurement of oscillation
during canter (6).
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2.1.2 Sports-Medical Examination. Both orthopaedic and neurological investigations and
comparison with the results of therapeutic riding or “hippotherapy” show that the rider’s
seat on horseback is appropriate for the physiological demands of posture and neuromus-
cular function, especially with respect to reflexes and muscle tone.

A special study was undertaken to document health and fitness ina representative popu-
lation (i. e. considering sex, age, skill-level, discipline) of 50 riders. Each completed a com-
prehensive sports-medical laboratory test that included: cycle ergometry, x-ray analysis if
necessary, and twice completing a questionnaire evaluating sports activity. These subjects
were drawn from a larger body of routine sports-medical examination of high-level riders (n=
370) between 1974 - 1991 from data of BISp KéIn (1). The following results are relevant in
this regard: 80% of professional riders suffer from hyperlordosis and statomotoric insufficien-
cies. Tt is striking at first glance that almost the same proportion (i.e. 65%) of “just for fun”
riders show similar symptoms, whilst middle-level riders have the best spine-status: only 30%
manifest vertebral problems. The frequency of back pain during riding is unexpectedly low,
but it increases during “lay-off” periods. With regard to the three main disciplines of riding
sport (dressage, jumping, eventing), there is an increasing trend of physical power of input
(speed and impetus) according to the physical load.

3. TECHNIQUE OF HORSEBACK RIDING

3.1. The Seat - Common Practice

“The rider has to achieve an independent balanced seat, without any means of artifi-
cial support, tension, gripping up or stiffness. His aim should be to follow smoothly the
horse’s movement, keeping his centre of gravity in harmony with that of the horse. ...
Only the relaxed rider can sit in a secure balance...There are three principal seat positions:
The Dressage Seat, The Light Seat, The Forward (or Jumping) Seat. Incorrect seat posi-
tions are caused by tension either throughout or in one part of the body,... Chair seat,
...Split seat; grounds... rider ahead or behind the movement of the horse, rider too high
above the horse.” (Ref. 6, pp 47 - 56)

3.2. Results and “Scientific® Movement Theory

A seat that satisfies these basic demands is adequate to the needs of sitting on a
horse regardless of the style or school of riding technique (e.g. classic english or german,
western, south american, icelandic styles). From this starting position (Fig. 2a), the back
of the horse moves up and down and the pelvis of the rider swings forward and backward
while being tilted back, which represents an extension of the lordosis (Fig. 2b). An incor-
rect technique is caused by noncoincidence of the rider’s actions to the phases of the
movements of the horse and/or sitting against the corresponding of the two centres of
gravity. The worst influence on the spine results from a backward movement of the rider,
while tilting the pelvis forward at the highest point of the movement of the horse; this ex-
aggerates the lordosis (Fig. 2c).

3.3. Consequences

Correctly performed riding in all disciplines provides positive reactions on the
rider’s spine: muscular stabilisation and strengthening; physiological, axial stimulus of the
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1 b

Figure 2. Rider’s seat during movements of the horse: 2 a, b Normal technique. 2¢ Incorrect technique.

vertebral discs (by the rhythmic cycling of pressure and relaxation) and increase of mo-
tion-capacity and quality. Inappropriate techniques and an exaggerated quantity (dosage)
may cause undue stress and disorders, and even injuries to the horserider’s spine: in begin-
ners with poor coordination, this can provoke an enlarged tonus with an inadequate force
of muscle contraction; in top-level riders, however, these effects may result from the long-
term duration, high density and unbalanced stress. It was surprising that most dressage rid-
ers had vertebral problems, and we were able to establish that this phenomenon was most
likely caused by their habit of sitting with extremely deeply positioned knees and leaning
backward to insure greater influence on the horse instead of “going with its movements”
and therefore matching its rhythm.

4. TRAUMATOLOGY

4.1. Sports Damages

Chronic damage and micro-trauma caused by riding exercise are rare. Reflecting on
the above mentioned studies, we may assume that the training methods, techniques and in-
tensity will determine whether the effects of riding exercise cause benefits or problems for
the horserider’s spine.

4.2. Sports Injuries

Risk of injury to the horserider’s spine is relatively high due to the physical forces
that take place during exercise. For example, cantering at high speed (12 m/s or more)
with the rider’s seat-position being ca. 165 c¢m or more leads, in the event of a “crash-
landing,” to forces of more than 6-10 g - i.e. more than 3-20 times body weight! A fall
from or with the horse may cause fractures of the vertebral spine: the literature indicates
that this may account for 10.5 to 18.5 % of all riding injuries. The major and most feared
complication of this is paraplegia. Two mechanisms during falling can be distinguished: a
fall forward over the head of the horse causes injuries of the upper limbs, the head and of
the cervical vertebrae; a fall backwards or sidewards causes injuries of the lower limbs
and fractures of the vertebral column; and a fall with, or even under, the horse has a simi-
lar risk, together with the likelihood of multiple internal trauma and pelvic fracture (2).
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4.3. Prophylactics

Appropriate exercise and training methods should incorporate warming up, stretch-
ing and gymnastic exercises, supplemented by endurance training to establish better fit-
ness and co-ordination. Professional and top-level riders should interrupt the strain on
their spine, and especially the vertebral discs, by twenty-minutes recovery while lying
down. In addition, specific sports-medical and sports-physiotherapy assessment and,
where necessary, treatment can avoid damage and injuries. There are clear indications and
contra-indications for riding exercise, of which the most important are acute and inflam-
matory stadium and scoliosis of more than 15° (Cobb).

5. THERAPY AND REHABILITATION

The demonstrated positive effects and reactions to the movements of the horse dur-
ing riding exercise can be used therapeutically in the treatment of orthopaedic and neuro-
logical diseases:

5.1. Hippotherapy (Therapeutic Riding)

This is a mode of neurophysiological treatment and also a special kind of physio-
therapy.

5.2. Sports Therapy

This incorporates back and trunk training for health and injury prevention and reha-
bilitation (special programme).

5.3. Principles

These are based on the stimulus of the movements of the horse. This causes an “ac-
tion-dialogue” between horse and rider, which leads to dynamic reactions and corrections
of posture. It is a combination of stabilisation and mobilisation of active and passive
movements with the various demands of coordination, perception and balance (Fig. 3).

Corrected position J

Commencing position

v

‘ Reflective agitation J )

\\ Stimulation of movement

Dialog of movement <
between horse and rider

Figure 3. Dialogue of movement between horse and rider.
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1. INTRODUCTION

The purpose of this study was to examine the hormonal responses of 55 participants
(42 males, 13 females) in an ultra long distance run of 1000 km, which consisted of 20
daily runs of 50 km across Germany from Timmendorfer Strand in the north to Mitten-
wald in the south.

2. METHODS

All of the athletes were experienced long-distance runners (5). Their anthropomet-
ric, training and performance data are given in Table 1.

Blood samples were collected and examined before the run and on days 1,3,6,8, 11
and 19 and tested by luminescence-immunoassay (T4, T3, TSH), enzyme-immunoassay
(FSH, LH, prolactin) and radio-immunoassay (testosterone, aldosterone, estradiol, glu-
cagon, insulin).

The nutritional intake was determined by means of the computer program diet 2000
and was quantified individually for each participant on every day of the run. The program
is based on data of Souci, Fachmann, and Kraut (6). Analysis of variance was used for sta-
tistical analysis (5).

3. RESULTS

The testosterone values of both sexes fell after an initial rise, but the changes were
not significant (Fig. 1).
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Table 1. Anthropometric, training, and performance data

males females
parameter average span average span
age (in years)
height (in cm) 174.7 153.7-185.5 162.9 154.2 - 169.6
weight (in kg) 69.3 53.2-854 59.2 49.2-722
body fat percentage (%) 13.2 7-21.8 19.8 15.2-26
years of running 9 1-25 8 3-14
training: km/week 86 30-130 76 50 - 100
training: days/week 5 3-7 5 4-7
ergometry: max. watt 314 200 - 400 206 125 - 250
VO,max (in I/min) 3.64 2.37-4.79 2.6 1.85-4
VO,max (ml/min/kg) 52.9 40.1 - 70.5 41.9 33.6-56.6
average daily running 340.3 s=68.8 3909 s=70.7
time (min/day)
running time (in km/h) 9.1 s=1.65 7.9 s=1.33

(s = standard deviation)

A biphasic undulating decrease was evident for follicule-stimulating hormone (FSH)
(Fig. 2): from 39.8 to 37.2 mIU/ml for women, and from 4.9 to 3.9 mIU/ml for men
(p<0.01). The reaction of luteinizing hormone (LH) was similar (Fig. 3).

Prolactin (Fig. 4) attained a maximum on day 1 (increasing from 5.9 to 13.9 ng/ml)
(p<0.001), and then subsequently fell although not completely back to control levels). Al-
dosterone responded similarly (Fig. 5), peaking at 360 pg/ml on day 1 compared to 118
pg/ml prior to the run.

Estradiol rose in the women from 21.1 to 49.8 pg/ml on day 6 (p<0.001) and then
fell to 9.4 pg/ml by the end of the run (Fig. 6). The men showed a similar response profile:
estradiol levels increased from 6.3 to 9.8 pg/ml (peaking, however, on day 3) (p<0.001)
and then declined to 1.2 pg/ml at the end (Fig. 6).

There were striking increases in thyroid-stimulating hormone (TSH) levels (Fig. 7)
from 0.99 mU/I to 1.5 mU/I both on day 3 and day 19 (p<0.001). The thyroxine concentra-
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Figure 1. Testosterone responses.
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tions rose above control values (6.0 pg/dl) to 8.9 pg/dl on day 19 (p<0.001) (Fig. 8). Like-
wise, the fT4 concentrations (Fig. 9) rose from 1.47 ng/dl to 1.75 ng/dl. In contrast , the
triiodothyronine levels showed a tendency to decrease from 1.6 ng/ml (day 0) to 1.2 ng/ml
(day 19) (p<0.001) (Fig. 10).

The average daily energy intake percentage was 12% protein, 31% fat and 57% car-
bohydrates. The daily carbohydrate intake increased from 490 g/d in the first third of the
run to 640 g/d at the end. The average daily energy intake of the men (women) was 4260
(3033) keal/d or 17937 (12699) kJ/d, the average nutrient intake being 603 (432) g/d car-
bohydrates, 323 (248) g/d mono- and disaccharides and 248 (167) g/d polysaccharides.
Post-exercise values of blood glucose were higher on the last day, the fructosamine test in-
dicating lower blood glucose values throughout the whole run compared to control values.

The insulin concentrations of the men decreased from 9.6mU/1 (day 1) to 5.4 mU/I
(day 6) and 7.5 mU/l (day 19) (p<0.001) (Fig. 11).The glucagon levels increased from
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60.7 pg/ml to 160 pg/ml (p<0.001), but fell to 81.5 pg/ml (day 8) and 110 pg/ml (day 19)
(Fig. 12).

The concentration of growth hormone (Fig. 13) showed similar developments; these
were not significant, however. Cortisol rose from 14.2 pg/dl (day 0) to 37.8 ug/dl (day
19), afterwards consistently falling to 20.8 pg/dl (day 19) (Fig. 14).

4. DISCUSSION

Concerning the descriptors of carbohydrate metabolism, our results indicate slightly
higher blood glucose levels in the second stage of the run. This only reflects the tendency
of the exercise and post-exercise (1, 2, 4) phase, because the general development (indi-
cated by the fructosamine test) shows falling and, from the point of view of preventive
medicine, more favourable values in the second half of the run. This point is supported by
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the falling insulin values of the men, because insulin could be considered as an inde-
pendent cardiovascular risk factor. The rise of insulin antagonists in the early stages of the
run (cortisol > glucagon > growth hormone) is inversely proportional to the intake of car-
bohydrates. Therefore, it might be concluded that already, in the initial period of the run,
an intake of carbohydrates in excess of 640 g/d (including ca. 50% mono- and disaccha-
rides and ca. 40% polysaccharides) should be desirable and might be recommended. Ultra
long distance running includes also remarkable and appreciable stimulation of thyroid me-
tabolism because of accelerated metabolic functions (3). The observed changes of sexual
and adrenal hormone values, however, underlines the conditioning of the endocrine sys-
tem that occurred during the ultra long distance run as an expression of activation of the
adrenocortical system and decrease of sex hormone activity during this long-term exhaus-
tion (1, 2).
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1. INTRODUCTION

In prolonged high intensity exercise it seems advantageous in terms of resisting fa-
tigue to choose relatively fast pedalling rates of ~100 rev/min. This advantage may be due
to the greater reserve of power generating capacity at the higher pedalling rates, that is the
difference between the power output required for the prolonged exercise and the maxi-
mum peak power measured at the same velocity. This is because the maximum power /
velocity relationship in cycling exercise has been shown to be parabolic in form with an
optimum velocity (Vopt) for maximum power occurring at a pedalling rate of around 120
rev/min (for discussion see ref. 9). The theoretical advantage of choosing fast pedalling
rates for sustained high intensity exercise would however be negated if there was a dispro-
portionate increase in the energy cost for the same external power output, that is if the me-
chanical efficiency decreased. Before considering this issue, however, it is interesting to
see what trained cyclists actually do. We therefore asked a group of fit competitive cy-
clists to cycle around a very large flat indoor arena on their own bicycles at constant
speed. Each cyclist performed a series of trials at constant speeds ranging from 20 to 47
km/hr. They were allowed to choose their own gear ratios. The data in Figure 1 shows that
as the exercise intensity increased, expressed here as oxygen uptake (VO,), so did the
freely chosen pedalling rate, an observation that is in agreement with previous reports (3,
5, 7).

It is also worth noting that the mean pedalling rate chosen by the world record hold-
ers for the maximum distance achieved in 1 hour is around 105 rev/min (9). So it appears
that very fit cyclists performing sustained high intensity exercise do choose very high ped-
alling rates. This appears in conflict with many exercise physiology texts which state that
the optimal pedalling rate for maximum efficiency is in the region of 60—70 revs/min. This

The Physiology and Pathophysiology of Exercise Tolerance
edited by Steinacker and Ward, Plenum Press, New York, 1996 247




248 A. J. Sargeant and A. C. H. J. Rademaker

120
1104 v
Z 100 &£ e
E 2 )
é 90 v o
% C<>8 OE,P
b _ a
w 30 ® A
£
§ 70+ %a U
-1 .
= Figure 1. Data for 6 highly trained cyclists (VO, e
60 - >5 l/min: different symbols for each cyclist) showing
w] the relationship between the pedalling rate that they
50 freely chose and exercise intensity (VO,) in a series
—r T .

i

of trials at constant speed ranging from 20 to 47
0 1 2 3 4 5 6 . P gimne

VO, (I/min)

would suggest that either (a) the conventional texts regarding optimum pedalling rates for
mechanical efficiency do not apply to these very fit cyclists, or (b) the advantage indicated
at the beginning of this paper, that is, the relative greater resistance to fatigue consequent
upon a greater reserve of power generating capacity outweighs the disadvantage of a re-
duced mechanical efficiency and the consequent increase in O, demand.

2. LABORATORY EXPERIMENTS

In a group of seven fit male subjects (VOZmaX 5.4 £ 0.6 I/min) we studied the effect
of five different pedalling rates (40, 60, 80, 100, and 120 rev/min) on the relationship be-
tween oxygen uptake and external power output in incremental tests on a cycle ergometer.
In the range from 40 to 120 rev/min there was no significant difference in the maximum
oxygen uptake attained nor was there a difference in the external power delivered to the
ergometer at VO, in the range from 60 to 100 rev/min (Table 1). Thus the ‘apparent’
mechanical efficiency appears to be unchanged over this latter range, although this does
not take account of energy generated from anaerobic metabolism; on the other hand, nei-
ther does it take into account the extra energy cost dissipated in simply moving the mass
of the legs at faster rates.

In passing, it might be noted that at both the slowest and the fastest pedalling rates
studied there was a decrease in the external power. At 120 rev/min we have previously ar-
gued that this may be due to the failure to direct leg forces optimally at this very fast pedal
rate (1).

2.1. Peak Power in Cycling Compared to Maximum Power

During the multi-stage tests to determine maximum oxygen uptake, mean power
(averaged over a complete crank revolution) was measured at the foot pedal interface by
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Table 1. Mean SD values of external power delivered at VO, . (PImax); VO,,,,; and PImax
expressed as a percentage of the maximum power available at the same pedalling rate, measured on
an isokinetic cycle ergometer (2)

pedalling rate 40 60 80 100 120
(rpm)

Plmax 326138 362%52 372452 365£51 306+60
W)

VOgmax 5.08+£0.50  5.30+0.73  5.34%0.61 5.40+0.63  5.28%0.78
(I/min)

PImax/max 55 45 38 35 29

power (%)

means of strain gauges. In a separate series of tests in which the ergometer was switched
to an isokinetic control mode we also measured the maximum peak power that subjects
could generate at each pedalling rate. These data show how the percentage of maximum
power utilised to achieve VO, systematically and significantly decreased as the pedal-
ling rate increased: thus at 40 rev/min, 55% of maximum power is utilised compared to
only 29% at 120 rev/min (difference p<.001; Table 1). At first sight this increase in the
“reserve” of power generating capability at the faster velocities would seem to indicate
that as a strategy to resist fatigue, fast pedalling rates should be chosen. This however
takes no account of the relative recruitment and contribution of different fibre type popu-
lations to the power output of the whole muscle.

Unfortunately, in relation to human locomotion, little is known (a) about the relative
efficiency of different muscle fibre types, or (b) about their power velocity relationships
or (c) the degree to which activation frequency, so called “rate-coding”, modulates the hi-
erarchical rectuitment of motor units in these large locomotory muscles (for a recent re-
view see ref. 10).

3. AMODELLING APPROACH

On the basis of animal muscle experiments it seems reasonable to propose that the
mechanical efficiency / contraction velocity relationship for human type I (slow) and type
11 (fast) muscle fibres would be of the general form shown in Figure 2 (see e.g. 4, 6, 8).
Superimposed upon this general form is an indication of the velocities which may ap-
proximate to pedalling rates of 60 and 120 rev/min during cycling (see ref. 10). It will be
noted that in this model there is a reciprocal change in efficiencies with a cross-over point,
at which pedalling rate, in this case 90 rev/min, the efficiencies for the different fibre type
populations will be the same. It can be imagined that, as a consequence, the overall effi-
ciency for the leg extensors may change little over a broad range of pedalling rates in ex-
ercise intensities at which both fibre type populations are recruited.

On the basis of the earlier observations, we can draw a figure showing how a power
output of 350 watts (that is around VO, . for our fit subjects) may relate to the maximum
power / pedalling rate relationship for the leg extensors in cycling (Figure 3). The possible
contribution of the type I fibres to the total power is also shown. By reference back to Fig-
ure 2, we can now partition out the proportional contribution of type I and type II fibre
populations and weight these according to their efficiencies at each pedalling rate. The
outcome from this calculation is that the mechanical efficiency is remarkably constant
across all pedalling rates.
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It should be emphasised that this is a model based on a number of assumptions and
generalizations. Nevertheless, it does illustrate why it may not be a disadvantage in terms
of mechanical efficiency, and hence oxygen cost, to cycle at fast pedalling rates in pro-
longed high intensity exercise. There are however some disadvantages to be noted. At low
exercise intensities the additional oxygen cost of moving the legs at fast pedalling rates
will not be compensated by the smaller contribution to power output from the type I fi-
bres which are more efficient at fast contraction velocities. Coordination and the optimal
direction of force may also be impaired at very fast pedal rates, as discussed earlier.
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ME 21% 2% 2% 2% 21% tions is given for 359 watts power out-
put using the pedalling rate dependent
efficiency taken from Figure 2.
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On balance however it seems that, as one might expect, there are probably good

physiological reasons why very fit competitive cyclists choose fast pedalling rates for sus-
tained high intensity exercise.
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1. INTRODUCTION

From examination of nocturnal breathing pauses in the Sleep Laboratory, sleep ap-
nea syndrome (SAS) can frequently be diagnosed. In at least 80% of such cases, obstruc-
tive SAS can be diagnosed, while for the remainder disorders of central neural respiratory
control are likely to be the cause.

Normally, obstruction is caused by hypopharyngeal and oropharyngeal narrowing or
by lipid deposits in the muscles of the surrounding soft tissues. This causal relationship
was demonstrated in various investigations by Horner et al. (6) and has also-been docu-
mented by means of magnetic resonance imaging (MRI) and computerized tomography
(CT) (4,10,12)

An obstruction of the hypopharynx by a functional or structural disturbance of the
exterior striated muscles (e.g. the sternocleidomastoid muscle) has not yet been described,
to our knowledge, as a cause of nocturnal breathing pauses. We speculate, however, that
this may well be the etiology of the nocturnal hypoventilation syndrome in the case that
we present below.

2. CASE REPORT

The patient was a 32-year-old professional body-building athlete who had consulted
a physician with what the patient perceived to be as symptoms of asthma with shortness of
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breath at night. Mild snoring and frequent apneas during sleep, as well as increasing day-
time tiredness, were reported by a friend of the patient. There was no history of internal
disease, and the patient was a non-smoker.

As a result of the pulmonologist’s initial examination, allergic asthma was excluded
as cause of the dyspnea. Screening for sleep apnea syndrome was done in the pulmonolo-
gists’s office by means of the Mesam Box (this records four variables: arterial oxygen
saturation, heart rate, breathing sounds, and body position). This suggested a mild-to-mod-
erate sleep apnea syndrome with snoring, pauses in snoring, and oxygen desaturations to
about 85% Sa0,. The apnea index, estimated from the desaturations and pauses in snor-
ing, was 21 per hour. For further diagnostic clarification, the patient was referred to the
Sleep Laboratory and to the Section of Sports Medicine.

The sports medical case history revealed the patient’s adherence, at the time of the
assessment, to a daily power training regimen of approximately four hours which included
bench pressing (up to 2,060 kg) and leg pressing (up to 500 kg). In addition, the patient
swam for one hour daily. He admitted to having taken considerable quantities of anabolic
steroids for five years in connection with his body building. Since that time, he had be-
come increasingly aware of shortness of breath, snoring with apneas and daytime somno-
lence. He took the following anabolic steroids regularly: methyltestosterone 100 mg per
day; metenololacetate 50 mg per day; a depot preparation of testosterone 250 mg every
other day; nortesterone 75 mg every fifth day; somatotropine 10 i.u. per week, and occa-
sionally clenbuterol 7.5 mg.

Upon physical examination, we found an athletic man of 117 kg, 178 cm tall, with
extremely hypertrophic skeletal muscles: the thighs and upper arms measured twice the
normal circumference (i.e. 48 cm). At rest, his blood pressure was 135/85 mm Hg and his
pulse rate was 72 per minute. Except for varicoses of both lower legs, the physical exami-
nation was unremarkable. Laboratory data confirmed excessive use of anabolic steroids
with a testosterone level of 76.7 ng/ml. Although liver enzymes (SGOT, SGPT), lactate
dehydrogenase (LDH) and creatine phosphokinase (CPK) were clearly elevated, the MB
fraction of the CPK was normal. Total cholesterol was within normal limits, HDL was sig-
nificantly depressed, and the LDL borderline was elevated.

Electrocardiography showed normal results and no signs of hypertrophy of the left
ventricle (Sokolov-Lyon index) were found. A cardiac stress test performed to 250 watts
induced no ECG anomalies or symptoms of angina. An appropriate increase in blood pres-
sure with exercise was noted (210/90 mmHg at 250 watts).

The ENT examination disclosed no nasal or pharyngeal obstructions because of en-
larged adenoids, and no nasal polyps or hyperplastic mucosa. During a Miiller manoeuvre,
however, significant narrowing of the hypopharynx was documented.

Pulmonary function testing at rest (body plethysmography), together with spi-
rometry and airway resistance determination, produced normal values: FEVI = 5.36 |
(normal 4.24 1); IVC 5.56 1 (5.31 1); FEV1I/IVC 94.9% (81.4%); residual volume 2.53 |
(1.81 1); specific airways resistance 0.79 kPa.sec (1.01 kPa.sec). Prick’s test on the com-
mon environmental allergens did not disclose any positive findings. Likewise, the car-
bachol-challenge test for hyper-reactive airways was also negative.

Nine-channel polysomnography (Sidas 2010) was performed twice and it confirmed
the suspected presence of a mild-to-moderate obstructive sleep apnea syndrome with an
approximately equal amount of hypopneas and obstructive apneas, together with arterial
oxygen saturation going down to almost 80% SaO2. These events occurred primarily in
the REM phases of sleep, but also in non-REM sleep. No central apneas were observed.
The sleep quality was slightly distorted because of increased arousals. The apnea index
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was 27 per hour (Fig. 1). During two control polysomnographies with nCPAP (Sullivan
CPAP) at a pressure of 7 cm H20, no further obstructive apneas or hypopneas were no-
ticed, with the arterial oxygen saturation remaining stable above 90% and the quality of
sleep having returned to normal.

Computer tomography of the neck showed a significant hypertrophy of the neck
muscles compared to those of normal males of the same age. Magnetic resonance imag-
ing confirmed the clinically observed hypertrophy of the sternocleidomastoid muscle and
the autochthonous muscles of the neck, although the images obtained were of inferior
quality due to the difficulty of placing the patient’s big neck and his head in the MRI
tube (Fig. 2).

Two-dimensional echocardiography showed an absolute heart volume of 1,341 ml
(Fig. 3), with an enlarged left ventricular end-diastolic diameter (EDD) of 64 mm (Fig. 4).

The thickness of the septal wall (SRT 13 mm) and that of the posterior wall (PWT
13 mm) were just within normal limits (Fig. 5) and did not support the presence of systolic
or diastolic dysfunction. In relation to the patient’s body weight, the two-dimensional
echo- and cardiographic data (HV/body weight 11.4 ml/kg) were within normal ranges.

3. DISCUSSION

This case report clearly shows two probable, important impacts of body building on
the physical health of the adherent. Firstly, there is a probability of inducing an obstruc-
tive sleep apnea syndrome because of obstruction of the hypopharynx by the hypertro-
phied peripharyngeal muscles of the neck. Secondly, massive intake of anabolic steroids
may produce a higher risk for damage to the cardiovascular and respiratory systems as
much as on the liver (via steroid-induced changes in lipids and liver enzymes). This devel-
oped obstructive sleep apnea syndrome or obstructive hypopnea syndrome resulting from
massively hypertrophied muscles of the neck was not obvious at first glance, as the ob-
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Figure 1. Nine-channel polysomnography shows previous hypopneas, with reduction of nasal and oral flow (A),
chest (B) and abdominal (C) effort followed by a decrease of oxygen saturation (D).
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Figure 2. MRI in the sagittal plane shows enlargement of the neck muscles and slight obstruction of the hypo-
pharynx (B).

Figure 3. Two-dimensional echocardiography shows an enlarged end-diastolic diameter (EDD). (LV=left ventri-
cle, LA=left atrium).
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struction of the upper airways in this patient was not apparent during daytime. It was only
on the account of the significantly decreased muscle tone during the night, particulary dur-
ing REM sleep, that the aperture of the hypopharynx was narrowed remarkably, leading to
the development of hypopneas and also to apneas (7,9,11)

This conclusion is derived from the coherence between the patient’s history (match-
ing of the onset of snoring and apneas with the intake of anabolic steroid) and the results
of the ENT examination (obstruction of the pharynx, presumably reflecting the hypertro-
phied muscles of the neck, during a Miiller manoeuvre), the CT and MRI images, and the

findings of the polysomnography (primarily hypopneas during REM sleep) (5).
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Figure 5. The body builder’s left ventricular dimensions in comparison with those of decathletes, triathletes and

untrained persons.
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Of great interest to us was the similarity of this patient to three other body builders
who likewise had a history of sleep apnea syndrome. One was screened positive for that
syndrome by means of the Mesam Box, and another had a significantly abnormal
polysomnography. However, only one of those three other body builders admitted to tak-
ing anabolic steroids; unfortunately, this individual refused to be screened or examined for
the presence of sleep apnea syndrome. The significant alterations of the lipid profile, as
- well as elevation of the liver-enzymes levels, point towards anabolic-induced liver dys-
function and abnormal lipometabolism in this patient. On the account of the observed shift
of the cholesterol fraction to a significantly decreased HDL cholesterol, this body
builder’s risk for arterial sclerosis is substantial. This has been observed by several other
investigators who studied body builders (1,14,15).

The echocardiographic data relating to the absolute values of these body builders
were significantly elevated compared to normal persons, and also power-trained (decath-
lon) and endurance-trained athletes (triathlon) (3,13). While their echocardiographic data
are within normal ranges (taking body weight into account), even the so-called hypertro-
phy index (PWT + ST/EDD) for the patient presented here is significantly elevated com-
pared to that of endurance-trained triathletes. The observed echocardiographic anomalies
of our patient have not yet resulted in left ventricular dysfunction, but there appears to be
a significantly elevated risk for mild cardiac ischemia which is further increased on the ac-
count of the existing nocturnal hypoxemias and a raised risk of arterial sclerosis.

4. CONCLUSIONS

We conclude that massive hypertrophy of the muscles of the neck resulting from
power training and the simultaneous use of anabolic steroids can lead to the development
of an obstructive sleep apnea syndrome. This syndrome, in conjunction with other side-ef-
fects of excessive use of anabolic steroids - such as extreme power training, developing
cardiomegaly and decline in LDH cholesterol - increases significantly the risk of myocar-
dial infarctions and strokes in body builders (8). As demonstrated recently by Durant et al.
(2), 4.2% of all American adolescents use anabolic steroids at one point of their lives in
order to encourage the development of a greater muscular mass. The resulting negative
consequences for health may be of a much higher magnitude than previously appreciated.
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1. INTRODUCTION

In exercise tests, lactate (La) concentration is usually measured in whole blood
(WB), which is hemolyzed or deproteinated. This approach is only valid for steady state
conditions. However, it was demonstrated that in incremental tests (1,3,5,7,9) or in re-
peated 30 s tests (5,9) lactate concentrations rose faster in plasma (P1) than in erythrocytes
(Ery). After 4 min of maximal cycling (4) an increase of La(Ery) was demonstrated up to
15 min after end of work. Therefore it is of interest to study lactate concentrations after a
longer lasting test in well trained subjects.

2. METHODS

Twelve males (17.7 (17.4-18.3) years, 87.0 (77.0-95.0) kg, 192.0 (184-201) cm)
and 6 females (17.8 (17.1-18.4) years, 69.1 (63.5-80.0) kg, 180.0 (170-183) cm) per-
formed a 6-min maximal test on a rowing ergometer (Conceptll, Morrisville, USA) (8).

Two capillary blood samples for La were taken from the hyperemized earlobe, one
of which was deproteinated and La(WB) was measured photometrically (Test Combina-
tion Lactat, Boehringer, Mannheim, Germany), the other remained untreated and La(UB)
was measured immediatedly after sampling electrochemically (Lactate Analyzer YSI 27,
Yellow Springs Instrument, USA) (3,6,9). Samples were taken before exercise, and 0, 2, 5,
10 (n=18) and 20 (n=8) min after exercise (recovery). Hematocrit (Hct) (5), blood gases
(ABL 330, Radiometer, Copenhagen, Denmark) and hemoglobin (Hb) (OSM3 Hemoxime-
ter, Radiometer) were analyzed in capillary samples from the other earlobe. Calculated
were [La(Pl)]} and [La(Ery)] (1,7).
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[La(P1)]=[La(UB)}/(1-Hct) (1)
(La(Ery)]=([La(WB)]-[La(UB)])/Hct (2)

Results were given as median (minimum-maximum). Differences were estimated
with Wilcoxon’s signed rank test and assumed to be significant if p<0.05.

3. RESULTS

Power output was 449.0 (423.7-493.6) W for males and 313.7 (299.6-344.9) W for
females, respectively. La(WB) increased 12.5 fold from 1.2 mmol/l before exercise to
15.0 mmol/l immediately after exercise, La(UB) increased 18 fold, La(Pl) increased 19.5
fold from 1.3 mmol/l to 24.4 mmol/l. La(Ery) increased only 5 fold. Peak La(WB) was
found after 5 min of recovery, while peak La(UB) and La(P1) appeared immediately after
exercise. La concentrations before and after exercise are shown in Fig. 1.

La(WB), La(Pl) and La(Ery) did not change significantly in the first 5 minutes of re-
covery. The decrease of La between 5 min and 10 min of recovery ranged between 8%
(P1) and 10.5% (Ery). There was no correlation between La(Ery) and La(PI) (r=0.31). The
difference between La(Pl) and La(Ery) (PI-Ery gradient) was -0.1 (-2.0~0.7) mmol/] be-
fore exercise and increased to 17.2 (7.5-22.7) mmol/l after exercise, and decreased to 9.7
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Figure 1. Lactate concentration in plasma, whole blood, untreated blood and erythrocytes and plasma to erythro-
cytes lactate gradient before exercise and in recovery (medians).
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Table 1. Lactate concentrations in whole blood La(WB), in plasma La(P1), and
in erythrocytes La(Ery) before and after 6-min maximal exercise. Median
(minimum - maximum). Bolding marks extreme values of every
parameter. (*: p<0,05; **: p<0,005)

La(WB) [mmol/1} La(P1) [mmol/1} La(Ery) [mmol/1]
before Ex. 1.2 (0.5-1.6) ** 1.25 (0.7-2.9) ** 1.3 (0.2-2.7) **
0 after Ex. 15.0 (11.0-19.0) 24.4 (16.9-28.6) 6.9 (2.4-13.4)
2' 14.8 (12.2-19.8) 22.7 (18.6-28.5) 6.9 (3.7-13.5)
5 15.3 (10.3-18.6) ** 23.75(17.3-30.2) ** 6.7 (1.6-12.4)
10' 13.6 (9.9-18.2) * 21.8(13.8-28.1) * 6.0 (2.3-11.6)
20" 9.7 (4.9-14.4) 13.95 (6.7-20.5) 4.8 (2.2-8.7)

(4.0~12.4) mmol/l by 20 minutes of recovery. A correlation was found between Pl-Ery
gradient and La(Pl) in recovery: Pl-Ery gradient = 0.81-La(P)+0.44, n=78, r=0.82.

The La(Ery)/La(Pl) ratio decreased from 1.1 (0.25-3.86) before exercise to 0.26
(0.10-0.60) after exercise and increased then to 0.4 (0.18-0.44) at 20 min of recovery.
There was no correlation between La(Ery)/La(Pl) ratio and La(P1) (r=-0.21). pH decreased
from 7.42 (7.1-7.47) to 7.09 (7.00-7.20) after exercise, with a minimum of 7.06
(6.91-7.15) at 5 min of recovery and increasing to 7.20 (7.04—7.34) at 20 min. The values
of Hb, Hct, CO,-tension and bicarbonate concentration are shown in Table 2.

Hb and Hct did not change in parallel. Peak Hb appeared immediately after exercise,
while peak Het occurred at 5 min of recovery. Both parameters reached their pre-exercise
level at 20 min of recovery. Mean corpuscular volume (MCV) did not change during exer-
cise but increased significantly (p=0.02) by 2.6% in the first two minutes of recovery.

4. DISCUSSION

Changes in lactate concentrations in plasma and erythrocytes after an exercise bout
of such high intensity as demonstrated appear not to have been reported until now. Bicar-
bonate buffer capacity was nearly exhausted and pH stayed at very low levels for over 10
min of recovery. La(Ery) was nearly constant during recovery and did not increase after
exercise; however, La(Ery) was lower than reported in other studies with shorter exercise
duration. In these previous studies, La(Ery) increased further during the initial 5 min of re-
covery and decreased then significantly (5,6,9). Here, La(Pl) was also very constant dur-

Table 2. Hemoglobin (Hb), hematocrit (Het), CO,-tension (pCO,) and bicarbonate
(HCO;) before and after 6-min maximal exercise. Median (minimum - maximum).
Bolding marks extreme values of every parameter. (*: p<0,05; **; p<(0,005)

Hb [mg/dl] Het [%] pCO, [mmHg] (HCO,") [mmol/1]
before Ex. 16.3 (14.6-20.0) **  46.4 (42-56.5) ** 38.25 (31.8-41.6) ** 24.4 (11.3-25.8) **
0' after Ex. 18.1 (15.7-20.4) **  50.0 (45-59.5) 34.1 (26.2-40.8) **  9.60 (7.9-14.2) **
2! 17.6 (14.7-19.9) 50.1 (44-57) 28.55(5.6-33.1) * 7.75 (6.5-9.9) **
s 17.4 (14.6-19.6) 50.5 (43.8-56) * 27.1 (24.6-29.7) 7.5 (5.8-10.0) **
10 17.1 (15.2-19.5) 493 (43.3-55.5)*  26.5(24.0-30.4) 8.15(5.5-11.9) *

20 16.6 (15.4-19.5) 46.7 (41-51.8) 27.45 (23.7-34.5) 10.15 (6.7-18.0)
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ing the first 10 min of recovery and decreased slowly afterwards. In studies with shorter
exercise duration, the decrease in La(Pl) started earlier and was faster than here (5,6,9,10).
In this study, the La(Ery)/La(P1) ratio was decreased at the end of exercise and further was
increasing very slowly. In other studies with shorter exercise duration, at the end of exer-
cise the La(Ery)/La(Pl) ratio was in the range of pre-exercise levels and decreased during
the first 15 min of recovery (5,6,9,10). Pl-Ery gradient was in all studies 20 min after ex-
ercise much higher than before the test, except one study (1) which reported that the direc-
tion of the gradient reversed at 15 min post exercise, however, this finding was not
confirmed.

It has been reported that an equilibrium between lactate in erythrocytes and in
plasma should be reached after 4 and 7 min (2). Such an equilibrium of La concentrations
was not found in this study, although La production and La removal are thought to be con-
stant from 2 and 5 min in a 6-min test (11). However, the relativly low La(Ery)
(1,3,5,6,10) may be explained by saturation of active transport mechanisms for La into
blood cells by the large amount of lactate in the first 2 min of the test (11). This is sup-
ported by a lack of a correlation between La(Ery) and La(Pl), which is to be expected if
La exchange mechanisms are saturated. Pl-Ery gradient was decreased approximately 44%
in 20 min of recovery, but La removal from erythrocytes was only 30%. This may be due
to an effect of low pH-values on La transport from erythrocytes. We found an increasing
Pl-Ery gradient at pH lower than 7.15 (Fig. 2).

The slowly increasing La(Ery)/La(Pl) ratio indicates that removal from La(Pl) is not
much faster than removal from La(Ery). The low removal of La(Pl) may be also due to de-
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Figure 2. Correlation between P1-Ery gradient and pH after 6-min maximal exercise on rowing ergometer. Pl-Ery
gradient = 1/(-1.77+0.26-pH), n=77, r=0.61.
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creased plasma volume, which is indicated by increased Hct, and the high percentage of
working muscles in rowing. Therefore, the distribution space for lactate may be small in
this experiment.

In this study, lactate in plasma was not measured but calculated. In prior studies
(4,6,8) we have shown, that if untreated blood is measured with an electrochemical ana-
lyzer without use of hemolyzing agents, the blood cells remain intact and lactate concen-
tration in plasma is measured with account being taken of a hematocrit dependent dilution
error: [La(UB)] = [La(P1)]-(1-Hct). The advantage of this method is the simplicity of
measurement and independency from treatment of samples.

In summary, this study supports the contention that after high intense whole body
exercise of 6 min duration a significant Pl-Ery gradient persists for more than 20 min of
recovery. There is indication of a pH-depending inhibition of La transport, but La clear-
ance may be also inhibited by a small distribution space for lactate.
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1. INTRODUCTION

Tryptophan is the precursor for the important neurotransmitter, 5-hydroxytryptamine
(5-HT). Tryptophan is unique among amino acids in that some of it binds to albumin in
the blood: thus, blood contains both bound and free tryptophan. Free tryptophan is thought
to compete with some other amino acids, particularly the branched chain amino acids
(valine, leucine and isoleucine; BCAA) for entry into the brain across the blood-brain bar-
rier (19). There is evidence that changes in the concentration of plasma free tryptophan
may influence the level of 5-HT within the brain (see 14). An increase in the plasma con-
centration ratio of free tryptophan/BCAA could therefore lead to a marked increase in the
rate of entry of tryptophan into the brain, and consequently to an increase in the concen-
tration of 5-HT in some areas of the brain. This has been shown to be the case in the rat

(6).

2. NEUROTRANSMITTERS AND RATE OF NEURONAL FIRING

If the concentration of a neurotransmitter in the brain decreases, the rate of neuronal
firing in some parts of the brain may be limited, especially if the rate has been high. The
consequent inability of one part of the brain to function satisfactorily owing to a decrease
in neurotransmitter concentration can result in changes in behaviour (14). For example,
depression can be caused by a decrease in the concentration of the monoamine neurotrans-
mitters, noradrenaline, dopamine and/or 5-HT, in some parts of the brain (10).

It is well established that an increase in the level of 5-HT in the brain can result in
fatigue and sleep. Thus, an increase in the concentration of 5-HT in certain areas of the
brain might ensure a high rate of neuronal firing in a specific part of the brain which could
then increase the sensitivity to fatigue and hence influence athletic performance.
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One important aspect of this hypothesis for central fatigue is that the free tryptophan
concentration can be increased (i.e. the proportion of tryptophan bound to albumin can be
decreased) by increasing the plasma concentration of long-chain fatty acids which are also
bound to albumin. An increase in the blood catecholamine level increases the rate of adi-
pose tissue lipolysis and this can result in an increase in the concentration of plasma free
fatty acids, thus increasing the plasma level of free tryptophan. Since the plasma fatty acid
concentration can be increased in endurance exercise, particularly as carbohydrate stores
become depleted, this would be expected to increase the free plasma concentration of
tryptophan, and this has been observed in both rats (6,11) and human (5,16). Conse-
quently, the plasma concentration ratio of free tryptophan/BCAA could be markedly in-
creased by sustained exercise in humans, and this has been shown to be the case at the end
of a marathon (table 1).

The hypothesis that an increase in the concentration of 5-HT in some parts of the
brain can cause fatigue predicts, first, that compounds which change the effectiveness of
5-HT should influence fatigue during exercise and, secondly, that ingestion of small quan-
tities of branched chain amino acids during prolonged exercise to maintain the plasma
concentration ratio of free tryptophan/BCAA should improve physical performance and
decrease mental exertion during exercise (4). Such experiments have been done. Thus, in
humans, the administration of paroxetine, a specific 5-HT synaptosomal re-uptake inhibi-
tor reduces the capacity for prolonged exercise (24); a similar effect has been observed in
rats using m-chlorophenylpiperazine, a 5-HT agonist (2) and a 5-HT antagonist was
shown to delay fatigue in rats (3).

That branched chain amino acids have a central effect is supported by the fact that
cognitive activity could either be maintained at the pre-exercise level or improved after
exercise when branched chain amino acids were ingested during prolonged exercise (16).

3. POSSIBLE CLINICAL APPLICATIONS FOR BRANCHED
CHAIN AMINO ACID SUPPLEMENTATION

3.1. Chronic Fatigue Syndrome

Patients suffering from myalgic encephalomyelitis (ME), now more widely defined
as chronic fatigue syndrome (CFS) (23), have normal skeletal muscle function before and
after exercise (15). This suggests that central rather than peripheral fatigue may be the
cause of the fatigue in this condition (see 13). Could a change in 5-HT levels in the brain
or its effectiveness be the cause of the fatigue?

Table 1. Plasma glutamine, branched chain amino acids and free tryptophan
concentrations in athletes (n=18) before (Pre) and after (Post) a marathon

Pre Immediately Post 1hr Post 16hr Post
Glutamine (uM) 654 £16 585 +14° 523 +23° 683 £26
BCAA (uM) 425 +28 352 +20° 311 +18° 423 +18
Free tryptophan (uM) 4.9 +0.26 13.9 £1.11° 9.6 +0.58° 5.140.33
Plasma concn ratio of 1.23 £0.003 4,16 £0.36° 3.13+0.19¢ 1.21%0.11

free tryp/BCA
9p<0.05; ’p<0.01; “p<0.001




Can Amino Acids Influence Exercise Performance in Athletes? 271

3.2. Post-Operative Fatigue after Major Surgery

Plasma albumin levels may be affected by changes in plasma hormone levels in pa-
tients undergoing major surgery. Major surgery is very stressful and an important conse-
quence is fatigue, which can last for several weeks after an operation (22). As yet, no
physiological mechanism for post-operative fatigue has been identified. Thus, the possibil-
ity that a biochemical mechanism might have an important role in this condition was in-
vestigated in two groups of patients undergoing major surgery with different surgical
procedures (25).

The subjects were either elderly female patients undergoing restorative surgery for
neck of femur fracture, or patients undergoing surgery for coronary artery bypass graft
which involved cardiopulmonary bypass. Plasma free tryptophan concentrations were
markedly increased 48 hr after surgery in the elderly fracture patients, compared with
baseline levels pre- and post-surgery. The plasma concentration ratio of free trypto-
phan/BCAA was also increased after surgery. Relative plasma albumin concentrations
were decreased after surgery, as well as the binding constant (Km) of albumin for trypto-
phan. In the cardiopulmonary bypass patients, plasma free tryptophan levels were mark-
edly increased 24 hr after surgery, compared with baseline levels pre-surgery, and
returned to normal five days later. The plasma concentration ratios of free trypto-
phan/BCAA were increased after cardiopulmonary bypass returning to near baseline lev-
els five days later. Plasma albumin concentrations were decreased significantly after
cardiopulmonary bypass returning to baseline five days later. No effects on the binding
constant (Km) of albumin for tryptophan were observed after surgery in cardiopulmonary
bypass patients, in contrast with elderly patients.

4. THE ROLE OF GLUTAMINE IN THE IMMUNE SYSTEM IN
EXHAUSTIVE EXERCISE

For many years, it was considered that both lymphocytes and macrophages obtained
most of their energy from the oxidation of glucose and that lymphocytes which had not
been subjected to an immune response, i.e. resting lymphocytes, were metabolically quies-
cent. Recent work has shown that not only do these cells utilise glucose at a high rate,
even when quiescent, but that they also use glutamine, and that its rate of utilisation is
either similar to, or greater than, that of glucose (1). Surprisingly, very little of the carbon
of glucose or that of glutamine is oxidised completely by these cells; glucose is converted
almost totally into lactate and glutamine into glutamate, aspartate and alanine. These proc-
esses are known as glycolysis and glutaminolysis. High rates of glycolysis and glutami-
nolysis not only provide energy but also what is termed branched point sensitivity. The
latter explains how precision for control of changes in the rate of synthesis of, for exam-
ple, purine and pyrimidine nucleotides (glutamine and aspartate provide nitrogen and
carbon for the bases whereas glucose provides the ribose) may be furnished by the kinetic
characteristics at certain branched points in metabolism. A direct consequence of
branched point sensitivity is that a decrease in the concentration of glutamine available to
these cells would be expected to impair their function and hence decrease the effective-
ness of the immune system. This is indeed the case: the response of human lymphocytes to
a mitogenic signal is decreased when the level of glutamine in culture medium is de-
creased, as is phagocytosis and cytokine production by macrophages. Similarly, the pres-
ence of glucose is essential for the proliferation of lymphocytes.
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The requirement for glutamine will increase dramatically' after trauma, major sur-
gery, infection and burns, since there will be increased activity of the immune system, and
an increased number of cells involved in proliferation and repair activity. In addition, if
the patient is not fed, the intestinal cells will also use endogenously-produced glutamine,
so that the plasma level may fall. And there is evidence that glutamine provision corrects
or improves an impaired function of some tissues, including the immune system, when
that impairment may have been caused by a low plasma level of glutamine. It is specu-
lated that the prime role for net muscle protein breakdown during conditions of trauma
may be to maintain a pool of available amino acids (e.g. valine, leucine, isoleucine, glu-
tamine, aspartate) in muscle that can be transaminated (and then metabolised) to provide
nitrogen for the synthesis of glutamine. The rapid loss of body protein may therefore be a
consequence of the requirement for branched point sensitivity and the need to convert the
products of glutamine metabolism by these cells to glucose.

There is evidence that regular exhaustive exercise may be associated with impair-
ment of the immune system. Athletes undergoing intense, prolonged training or participat-
ing in endurance races (e.g. the marathon), suffer an increased risk of infection. Prolonged
exhaustive exercise can lower the plasma level of glutamine (20), which could be one fac-
tor involved in the impaired response of immune cells to opportunistic infections under
these conditions (18). The provision of exogenous glutamine after strenuous exercise may,
therefore, have a beneficial effect on the immune system; this is currently being investi-
gated in a series of studies.

The studies began with monitoring plasma glutamine concentration over time in nor-
mal, sedentary subjects after giving a bolus of glutamine in water. A rapid increase oc-
curred in plasma glutamine concentration, which peaked at 30 min after ingesting the
glutamine. In another study the diurnal variation of plasma glutamine levels in normal
subjects, both fasting and fed, was monitored (9). Plasma glutamine levels appeared to in-
crease during the day after a protein meal was consumed.

Blood samples were subsequently undertaken before and after exercise from 18
male subjects who participated in 2 marathon. Some plasma amino acids and acute phase
markers were measured, together with numbers of cells of the immune system in the
blood.

The plasma glutamine concentration was decreased by 20% one hour after the mara-
thon, and that of BCAA was decreased by 27%, compared with the pre-exercise concen-
tration (table 1).

The plasma free tryptophan level tripled, and there was nearly a 4-fold increase in
the plasma concentration ratio of free tryptophan/BCAA immediately after the marathon.
An increase in the concentration of plasma free fatty acids correlated with an increase in
plasma free tryptophan concentration.

Questionnaires were given to establish the incidence of infection for seven days af-
ter exercise in middle-distance, marathon and ultra-marathon runners, and elite rowers, in
training and competition. In all these groups blood samples were also taken after exercise.
In addition to measurement of plasma glutamine levels, whole-blood counts and lympho-
cyte proliferation studies in vitro were undertaken on some samples.

Infection levels overall were highest in marathon and ultra-marathon runners, and in
elite male rowers after 50 min of intensive training. The decrease in plasma glutamine lev-
els observed after marathon running (ca. 20%) was not as marked after training runs or 10
km races (12-15%). A marked increase in white blood cells, in particular in neutrophils,
occurred immediately after prolonged, exhaustive exercise; within the next 15 min there
was a decrease in total lymphocytes and in the number of T-cells.
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Whether the provision of glutamine after exercise will benefit the immune system

and result in a decrease incidence of infections is a study that needs to be carried out.
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1. INTRODUCTION

There is little question that the most disabling symptom of chronic pulmonary dis-
ease is exercise intolerance. The patient often becomes homebound, isolated and de-
pressed out of fear of experiencing the dyspnea that exertion brings. The sedentary
lifestyle these patients adopt only serves to make the situation worse. The inactive mus-
cles atrophy, which increases the energetic cost of activity and, in fact, may increase dysp-
nea on exertion.

It is becoming clear that there are two distinct strategies for improving exercise tol-
erance in patients with lung disease. The scientific basis underlying both of these strate-
gies has evolved and improved in recent years.

The first major strategy to improve exercise tolerance is psychologic. Patients be-
come convinced that the shortness of breath they experience is, in itself, harmful. How-
ever, in contrast, for example, to the anginal pain experienced by patients with coronary
artery disease, dyspnea is not a sign that the body is being damaged. There is growing evi-
dence that patients can be desensitized to the symptom of exertional dyspnea.

To date, the most effective way to desensitize to dyspnea on exertion is exercise it-
self. Haas and his colleagues” have recently summarized the hypotheses which have been
mustered to explain the desensitizing effects of exercise. The antidepressant hypothesis
suggests that patients who successfully participate in an exercise program experience posi-
tive feedback from mastering something they perceive as difficult. The social interaction
hypothesis implies that progressive exercise, in a supervised program with others having
similar debility, calms unrealistic fears. This would explain why home exercise programs
are generally less successful. The distraction hypothesis theorizes that, since it is difficult
to focus attention on more than one source of information at a time, dyspneic stimuli are
perceived as being less intense when the patient’s attention is focused on non-dyspneic
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stimuli. Listening to music or exercising with others distracts the patient from the sensa-
tion of dyspnea.

The second major strategy to improve the tolerance of exercise is Physiologic. The
muscles, cardiovascular system and lungs are part of an interlinked system designed to
bring oxygen from the atmosphere to the mitochondria and bring CO, from the muscle
cell out to the atmosphere. This system must gear up to accommodate the 20-fold or so in-
crease in muscle oxygen requirements that exercise normally brings. This transport system
is as weak as its weakest link. Any break in the interlinkages will cause exercise intoler-
ance.

2. LIMITATIONS TO EXERCISE TOLERANCE

The patient with lung disease has distinct handicaps in meeting the greatly increased
oxygen supply requirements imposed by exercise. First, the work of breathing is increased
both by high airways resistance and by hyperinflation. Thus, the increase in ventilation de-
manded by exercise comes at a high metabolic cost and can lead to fatigue of the respira-
tory muscles. Making matters worse, the amount of ventilation for a given metabolic rate
is substantially higher than in healthy subjects, because the patient with respiratory dis-
ease has a lung which is a poor gas exchanger. For these reasons, exercise is often associ-
ated with hypoxemia and/or CO, retention. Often forgotten is the fact that the
cardiovascular system can be impacted by lung disease. The pulmonary vasculature is
often destroyed along with the alveolar architecture in both obstructive and restrictive
lung discase. As a result, pulmonary vascular resistance cannot fall with exercise, pulmo-
nary artery pressure rises abnormally and in some patients cardiac output increase may be

limited - which compromises oxygen delivery to the muscles.

' Among patients with chronic lung disease, the responses to exercise in patients with
chronic obstructive pulmonary disease have been best studied. Many of these patients are
“ventilatory limited” - they are limited in their exercise tolerance by the amount of pulmo-
nary ventilation they can achieve’. As the level of exercise rises, so does the ventilation
required. When this requirement exceeds the level of ventilation that can be sustained, ex-
ercise cannot continue. It is important to realize that asking which of the physiologic ab-
normalities associated with obstructive lung disease is the factor which limits exercise
tolerance is essentially a meaningless question. Each physiologic deficit which adds to the
ventilatory requirement for exercise or contributes to the ventilatory limitation will con-
tribute to exercise intolerance.

Unfortunately, medical science has identified few therapies which are effective in
either alleviating the ventilatory limitation or decreasing the ventilatory requirement.
Bronchodilator or anti-inflammatory therapies may reduce the work of breathing (poten-
tially forestalling respiratory muscle fatigue) and sometimes lessen ventilation-perfusion
imbalance. However, the reversible component of airflow obstruction is usually limited.
Supplementary oxygen has several beneficial effects; inhibition of the respiratory
chemoreceptors, improvement of oxygen delivery, and hemodynamic improvement
through dilation of the pulmonary vasculature. Even in patients who are not severely hy-
poxemic, supplemental oxygen may increase exercise tolerance'®. Considerable attention
has recently been focused on seemingly contradictory therapies designed to alleviate ven-
tilatory limitation. Respir-atory muscle training seeks to improve the aerobic capacity of
the diaphragm and intercostal muscles. Respiratory muscle rest is postulated to reduce the
tendency for fatigue. Both modalities show some promise? but it is unclear whether either
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will prove to be practical therapy. Pharmacologic means to depress ventilation have, to
date, generally been found only mildly effective (or ineffective) and sometimes produce
an unacceptable level of sedation'®. Lung (or heart-lung) transplantation is likely an effec-
tive method to increase exercise tolerance’, but it seems unlikely to be a realistic option
for the vast majority of patients for the foreseeable future. Lung reduction surgery is an in-
teresting new technique which may improve lung mechanics'®, but long term evaluation
will be required before this procedure can be recommended with confidence.

3. VENTILATORY REQUIREMENTS FOR EXERCISE

Before discussing exercise training, its important to delineate the factors that con-
tribute to the ventilatory requirement for exercise. We can then consider how exercise
training might modify them. Mass balance considerations dictate that the following equa-
tion applies:

Vg = k_VCO,
Paco, (1-Vy/Vq)

Therefore the ventilatory requirement is determined by three factors: the rate of 'CO2
output (VCO,), the level at which arterial PCO, (PaCO,) is regulated and the efficiency
with which CO, is expelled from the lung (quantified as the dead space to tidal volume ra-
tio, V,/V). Each of these three variables undergo characteristic changes with exercise. A
key observation is that PaCO, remains rather precisely regulated over the range of moder-
ate work rates'’. At higher exercise levels the situation changes. If an incremental exercise
test is performed, during heavy exercise the rate of CO, output accelerates and arterial
PCO, falls. This is a direct result of the onset of lactic acidosis. Lactic acid is a strong acid
and must be immediately buffered. Bicarbonate is the predominant buffer. This has two
distinct consequences. Bicarbonate breaks down to CO, and water, thus increasing CO,
output. The acid stimulus results in a lower PaCO,. So there is an accelerating ventilatory
requirement during heavy exercise due both to an acceleratingV CO, and a falling PaCO,.

4. EXERCISE TRAINING

Against the background of the determinants of exercise ventilation, the physiologic
benefits of exercise training for the patient with lung disease can be considered. Much is
known regarding the structural and biochemical changes which occur in the exercising
muscles of healthy individuals as a result of a program of exercise training'z. These
changes include increases in the number and size of the mitochondria, an increase in the
concentration of the enzymes subserving aerobic respiration and, perhaps most impor-
tantly, an increase in muscle capillarity. These changes combine to increase the capacity
for aerobic work. Therefore, a higher level of exercise can be accomplished before anaero-
bic metabolism must be called upon to supplement acrobic energy supply. Delaying an-
aerobic metabolism is valuable because lactic acid is a side product of anaerobic
metabolism. This is of importance because, as previously stated, lactic acid stimulates
ventilation. Thus, an effective program of exercise training would be expected to decrease
the level of lactic acidosis at a given level of exercise and thus decrease the ventilatory re-
quirement. This was shown in a study of healthy subjects who performed constant work
rate tests before and after a program of exercise trainingg. For identical levels of heavy ex-
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ercise, training resulted in substantially decreased end-exercise blood lactate levels. For
the heaviest level of exercise studied, end-exercise ventilation was on average almost 40
liters/min lower after training. The reduction inV; engendered by training was quite
highly correlated with the reduction in blood lactate levels (r=0.81).

In considering the applicability of these findings to patients with lung disease, it has
been supposed that the obstructive lung disease patient is not a candidate to obtain a true
physiologic training response through participation in the exercise programs that are part
of pulmonary rehabilitation. First of all, it was thought that most patients cannot tolerate
work rates associated with a lactic acidosis. It is true that many patients reach a ventila-
tory limitation at exercise levels at which healthy subjects would not manifest lactic aci-
dosis. However, it has been discovered that many patients with COPD demonstrate lactic
acidosis at surprisingly low work rates>'> (some elevate blood lactate levels at a modest
walking pace on level ground). In fact, the ability to increase blood lactate correlates very
poorly with measures of resting lung function (e.g. FEVI)IS. The likely cause is a combi-
nation of an extremely sedentary lifestyle (leading to severe deconditioning) plus an un-
certain contribution from pulmonary vascular disease which may compromise oxygen
delivery to the muscles.

The second reason why pulmonary rehabilitation programs might not induce the
changes which forestall the onset of lactic acidosis is that the exercise programs are inade-
quate. The requirements for an effective exercise training program for healthy subjects are
quite well known'*. An adequate program is roughly 5-8 weeks long, exercise sessions
must be held 3—5 days per week and the exercise session must last at least 30 minutes. Ex-
ercise intensity is an area of controversy that points out how difficult it is to design a train-
ing program rationally. The controversy arises, in part, because we are surprisingly
ignorant of the actual stimulus that induces the structural and biochemical changes that re-
sult from training. There is general consensus that there is a “critical training intensity”,
Le. a work rate below which no training effect will be seen no matter how long the pro-
gram continues. However, there is disagreement as to how best to select the most relevant
marker of training intensity3. Three variables have been suggested: heart rate, oxygen up-
take and blood lactate level. Each has its advantages and shortcomings. Adding to the con-
fusion are recent demonstrations that exercise intensities lower than those previously
thought to be below the critical training intensity can induce a physiological training ef-
fect®. Thus, we have very little in the way of physiologic guidelines to rationally select ex-
ercise training intensities.

There is also a substantial literature that reports the results of the exercise programs
which are part of pulmonary rehabilitation programs’. It is probably not fair to label most
of these programs as “training” programs, since most were not designed with a physi-
ologic rationale. A recently composed analysis of the findings of 37 studies’ is of interest,
though few studies drew participants from the complete spectrum of pulmonary patients.
Most of the roughly 1000 patients included in these studies were male (81%), elderly (av-
erage age = 61 years), severely obstructed (average FEV, = 1.1 liters), had moderate hy-
poxemia (average PaCO, = 69 torr) and were not CO, retainers at rest (average PaCoO, =
42 torr). The clear findings of these studies are that: 1) lung disease does not get better, 2)
patients feel that their exercise tolerance has improved and, in fact, they generally are able
to sustain a given exercise level for a longer period of time, and 3) during formal exercise
testing, improvements in exercise tolerance can be documented sometimes, but not al-
ways.

Despite the apparent improvement in exercise tolerance, unequivocal evidence for
physiologic improvement in the ability of perform exercise has seldom been obtained. The
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maximal oxygen uptake (VO, max) during exercise has been shown to increase in about
half the studies in which it has been measured-, but this may have resulted from better mo-
tivation and effort after the exercise program (i.e., a psychologic benefit).

We sought to determine if a physiologic training effect could be obtained in patients
with COPD, specifically whether the ventilatory requirement for exercise of COPD pa-
tients could be reduced in the same way as in healthy subjects. We also sought to deter-
mine whether it was crucial that they train at high exercise intensity. Nineteen subjects
were studied” who met the entry criteria that they experienced elevated blood lactate lev-
els during maximal exercise. Exercise testing, including arterial blood gas and lactate
analysis, was performed before and after training. The training consisted of five sessions
per week for eight weeks. To determine the effect of exercise intensity, one group exer-
cised for 45 minutes per day at high intensity, while the other group exercised at a lower
intensity but a longer duration. Participants had predominately moderate disease. The re-
sponses to incremental exercise tests were marked by a moderately reduced exercise toler-
ance and an extraordinarily early onset of lactic acidosis (at an oxygen uptake averaging
approximately 0.7 liters/min). Thus these patients had the added ventilatory stimulus of
lactic acidosis at very low work rates. Training had a clear effect on this early onset of lac-
tic acidosis. The onset of blood lactate increase was delayed and lactate was lower at any
given level of exercise. This had a measurable effect on the ventilatory requirement for
exercise. During both incremental and constant work rate exercise, ventilation was lower
for a given exercise stress. The averaged results show that, for a given level of exercise,
lactate, ventilation, CO, output and heart rate were lower after training. This was much
more pronounced for the group that trained at the high exercise intensity. As we had seen
in healthy subjects, the decreases in ventilation were well correlated with the decreases in
blood lactate. We conclude from this study that COPD patients can achieve a training re-
sponse, and that the reduced lactic acidosis can reduce the ventilatory requirement for ex-
ercise as long as the training intensity is high.

These results lead to an important question. Is it necessary to triage patients who
present for pulmonary rehabilitation into two groups? One group, who were shown capa-
ble of increasing blood lactate during exercise, would be encouraged to participate in a
rigorous training program with the aim of reducing the ventilatory requirement for exer-
cise. Patients who were unable to increase blood lactate levels would be assigned to an-
other group, engaging in an exercise program aimed only at acquiring psychologic
benefits. It seems likely that many patients with very severe disease who experience intol-
erable dyspnea when they progressively hyperinflate with exercise would likely be triaged
into the latter group. Patients of this type constitute an appreciable portion of those reha-
bilitated in the United States.

We recently completed a study designed to determine whether reduction of lactic
acidosis was the only mechanism by which exercise training could engender a reduced
ventilatory requirement for exercise’. A total of 51 patients with severe COPD (average
FEV, = 0.9) participated in a rehabilitation program featuring either a “traditional” exer-
cise component (26 patients) or a rigorous training program consisting of 45 minute ses-
sions of cycle ergometer exercise 3 times a week for 8 weeks at work rates targeted to be
near maximal targets 16 and advanced as tolerated during the training period. Preliminary
results show that the group that underwent the rigorous training program, but not the
group who engaged in the “traditional” exercise component, had substantial increases in
exercise tolerance as assessed during formal exercise testing (e.g.V O,max increased by
an average of 16%). Further, in response to identical work rates, the level of ventilation
was lower after the rigorous training program. The lower ventilatory requirement for exer-
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cise has been tentatively ascribed to a lower V/V; after training - due not to improved
ability of the lung to transport gas but to a more efficient slower deeper pattern of breath-

ing.

5. CONCLUSION

These results lead to the tentative recommendation that all patients with lung disease

who are able to safely engage in a training program be encouraged to do so. We should
seek to perfect physiologically-based principles of exercise prescription which will allow
optimization of exercise tolerance of patients disabled by lung disease.
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1. INTRODUCTION

A consequence of most cardiovascular diseases is exercise limitation. The main
causes of exercise intolerance are angina pectoris due to myocardial ischemia, dyspnea in
congestive heart failure due to loss of muscle mass, and muscular dysfunction or valvular
disease. Besides the heart, peripheral arterial occlusive disease is a major cause for exer-
cise intolerance. Possibilities for drug therapy are limited in this disease.

2. ISCHEMIC HEART DISEASE

2.1. Nitrates

Angina pectoris is diagnostic of coronary arteriosclerosis if it regularly appears dur-
ing exercise, and can be alleviated promptly after sublingual application or inhalation of
nitrates. Application of nitrates, either nitroglycerin or isosorbidedinitrate, increases exer-
cise tolerance. Signs of ischemia in the electrocardiogram appear at higher exercise levels
than without the drug. Nitrates have manifold mechanisms of action. For example, there is
a reduction of preload due to venous pooling which reduces left ventricular end-diastolic
pressure and volume, leading to redistribution of blood flow from epicardial to endo-
cardial vessels. This is enhanced by coronary vasodilation, including collateral vessels at
rest and during exercise (2). Afterload reduction is achieved by dilatation of arteriolar re-
sistance vessels. The dominant role in improving exercise tolerance seems to be preload
reduction and modification of coronary vascular tone, also in diseased coronary vessels (4,
5). Reduction of blood pressure may lead to an increase in heart rate if short-acting ni-
trates with immediate efficacy are used. Long-acting nitrates are usually used to improve
exercise tolerance. Isosorbidedinitrate has been mostly used for this indication. The effi-
cacy of the oral route for this drug has been questioned as a result of animal experiments,
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since first-pass metabolites of the dinitrate - 2- and 5-isosorbide-mononitrate - were con-
sidered to be without hemodynamic effect (15). The first clinical trials on exercise toler-
ance and ischemic signs after application of both metabolites showed a significant positive
effect (20,21). In fact, these metabolites actually underlie the long-acting action of oral
isosorbidedinitrate. 5-isosorbidemononitrate (IS-5-MN) was developed as another long-
acting medication for the chronic treatment of myocardial ischemia. Its advantages are a
100% bioavailability with linear dose-response kinetics.

Tolerance to nitrates develops if one tries to maintain a constantly high plasma level
(1,23). A “nitrate-free interval” is recommended in chronic therapy (17). Even though ni-
trate-tolerance seldom is observed by the patient in clinical practice, it is advisable to
schedule drug administration for the time of the day when exercise is probable. Periods of
rest (e.g. evening and night) may thus be kept free of medication. Drugs in constant-deliv-
ery preparations, e.g. transdermal nitroglycerin patches, have been modified to provide
peaks and troughs in plasma concentration through interval-dosing regimens: patches can
be effective for 12 hours, and then taken off. Alternatively, dosing 20 mg IS-5-MN at 8
am and 3 pm can provide 12 hours of anti-anginal coverage and a 17-hour withdrawal pe-
riod. The latter has not been associated with significant time-zero or rebound effects (24).

2.2. Molsidomine

Molsidomine is a syndomine derivative with active metabolites SIN-1 and SIN-1A
having vasodilator activity, reflecting the release of nitric oxide via a direct increase of cy-
clic GMP. 1t is not dependent on sulfydryl groups and therefore avoids tolerance (3, 26).
Molsidomine reduces exercise ischemia in the same manner as nitrates do (12), since the
mechanism of action also involves release of nitric oxide.

The possibility of combining nitrates with other classes of anti-anginal drugs leaves
tolerance as a minor problem in the chronic treatment of patients with exercise ischemia.

2.3. Beta-Blockers

Beta-blockers are the second main pillar of anti-ischemic therapy as well as for all
other forms of ischemic heart disease. Beta,-selective agents are ususally preferred. Non-
selective beta-blockers tend to decrease the levels of high-density lipoproteins, while in-
creasing triglycerides and low-density lipoproteins. Newer beta-blockers with an
additional vasodilator activity, so-called “multiple action beta-blockers”, may have a more
favorable effect on serum lipoproteins, while maintaining their indications and efficacies
for ischemic heart disease. Celiprolol is a long-acting direct vasodilator with partial beta,-
agonist activity and low lipid solubility. In comparison to atenolol, it produces less of a re-
duction in heart rate, but seems to have equal anti-anginal activity (11).

Beta-blockers and nitrates complement each other in a favorable way. The tendency
of beta-blockers to increase preload is counteracted by nitrates which act to reduce pre-
load. The tendency of nitrates to increase heart rate, on the other hand, is typically more
than counteracted by beta-blockers reducing heart rate, this being the most usual effect.
The combination of both drugs increases exercise tolerance more than each drug alone.

2.4. Calcium Channel Blockers

Calcium channel blockers also improve exercise tolerance in ischemic heart disease,
but in a less obvious way than nitrates and beta-blockers. They often are co-medication for
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additional problems such as hypertension that is treated by calcium blockers of the dihy-
dropyridine type. The verapamil type of drug is used more often for patients with ischemia
(22), particularly if additional symptoms of atrial arrhythmias are present.

2.5. Loop Diuretics

The principle of preload reduction to improve mycardial exercise ischemia also
works with drugs other than nitrates. That is, the loop diuretics frusemide and piretanide,
intravenously applied, lower left ventricular filling pressure and reduce electrocardiog-
raphic signs of ischemia during cycle ergometer exercise (13,14). Since loop diuretics are
frequently used in patients with hypertension, they may have an additional anti-anginal ef-
fect if exercise ischemia is present.

2.6. Ace Inhibitors

Angiotensin-converting enzyme (ACE) inhibitors, such as captopril and benazepril,
may decrease the number as well as the duration of ischemic episodes in patients with is-
chemic heart disease, although not affecting exercise training responses (10, 25). They are
not standard therapy for anginal patients, unless hypertension and/or congestive heart fail-
ure are present.

Angina Pectoris results from ischemia of heart muscle. Consequently, pharma-
cologic agents that improve blood supply to the heart improve exercise tolerance. The dif-
ferent mechanisms used for this goal are summarized in Table 1.

3. CONGESTIVE HEART FAILURE

To establish a positive effect of drugs on exercise tolerance in congestive heart fail-
ure is more difficult. The application of digitalis glycosides yields the most dramatic ef-
fect in patients with atrial fibrillation and therefore a greatly increased heart rate. Studies
for treatment of congestive heart failure have mostly concentrated on reducing mortality.

Table 1. Drugs improving exercise tolerance by different pathophysiologic mechanisms reducing
exercise-induced ischemia

Calcium Calcium Antagonists
Antagonists A: B: Dihydro-pyridine
Nitrates Beta-blockers Verapamil type type
Heart rate increased reduced reduced increased
Contractility 0 reduced reduced 0
Systolic wall tension
a) LV-Volume decreased
b) LV-Pressure decreased decreased decreased decreased
Coronary bloodflow: improved by improved by improved by improved by
a) DBP - LVEDP reduced LVEDP
b) Coronary vascular reduced, large vessels reduced reduced
resistance
c) Diastolic duration prolonged prolonged

LV = left ventricle, DBP = diastolic blood pressure, LVEDP = left ventricular end-diastolic pressure
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Lately, improvements of exercise tolerance are more frequently determined not only in
terms of NYHA classes, but also with measurements of the duration of a walk on the
treadmill. Whether the significant increase of walking time in a range of 30 to 80 seconds
truly reflects the state of exercise tolerance in daily life may be an open question. Patients
must be monitored for other symptoms as well.

For improvement of congestive heart failure consequent to loss of contractile muscle
mass (myocardial infarction) or severe dysfunction of cardiac muscle (dilated
cardiomyopathy), two principles may be applied. Improving contractile function of the re-
maining heart muscle is one alternative. Afterload reduction is the other.

3.1. Contractile Stimulation

Digitalis glycosides are the oldest and most prominent agents for the goal of con-
tractile stimulation. Recent studies on ACE inhibitors defined their role in chronic treat-
ment more clearly. During the last 15 years, the application of small doses of
beta-blockers has been successful in making heart muscle more sensitive for sympathetic
stimuli and thus improving contraction. When titrated carefully from very low doses and
used with a firm commitment to long-term treatment, beta-blockers have been shown to
prevent further deterioration of heart failure and to improve hemodynamics, exercise tol-
erance, quality of life and prognosis (18). Among newer beta-blockers, carvedilol (which
has vasodilator properties) improves cardiac function but only tended to increase exercise
tolerance (16). Due to difficult dosing and the necessity of close monitoring, wide accep-
tance of this regimen is lacking.

Stimulation of dopaminergic DA,- and DA, -receptors with an orally applicable
drug, ibopamine, is a new procedure for stimulating myocardial contraction. Low doses
appear to exert beneficial neurchormonal, hemodynamic and renal effects, without in-
creased inotropic effects. Improved exercise performance has been documented in mild to
moderate heart failure (19), but not always on long-term medication (7). Renal effects
with equal pre- and postglomerular filtration appear to be primarily due to its systemic
hemodynamic effect (8).

Phosphodiesterase III inhibitors like enoximone and similar substances have been
used thus far mostly in very severe congestive failure, when survival but not exercise tol-
erance is the aim of therapy.

3.2. Afterload Reduction

3.2.1. Ace-Inhibitors. The second principle is directed towards reduction of the work of
the heart for a certain workload. ACE inhibitors are established therapy for systolic dys-
function. Nitrates, diuretics, alpha-blockers were previous schemes for this concept of
myocardial workload reduction. Comprehensive studies of ACE inhibitors first compared
their effects to, or in combination with, digitalis glycoside. This yielded the result lacking
for so long that digitalis is beneficial in patients with congestive heart failure and sinus
rhythm. Newer studies indicate that ACE inhibitors deliver clinical benefit including im-
proved exercise tolerance also without additional digitalis therapy (6).

3.2.2. Calcium Channel Blockers. This group of drugs should also be suitable agents to re-
duce afterload. Newer drugs like Amlodipine, Felodipine, Isradipine, Nicardipine and
Nisolipine have a higher vascular selectivity, lower negative inotropic effect and less pro-
nounced cardiovascular counter-regulation than first-generation calcium channel blockers.
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Also, verapamil has been used for pronounced diastolic dysfunction. Results are mixed.
Felodipine, one of the newer substances, has not been shown to be of benefit in patients
with mild to moderate heart failure (9). The general use of calcium channel blockers for
congestive heart failure might emerge from new studies under way with several of these
drugs (27).

4. CONCLUSIONS

Drug therapy to improve exercise tolerance is easy to ascertain and well treatable in
exercise-induced myocardial ischemia. In congestive heart failure this is not the case.
Walking time on a treadmill is a possibility, but more specific methods such as the meas-
urement of oxygen uptake and the observation of symptoms over longer periods should be
employed.
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EXERCISE TOLERANCE IN PATIENTS WITH
LEFT VENTRICULAR DYSFUNCTION
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1. INTRODUCTION

In normal subjects maximal exercise during standard incremental exercise tests is
usually limited at a point where delivery of oxygen to the periphery is maximal. This point
is called maximal oxygen uptake, defined as the rate of oxygen uptake where a further in-
crement of workload leads to further anaerobic metabolism, but no further increase in oxy-
gen utilisation. In normals this point is also the point at which cardiac output is maximal.

In patients with chronic heart failure increasing cardiac output by infusion of posi-
tive inotropic agents does not increase exercise tolerance (50), suggesting that peripheral
factors limit exercise in this syndrome. In heart failure patients already performing maxi-
mal leg exercise, the recruitment of extra exercising muscle by the addition of arm exer-
cise leads to an increase in oxygen uptake, whereas in controls the oxygen uptake is
already maximal and does not increase with this manoeuvre (24). This indicates that it is a
limitation in the peripheral utilisation of oxygen rather than its delivery which is deficient
in heart failure.

An extensive literature has described abnormalities in peripheral biood flow control
and in endothelial function as well as in skeletal muscle mass, histology, metabolism and
function in chronic heart failure (21, 49). These changes acting alone, or in combination,
lead to early muscle fatigue and dyspnoea, and may even lead to progressive left ventricu-
lar dysfunction via their effects on reflex vasoconstriction and sympatho-excitation (12).
The most appropriate therapeutic strategies for treating these abnormalities remain un-
clear.

It is known that training can enhance exercise performance and in normal subjects
this increase owes more to adaptations in the periphery, including peripheral vascular and
skeletal muscle function, than it does to any change in cardiac or lung function (6). These
observation raise the possibility that exercise training could improve the peripheral factors
limiting exercise tolerance in patients with heart faiture and left ventricular dysfunction.
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edited by Steinacker and Ward, Plenum Press, New York, 1996 287




288 A. J. 8. Coats

2. EXERCISE LIMITATION IN CHRONIC HEART FAILURE

2.1. Left Ventricular Function and Cardiac Output

Chronic heart failure is a multi-system syndrome in which the initiating cause is a
reduction in cardiovascular functional reserve, but in which a variety of pathophysiologi-
cal abnormalities develop in other organ systems (38). Numerous studies have failed to
demonstrate any significant correlation between objective measures of left ventricular
function and exercise tolerance (22) (Fig. 1). Attempts to improve exercise tolerance by
increasing cardiac contractility or by the use of haemodynamically active agents which
augment cardiac output have not led to any acute increase in exercise tolerance (19).
These results suggest, at least in the well treated non-oedematous patients with chronic
heart failure, that limited cardiac output is not acutely limiting exercise tolerance.

2.2. Peripheral Blood Flow

It has been known for many years that patients with heart failure exhibit a sub-nor-
mal peripheral blood flow response to both vasodilator medication and to exercise (51).
The early studies investigated patients with oedematous heart failure, and were performed
before the introduction of vasodilator therapy such as the ACE inhibitors. The putative ab-
normalities which were thought to produce this limited blood flow included persistent ex-
cessive vasoconstrictor drive, a sub-clinical oedema of the resistance blood wvessel
endothelial layer and a relative paucity of peripheral blood vessels. More recently the en-
dothelial-derived vasodilator and constrictor systems have been shown to be abnormal in
heart failure, with a reduction in the nitric oxide vasodilator system and an enhancement
of the vasoconstrictor endothelin system (20). Exactly how these more recently described
abnormalities fit into the earlier experimental results remains uncertain. In addition, with
the more widespread use of ACE inhibitors and with better control of oedema the reduc-
tion in blood flow is much less evident. '

One other confounding factor is the effect of skeletal muscle wasting, which in this
condition can be severe (32). When there is less muscle in a limb, it is inevitable that the
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Figure 1. Individual and mean (+ SEM) patient upright exercise durations for baseline, training and detraining pe-
riods in 17 patients with stable chronic heart failure, *** represents p<0.001 for the comparison between training
and detraining periods, n=17. Reproduced from Ref, 11 with permission.
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total blood flow to the limb will be reduced, even if the blood flow per unit muscle mass is
normal. In studying peripheral blood flow in heart failure there are different techniques
used by different groups of workers. Whether the blood flow is measured as absolute flow
(such as with thermodilution or Doppler ultrasound methods) or proportionate blood flow
(such as with venous occlusion plethysmography or radio-labelled Xenon washout) may
lead to different conclusions as to the relative importance of blood flow limitation. When
expressed as blood flow per unit active muscle mass and measured in optimally treated pa-
tients the reduction in maximal achievable blood flow is not pronounced, but there may be
a relative reduction in exercising blood flow due to the abnormalities described above
when the competing demands of blood flow are tested by progressive exercise. What can
be said, however, is that even when blood flow is taken out of the equation, such as by
studying ischaemic exercise tolerance or by augmenting flow by acute administration of
vasodilators, then exercise performance and muscle metabolism in heart failure remain
profoundly abnormal. Wilson et al. have also recently demonstrated that a proportion of
well treated heart failure patients have markedly reduced exercise tolerance, and evidence
of early muscular lactate release despite normal skeletal muscle blood flow (49). This
shows, that at least in some patients an inherent defect in skeletal muscle metabolism in-
dependent of blood flow is operative.

2.3. Skeletal Muscle Function

A variety of skeletal muscle abnormalities have been described in the syndrome of
chronic heart failure. These include disordered histology, although without a specific char-
acteristic pattern. Ultrastructurally the mitochondria are abnormal with reduced cristae
and depleted oxidative enzymes. In addition there is a shift in fibre type distributions with
a predominance of type IIb over Ila fibres (41) similar but not identical to that seen in se-
vere deconditioning.

Metabolic abnormalities have also been described, including early dependence on
anaerobic metabolism, excessive early depletion of high energy phosphate pools, and ex-
cessive early intra-muscular acidification (33). These changes are thought to be in excess
of those attributable to muscle wasting or to deficient blood flow, and may be partially ex-
plained by enzymatic changes described in biopsy specimens. These include a reduction in
citrate synthase, and beta hydroxy acyl transferase (41). No one as yet has adequately ex-
plained the cause of these abnormalities although deconditioning is likely to play a role in
some cases. The demonstration of insulin resistance (45), elevated levels of tumour ne-
crosis factor-a, and excessive noradrenaline levels in heart failure may also contribute to
skeletal muscle abnormalities which in a severe form are associated with the catabolic
state of cardiac cachexia (2).

At a functional level, there is a reduction in the maximal strength of muscle, al-
though perhaps only evident when substantial wasting has occurred, and an early fatigu-
ability. The relative importance of wasting versus qualitative muscle changes remains
uncertain. At the macroscopic level, skeletal muscle wasting is seen even in early heart
failure, and can be profound. The syndrome of cardiac cachexia has been recognised since
ancient times, and in some cases appears to be due to an auto-catabolic process associated
with immune cytokine activation and loss of normal anabolic function. Anorexia and in-
testinal malabsorption may also play a role in some patients. Whatever the mechanism,
there does appear to be a reasonable correlation between defects in skeletal muscle and
objective exercise limitation in patients with CHF (46). These changes are likely to lead to
early muscular fatigue and cessation of exercise because of this symptom.
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2.4. Respiratory Muscle Function

Respiratory musculature is abnormal in CHF in a manner similar to skeletal muscle,
although it has been far less well studied. Early muscle deoxygenation and the possible
development of respiratory muscle fatigue have been described (29, 31). These changes
may lead to unpleasant symptoms of dyspnoea in their own right, or to the need for exces-
sive ventilatory effort, to inefficient ventilation with ventilation/perfusion mismatch or to
a combination of alterations which lead to dyspnoea. Although the respiratory muscle
changes in heart failure are similar to those in skeletal muscle it has been argued that these
at least are unlikely to be due to the effect of inactivity alone. Cytokine or neuro-endo-
crine catabolic effects are more likely to be causative in this setting.

2.5. Symptoms Limiting Exercise

Exercise in CHF is usually limited either by fatigue or dyspnoea and the cause of
each has until recently been considered quite separate. Studies of different modes of exer-’
cise have shown, however, that the same patient can be limited by different symptoms
with subtle changes in the exercise testing procedure, and furthermore that patients limited
by each of these two cardinal symptoms do not differ in any their clinical or pathophysi-
ological characteristics (28, 8). These observations suggest that the generation of these
symptoms cannot be neatly attributed to different pathophysiological processes, and sug-
gest that we should look in greater detail at the cause of the limiting symptoms.

Regarding the cause of dyspnoea, it has been recognised that elevated pulmonary
pressures and pulmonary congestion cannot explain the generation of the symptom in
well-diuresed patients. The symptomatic limitation does, however, appear to show a good
correlation with the increase in exercise ventilation seen, even when corrected for the
carbon dioxide output (4). Thus there is an increased slope in the relationship between
ventilation and carbon dioxide output during progressive exercise. The cause of this is un-
known although ventilation perfusion mismatch has frequently been proposed (42). This is
unlikely to be the sole or predominant cause for there is no obvious abnormality in arterial
blood gases during exercise in CHF (7). An alternative explanation is that there is an en-
hanced sensitivity of ventilatory control mechanisms to progressive exercise in CHF. Two
reflexes with enhanced gain in CHF are the arterial chemoreceptors and the muscle “er-
goreflex” system (37, 5). Both reflex abnormalities could explain increased ventilation
and abnormal sensitivity to dyspnoea during exercise. Ergoreflex hyperactivity, in addi-
tion, could link the abnormal skeletal muscle metabolism described above to the ventila-
tory and respiratory-sensation abnormalities seen in CHF. It could also explain why
dyspnoea and fatigue are so difficult to separate in CHF: both may be due to early skeletal
muscle metabolic distress during exercise, and both may be sensations carried by the same
ergoreflex neural afferent fibres. An overactivity of these fibres and the resultant reflex re-
sponses has recently been described in CHF.

Fatigue is much easier to explain. Whether muscle blood flow be limited or muscle
metabolism be abnormal the signals from the muscle are perceived as muscular fatigue. It
is not known which afferent fibres carry this sensation to the cortex and whether blood-
borne chemical messengers also contribute. The best candidate neural afferents are group
III and 1V fibres, which incidentally are the same fibres implicated in mediating the er-
goreflex responses. The chemical triggers for these afferents are unknown but there are
suggestions that muscular potassium, adenosine or even stretch receptors responding to
flow augmentation may play a role.
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3. THERAPEUTIC OPTIONS TO IMPROVE EXERCISE
TOLERANCE

3.1. Pharmacological

Diuretics will improve symptoms in grossly oedematous patients but where no pul-
monary congestion is present there is no evidence that they improve exercise capacity.
Digoxin can, at least in the short term, improve exercise capacity, although whether this is
due to positive inotropic effects is uncertain. It has a major a role in the presence of atrial
fibrillation as it can prevent an excessive tachycardic response. ACE inhibitors improve
prognosis in CHF (13—39). Their ability to improve exercise tolerance, however, is less
dramatic, and the effect is slow (19). Some orally acting positive inotropes can increase
exercise capacity in the medium term, but usually at the expense of increased mortality
and disease progression, so that their use is extremely limited (36, 15). There is increasing
interest in the potential role of beta blockers in heart failure, but despite suggestions of
beneficial effects on prognosis no convincing improvement in maximal exercise capacity
has been demonstrated, although sub-maximal endurance exercise may be improved (47).

3.2. Non-Pharmacological

Cardiac transplantation can improve exercise capacity but only after a considerable
delay, and it may require some exercise training of the periphery before the exercise intol-
erance is overcome. Training alone has repeatedly and convincingly been shown to in-
crease exercise capacity and reduce exercise limiting symptoms in CHF (9).

3.2.1 Exercise Training Prescriptions in Chronic Heart Failure. Patients with left vetricu-
lar dysfunction in the absence of the symptoms of were shown to achieve significant im-
provements in exercise tolerance after participation in a rehabilitation exercise programme
(48—16). This was extended to patients with mild to moderate heart failure with demon-
strations of improved exercise tolerance, leg blood flow and parameters of ventilatory
function after many months of training in uncontrolled retrospective reports (44, 43).
These findings were confirmed in patients with stable class II-III heart failure in a control-
led comparison of training versus rest (10), even after as little as 8 weeks of training, exer-
cising at 60-80% of peak heart rate for 2060 minutes 3—5 days per week. These results
have been confirmed in many subsequent reports evaluating the mechanisms of the train-
ing-induced improvements in exercise capacity.

Training studies to date have been mainly restricted to classes I-III. Class IV pa-
tients have been thought to be unable to perform sufficient exercise to obtain worthwhile
training effects, at least for whole body dynamic exercise training. The possibility of
building up a training effect by the use of single limb training regimes in sequence may
have applicability to these more limited patients (26), and this is now an area of consider-
able research interest. Left ventricular ejection fraction per se does not appear to be a rea-
son to prohibit exercise training, as the majority of the benefits are probably mediated via
training effects in the periphery, and no trial to date has shown any change in ejection
fraction, either beneficial or detrimental. For whole body training the evaluation of maxi-
mal oxygen uptake is probably a better guide to the possibilities of exercise training. A
maximal oxygen uptake of less than 10 ml/kg/min is probably the lower limit to allow
whole body dynamic training to take place.
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3.2.2 Aetiology of Heart Failure. It remains possible that some rare forms of cardiomyo-
pathy may show an adverse response to exercise training; these include obstructive valvu-
lar disease especially aortic stenosis, obstructive hypertrophic cardiomyopathy or active
myocarditities either viral or auto-immune. These conditions should remain contra-indica-
tions to exercise therapy.

3.2.3 Choice of Training Regime. It is too early to say how much exercise patients with
heart failure should undertake, or which is the best form of exercise; dynamic, isometric
or a combination. Patients should be very carefully assessed prior to undertaking exercise
training. A full cardiological examination is necessary including tests for the aetiology of
heart failure, and the exclusion of active myocarditis or obstructive cardiomyopathy. Any
patient exhibiting decompensation of their heart failure should reduce exercise activity
and exercise should cease during the episode. Similarly exercise should cease during any
inter-current viral or febrile illnesses. Any patient exhibiting exercise-induced serious ven-
tricular arrhythmias should only exercise under supervision and monitoring.

4, EXERCISE TRAINING EFFECTS IN CHRONIC HEART
FAILURE

4.1. Left Ventricular Function and Cardiac Output

There has been a suggestion of improved maximal cardiac output in some but not all
reports of training in heart failure. No effect on left ventricular ejection fraction has been
reported in stable chronic heart failure, although conflicting results have been seen with
training in the immediate post-infarct period with severe left ventricular impairment.

4.2. Peripheral Blood Flow

In normal subjects training is known to be able to increase endothelial. large vascu-
lar and resistance vessel function (34), and the improved exercise capacity after single
limb training undoubtedly depends in part on augmented skeletal muscle blood flow. Al-
though not exhaustively studied in heart failure there is evidence that training can reduce
peripheral vascular resistance and increase skeletal muscle blood flow (43). Whether this
is predominantly by reducing vasoconstrictor tone, by improving large vessel function or
by enhancing endothelial vasodilator function is not known.

4.3. Skeletal Muscle Function

Partial corrections of skeletal muscle abnormalities have been demonstrated after
training in heart failure (35-3). These have been seen in single limb and whole body train-
ing, in histology, mitochondrial structure (23), oxidative enzymes, magnetic resonance
spectroscopy and in both human and animal studies. Although it is likely skeletal muscle
wasting can be reversed this has not as yet been documented. The relevance of skeletal
muscle improvements to improved exercise tolerance has not been proven despite the
likely interaction. The over-activity of the skeletal muscle ergoreflex effects on haemody-
namic and ventilatory control during exercise are partially corrected by single limb train-
ing (37).
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4.4. Respiratory Muscle Function

Specific respiratory muscle training has been reported in chronic heart failure, with
specific benefits and being associated with improved exercise tolerance (30). Whether part
of a generalised training effect with whole body dynamic exercise or as a specific respira-
tory muscle training regimen, this appears to be a useful effect.

4.5. Autonomic Nervous System Activity

Exercise training reduces the activiy of the sympathetic and renin angiotensin sys-
tems in both normal subjects and in atients with heart failure. Abnormailities in norad-
renaline spillover, heart rate variability and exercise heart rate responses are at least
patially corrected (11, 25).

4.6. Symptoms Limiting Exercise

Exercise training in heart failure reduces the sensations of both fatigue and dysp-
noea, as part of its exercising enhancing effects (11). Although the precise mechanism is
unknown it is likely that it is the reversal of the abnormal peripheral pathophysiology
which limits exercise in the first place which is the mechanism of this symptomatic im-
provement. Paramount in this effect is likely to be the profound effects on skeletal muscle
function and the muscle ergoreflex. Objective improvements have been noted in both
skeletal muscle function and in the control of ventilation during progressive exercise (44,
18).

5. CONCLUSIONS

Exercise training, especially as part of a comprehensive cardiac rehabilitation pro-
gramme, can increase exercise capacity in compensated stable non-oedematous chronic
heart failure. It is associated with improvements in peripheral vascular, muscular and me-
tabolic function. Indices of sympatho-vagal balance may be improved and this suggests a
potential protective role in the progression of left ventricular dysfunction and the symp-
toms of heart failure.
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1. INTRODUCTION

Stimuli used to probe the acute physical/physiological response to exercise are well
known and characterised so that the pattern and size of their effect may be used diagnosti-
cally with some precision (21,22). There is no similar precision of thought on training. Al-
though most training studies show the generally positive benefit of exercise, there is no
formal training theory developed for exercise such as the type, quantity or pattern of a
training stimulus necessary to produce a prescribed measured effect and the field remains
empirical and fallible. Conflicting data on physical, physiological and biochemical meas-
ures may be widely observed in studies of the effect of a reduced, maintained, increased or
terminated stimulus in a subject undertaking training (4,5,9-12,14). In clinical studies
definition of a threshold level of training for reducing such symptoms as sedentary afflic-
tions (8,16), high plasma cholesterol (18) or moderate to medium hypertension (6,20) is
still qualitative, expressed variously, in units of distance covered, time spent, or intensity
of effort in training and a complex periodisation system specifying the allocation of train-
ing time to various levels of activity and relative rest/detraining. Without a theory of train-
ing, such empirical investigations remain imprecise and their conclusions speculative and
argumentative. A unique feature of the new theory is the proposal of an appropriate quan-
titative, unit measure of training which must be defined and adopted so that quantitative
study of the training response to a stimulus may be unambiguously conducted. The idea
will be developed and rationalised further in this paper.

Perhaps the most insightful analysis of the effect of training on physiological bio-
chemistry is contained in a series of papers between 1977 and 1988 authored respectively
by Booth (2), Terjung (19), Dudley et al. (7) and Mader (13), and illustrated in Figures 1
to 4.

Booth discussed the shape of the response curve of cytochrome ¢ concentration in
muscle to both a step and ramp change in the duration of daily training. He demonstrated
(Fig. 1) the characteristic single exponential rise of an induced biochemical variable to a
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Figure 1. Growth of muscle cytochrome c diie to a step and ramp increment in daily duration of training. Repro-
duced from Ref. 2 with permission.

steady-state asymptote for a large step increment in the duration of training with intensity
of training presumably held constant, throughout a period of 43 days (d). Analysis of the
physiological or biochemical change induced by the ramp dose also shown in Figure 1 is
less easy to appreciate and quantify since the dose is always changing and although the
underlying kinetics of change are the same (i.e. exponential), the character of the stimulus
(e.g step, ramp) dictates the shape of the response curve rise towards the asymptote. The
amplitude response of cytochrome ¢, to the same total dose of training in the step and
ramp, is best estimated therefore from the pattern of response to the step increase in train-
ing stimulus. Thus, in Figure 1, the amplitude response of 14.5 nmol/g cytochrome ¢ may
be estimated from the step training increment after as little as 28 d of training compared
with 43 d for the ramp pattern. Terjung confirmed the shape of the response curve of mus-
cle cytochrome ¢ of two different muscle types (a.c) to training, as rising to an asymptote
in approximately 28 d when induced by a constant training stimulus (4 curves: Fig. 2, top
and bottom ). In this study Terjung also demonstrated the exponential shape of the decay
curve of cytochrome ¢ to removal of the training stimulus. Interestingly in both of the re-
covery curves (C curves: Fig. 2, top and bottom) recovery begins from a higher concentra-
tion of muscle cytochrome ¢ than was demonstrated in animals sacrificed at the end of
training. This protein excess at the onset of detraining or recovery is consistent with
Mader’s theoretical modeling described below, of excess protein production at the onset
of the “off training” signal.

Dudley et al. (Fig. 3) showed that the asymptotic nature of growth in cytochrome ¢
concentration was more sensitive to the metabolic intensity of the training stimulus than
simply to its duration. Training carried on for longer than 45-55 min in a session is shown
to be ineffective in inducing a greater muscle cytochrome ¢ concentration without an ac-




Clinical Dose-Response Effects of Exercise 299

.. G
- 19,80 5 t',8.1

D

l‘lz 7.0 t 112 8.6

g S DS T O T T TOR D S T A A Y Y B

12 24 36 480 12 24 36 4
6 18 30 42 6 18 30 42
(

'y 6.2
Cc

Cytochrome ¢ content (nmol/g)
o

t'55.1

T 11 1 | SN . ¢t 1 31

0 12 24 36 480 12 24 36 48

6 18 30 42 6 18 30 42
Times (days)

1

Figure 2. Growth of muscle cytochrome ¢ to daily training. Reproduced from Ref. 19 with permission.

30
29 - ft/’__l_
28 —
527—/IE/II/4I/é
> 26 —T1
$asi j/ /AL
=2 =
) i
8 21
%20_2/ Vggtdus

i I I
30 60 90

RUN TIME (MINUTES / DAY}

Figure 3. Growth of muscle cytochrome ¢ because of increased duration and intensity of training. Reproduced
from Ref. 7 with permision.




300 E. W, Banister et al.

companying increase in the intensity of training shown by the running speed symbols:
slow (o) to fast (A).

Mader’s elegant theoretical work (Fig. 4) is perhaps of most significance to the cli-
nician and exercise physiologist seeking to develop a dose-response theory of training.
Mader proposed that the muscle cellular metabolic “on” response to a step-increase in
training, sufficient to stimulate adaptation, is first disruptive to muscle, producing protein
specific fragments (PSFs), visible in the circulation (identifiable as a protein “dump”)
which induces expression of muscle cell mnRNA.

Subsequently, a phase-lagged growth of sufficient new protein to enable adaptation
to the new metabolic demand on the cell is achieved. The decline and growth of all the
metabolites shown in Figure 4 is characterised as exponential by Mader. The “off”” meta-
bolic stimulus signal produces a second protein “dump” to the vascular space, despite the
immediate cessation of the enhanced metabolic demand, due to a reverse, phase-lagged,
exponential decay in cellular metabolic activity to baseline. This mechanism may account
for the cytochrome ¢ rebound shown in Terjung’s data.

2. ARATIONAL THEORY OF TRAINING

A theory of training must define several elements: (a) the unit of measurement in
which training is expressed must be rationalized; (b) the way in which a quantity of train-
ing affects responsive elements in a targeted organism must be hypothesised; and (c) the-
ory must be related to reality and the actual pattern of change in an organism defined by
the theory, produced by a defined quantity and pattern of a training stimulus, must mirror
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Figure 4. A large on-step increment in training for 25 d produces focal muscle disruption and a high loss of cellu-
lar protein (PSFs) which produces maximum activation (A) and expression of mRNA (VYss). A high cellular
mRNA content (Y) raises translation (VXass), ribosome formation (VXr) and content (Xr), which leads to cellular
protein (enzyme, structural protein) again coming into balance with the enhanced metabolic activity of the cell.
The off-stimulus produces a phase-lagged cellular protein overshoot and elimination. At this time, for a limited pe-
riod, performance will be high as the cell is removed from the disruptive effect of a high sustained training quan-
tity and fatigue decays rapidly. Reproduced from Ref. 13 with permission.
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closely the real pattern and amplitude of response of a relevant physical measure by the
organism (e.g. a criterion standard distance run).

2.1. Monitoring Training

Conventionally, training is defined qualitatively in terms of its frequency (n), dura-
tion (D) and intensity (I) of effort. There is currently no accepted formula for integrating
these separate entities into a rational expression of a training stimulus. Usually expression
of the volume (V) or quantity (Q) of training and the response to it, is arbitrarily assessed,
attributed independently to “n, D or I” and qualitatively discussed relative to each
(3,4,9,11,12,14,17).

2.2. Quantification of Training

Here, training is defined as a quantity w(t), expressed in arbitrary units (A.U.) per
training session, representing the integrated effect (expressed as a product) of the duration
(D) of training in min and the metabolic intensity of the effort (MI). The latter is com-
puted from the product of the exercise delta (A) heart rate ratio, (HRex - HRrest)/(HRmax
- HRrest), which is sometimes referred to as the fraction of the heart rate reserve, and a
metabolic intensity factor (Y) relating the A Heart Rate Ratio (AHRR) to the exponential
rise in a metabolic variable (blood lactate) as the heart rate increases, since the rise in
delta heart rate alone does not represent the concomitant degree of metabolic arousal (19).
Thus the quantity of training w(t) defined as the Training Impulse is:

w(t)=Dx AHRRxY )
where
Y = (exp) aAHRR (a = 1.92 in males, and 1.67 in females) 2)

Any number of periods within a session or any number of sessions/d or /wk conducted at a
different AHRR (Fig. 5) may be quantified in this way and integrated to provide a ses-
sional, daily or weekly total Trimp score but usually a daily graphical pattern of training
throughout a period (Figs. 9 & 10).

2.3. Physical Assessment of Training Effect: Criterion Performance
Measurement

The training response should be continuously evaluated from a subject’s perform-
ance on a standard physical running task at any distance up to 5 km. This is to assess the
fatiguing effect of training and to model the theoretical prediction of physical performance
from the daily training impulse against a pattern of real performance in order to validate
the theoretical concepts of the training theory (see Figs. 9 & 10 below). Running is a
weight-bearing endurance activity considered to be the best type of criterion performance
test (CP) to evaluate and provide feedback control of the fatigue developed by effective
training in many types of physical activity. For ease of scoring the CP, any run time is eas-
ily transformed to a points score by assuming that a run time ordinate Y (x) follows an ex-
ponential decay to some limit on a scale, where a world record (WR) scores 1000 points,
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Figure 5. Continuous heart rate recording of a variety of different quantities of training which may be charac-
terized by the product of the AHRR and duration of the specific time interval of the activity.

and a time 6 times slower than the WR scores 0 points. L is a defined limit to further im-
provement by even top class athletes (Fig. 6). Thus X the CP points score is given by:

X =1/bIn [(a- L)Y - L)] 3)

Then the exponential: ~ y = AeP*
where: y(x)=Y-L  and: Y = measured performance
(in appropriate units)
A=a-L CPWR = 1000 points
X = CP points EPP = 0 points
Thus: Y = Ae®*
Y-L =[a-L]e™ 1000

[Y-L = b 1000
a-L

N : Y-L
| Estimated Poorest tn a- l] =-b 1000
/ﬁ Performance.”a". (Units)

Criterion Performance a-L]_

World, Record (Units) ln[Y LT b 1000

Limit Estimate (Units)

Criterion Performance (Units) 1Y]

ala-L _1 a-L
l l > = 1000 l”[Y-L
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Figure 6. Method of calculating CP from a time trial, an estimated world record worth 1000 points for the dis-
tance run and a worst possible time (approximately 6 times slower than the world record) worth 0 points.
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2.4. A Theory of Training (Systems Model)

Figure 7 illustrates the main tenets of a training model developed previously
(1,3,15). In the model the training impulse, w(t), is transformed by model dimensionless
weighting factors, k1 and k2, to represent the training contribution to model fitness (g(t)
and model fatigue (h(t)), respectively. During the interval between training, each model
component decays exponentially with a typical decay time constant t1 and 12, to a resid-
ual value. Each transformed training impulse is added at the end of every new day’s train-
ing session to the previous day’s respective residual so that fitness and fatigue grow and
decay recurrently throughout a period of training. At any time, the difference between
model fitness klg(t) and fatigue k2h(t) represents predicted performance p(t):

p(t) =klg(t) - k2h(t) Cy
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3. QUANTIFIED EXPRESSION OF THE EFFECT OF TRAINING
ON PERFORMANCE

3.1. Format of Training

The step function training stimulus illustrated in Figures 1 to 4 seems both visually
and mathematically to be the best training format on which to base a quantified assess-
ment of the physical, physiological and biochemical response to training. The training the-
ory described here proposes that a step perturbation in training stimulus, sufficient to
induce a positive exponential growth response in a system’s physiological and biochemi-
cal variables, produces a decay in physical ability as training fatigue grows. Removal of
the stimulus induces a phase-lagged decay of the affected physiological and biochemical
variables back to the base-line condition concomitantly with an acute pronounced en-
hancement of physical performance as the accumulated fatigue of training decays much
faster than accumulated fitness because of cellular growth. The on/off block stimulus for-
mat of training allows precise study and characterization of the separate “on” and “off”
training responses.

3.2. Modeled Effect of Incremental Step Training Separated by
Detraining

Figure 8 demonstrates the theoretical, modeled, physical response, using the default
parameter vector k1= 1, k2 =2, 11 =45 d, 12 = 15 d, to two incremental 28 d blocks of
training each followed by a 14 d exponential decay in training. The initial decay in per-
formance mirrors the disruptive phase of tissue catabolism hypothesized by Mader and the
development of fatigue in the performer. Before the end of each training block, it is no-
ticeable that predicted performance begins to improve as it is constrained to do by the
mathematical relationship of the model parameters and as is suggested by the Mader
model when cellular protein production again begins to come into balance with the en-
hanced training demand. Once training is markedly reduced, the rebound in physical per-
formance above the baseline condition is as pronounced as is shown in the protein
rebound curve of Mader’s conceptual model. The transitory rebound in cytochrome ¢ con-
centration of muscle in heavily trained animals at the onset of the “off-training” signal
shown in Figure 2 (19) also probably reflects the increased metabolic potential accrued
from training.

3.3. On/Off Effect of Training on Physical Performance in a Triathlete

Figure 9 shows 160 d of a triathlete’s training in the stepped on/off format recom-
mended for the quantitative analysis of a training stimulus. The stepped block training
(bottom panel) is able to be less well defined in actual practice than in the idealized model
of Figure 8, but the on/off features seen in the model of training are easily recognizable.
Developing fitness and fatigue are shown in the middle panel. The top panel of the figure
shows the alignment of predicted performance from training (solid line) modeled to the
criterion performances shown by vertical bars. The athlete was prepared well for a short-
course triathlon competition on day 65, which he won. Then followed a period of heavy
training prior to a detraining period leading to an Ironman competition on day 112 when
again the athlete performed well (finishing in 9.75 hr). Preparation by the athlete on his
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own for another full course Ironman competition day 167 was poor. A low training den-
sity produced a devastating loss of fitness (midle panel: thick line), quite setting aside any
value of reduced fatigue (midle panel: thin line) which was un-needed at that point. The
athlete then increased the intensity of training, narrowing even further the gap between ac-
crued fitness and fatigue and reducing predicted performance. Performance on day 167
was predictably poorer (finishing time = 11.25 hr).
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Figure 10. Response of physical and biochemical variables to equal doses of training, each separated by 86 days

of non-training.
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3.4. On/Off Effect of Training on Physiochemical Variables

Figure 10 illustrates two very similar profiles of 28 d of training and detraining in a
subject separated by 86 d of non-training.

The decay of physical performance (bottom panel: vertical bars) and serum total
cholesterol (bottom panel: solid circles) during high-quantity training (concentrated in 2
sessions/d) is apparent. The dose/response effect on both the physical and physiochemical
measures in each of the two training and detraining periods is remarkably consistent.
While the training stimulus and muscle cytochrome ¢ growth have been shown to be in
phase, the relationship between both the physical and the physiochemical response to the
quantity of training undertaken in Figure 10 are clearly seen to be out of phase. It also
seems possible that individual variability in the model parameter vector proposed in the
current theory will negate efforts to apply group training methods when seeking the best
dose/response effect from exercise for the individual.
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1. INTRODUCTION

In patients with advanced stages of chronic venous incompetence, the disease usu-
ally causes a drastic reduction in or, as in the case of arthrogenic obstructive syndrome, an
almost total loss of the function of the calf muscle pump. The reduced venous drainage re-
sults in impaired cutaneous microcirculation with trophic disturbances of the skin, even to
the point of ulceration (1-3,5,6,8). In addition to optimized compression therapy and the
surgical elimination of the points of venous incompetence, a key therapeutic role is played
by active exercise therapy to improve ankle joint flexibility and strengthen the calf muscle
joint pump. ’

2. PURPOSE OF THE PRESENT STUDY

The goal of our study was the comparative determination of cutaneous microcircula-
tion in patients with CVI in Widmer stages I-III by measuring transcutaneous PO, (tcpO,)
and laser Doppler flux during a 26-week-long vascular sports programme.
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3. EXPERIMENTS

3.1. Patients

Thirty-two patients (12 women and 20 men) with an average age of 57 + 9 years
took part in a half-year study, involving a one-hour exercise therapy session twice a week.
Of the patients 17 had post-thrombotic syndrome and 15 a primary varicosis. The control
group was composed of 11 individuals in the same age range but with healthy veins.

3.2. Methods

The patients were examined at the beginning of the study and again after 26 weeks.
Haemodynamic tests to determine venous drainage performance included the measure-
ment of venous blood pressure and light reflection rheography. Laser Doppler flux meas-
urements were performed using a HeNe laser with a wavelength of 632 nm (Model PF2b
Periflux, Perimed, Stockholm, Sweden). The TCM2 oxygen monitor (Radiometer, Copen-
hagen, tcpO, at 43°C) was used for the accompanying tcpO, measurements. The examina-
tions were performed in an air-conditioned room at 22°C on the symptomatic leg of the
supine patient. The tcpO, probe was positioned at the edge of the ulcer. The perimalleolar
LDF probe was placed in the florid or healed ulcer area or, in the case of stage I and I pa-
tients, in the congested or indurated area proximal to the malleolus medialis.

4. RESULTS

17 of the 32 patients showed significant improvement in venous drainage after 26
weeks compared to the initial examination and were classified as responders. In the 10
CVI patients with florid ulcus cruris, there was a significant reduction of the size of the ul-
cer during exercise therapy from 817 mm? to 121 mm? after 26 weeks.

tcPO2
W LN
bl

25 3 1

205

15 3

103 _L

53 0% R T % weeks
healthy CVI 1 CVI I CVIIII

control

Figure 1. TcPO2-values at rest, measured at inner ankle area.
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Figure 2. LDF-values at rest, measured at inner ankle area.

The control persons with healthy veins (n=11) had an average resting tcpO, value of
48 mm Hg. Comparable tcpO, values were found in stage I CVI patients. Patients in stage
I already had a reduced oxygen partial pressure of 40 mm Hg, while stage III patients had
pathologically low resting values of 4 mm Hg. These values rose in the course of vascular
sports therapy to 50 mm Hg (+10 mm Hg) in CVI stage Il patients and 21 mm Hg (+17
mm Hg) in stage III patients. The average resting tcpO, value of all 32 CVI patients rose
during therapy from 36 mm Hg to 41 mm Hg.

The resting LDF value was 6 AU (arbitrary units) in the group of healthy controls.
In stage 1 CVI patients it was 8 AU, in stage Il 15.5 AU and in stage II 36 AU. After 26
weeks of vascular sports training the resting LDF signals dropped in CVI stage I from 8
AU to 5 AU, in stage II from 15.5 AU to 11 AU and in stage III from 36 AU to 32.5 AU.

5. DISCUSSION

Cutaneous nutritive perfusion at the lower leg does not differ appreciably between
CVI stage I patients and control persons with healthy veins. As the severity of CVI in-
creases, however, the measurable parameters reflecting skin microcirculation change
markedly. Franzeck (4) found considerably reduced resting tcpO, values in patients with
venous ulcers in comparison to normal persons. Partsch (10) and Jinger (7) were able to
confirm these findings and also found elevated resting LDF values. As a result of these
studies we know that the progression of the disease is accompanied by a worsening of cu-
taneous nutritive perfusion and a less favourable ratio of oxygenation to perfusion. In the
present study we were able to confirm the phenomenon that Partsch (10) called “hyperae-
mic hypoxia”, a flux increase with concomitant reduced oxygen partial pressurc. We were
able to achieve marked improvement of the disturbed perfusion/nutrition ratio in a 26-
week-long vascular sports programme. In the most severely affected patients in stage IIL,
the median resting perimalleolar tcpO, value increased fivefold during therapy from 4 mm
Hg to 21 mm Hg. On the average, the 26-week-long vascular sports programme reduced
inflammatory hyperperfusion in all 32 patients by half as indicated by the LDF signal,
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which dropped from 24 AU to 12 AU. The measurable changes were accompanied by an
improvement of clinical symptoms and a highly significant healing of venous ulceration.

6. CONCLUSION

All of the CVI patients, especially those in stage III, profited from sports therapy.
This was documented in a significant increase in tepO, as well as a reduction of inflam-
matory hyperperfusion. The improved flux/oxygenation ratio, indicating improved cutane-
ous nutrition, was visible in a highly significant reduction in venous ulceration. There
were no cases of clinical deterioration or complications during therapy. A special exercise
programme in combination with optimized compression therapy is indicated for CVI in all
stages and should become a fixed component of the total therapy concept for patients with
chronic venous incompetence.
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1. INTRODUCTION

Different studies have shown that the respiratory system can limit exercise perform-
ance. The maximal duration of exercise at 90-95% of maximal work capacity (W_ ) was
reduced in subjects who had fatigued their respiratory muscles just prior to the exercise
test by either breathing against an inspiratory load (8) or by hyperventilating at 66% of
their maximal voluntary ventilation (MVV) for 150 min (9). Respiratory endurance train-
ing in turn increased exercise duration at 64% of peak oxygen consumption (VO,) in sed-
entary subjects (2) and at 77% \702,peak in trained subjects (1), whereas exercise duration
at 90-95% W_ . was the same as before respiratory training (5, 10). These conflicting re-
sults with respect to improvement of endurance by respiratory training may result either
from different workloads at which subjects were exercising or from different respiratory
training regimes. For example, subjects breathing against resistance can improve respira-
tory muscle strength whereas subjects performing isocapnic hyperpnea increase respira-
tory endurance (7). It also seems possible that the specific breathing pattern adopted
during the respiratory training could influence the pattern adopted during subsequent exer-
cise. This would be of importance because breathing slowly and deeply is more efficient
than rapid shallow breathing during exercise.

Therefore, we investigated whether respiratory training performed at a low respira-
tory rate (f) and high tidal volume (V) leads to a more efficient breathing pattern during
exercise than respiratory training with a high f; and a low V. Also, we wanted to deter-
mine whether training with the slow, deep breathing pattern was more effective than rapid
shallow breathing training in prolonging constant work exercise after respiratory training.
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Table 1. Spirometric variables, respiratory endurance (RET) times and variables measured during
the incremental exercise test both before and after respiratory training (*p<0.05, ** p<00.01)

group V group F

before after before after
vC () 5.8%+0.7 6.0+0.7 57+08 6.0+£1.0
peak flow (Is™) 11.0£1.5 115+12 11.0%22 108+ 1.1
FEV1 (%) 90.8 £7.7 87.9+7.0* 88.0+9.4 88.3+10.1
MVV (I'min™) 201 3] 237 £ 33 ** 189+ 15 228 +23 *¥
RET time (min) 2.8+0.9 26.8 £ 7.5 ** 3.6%1.1 30.0 = 0.0 **
Wmax (W) 33725 33728 349 + 57 352+ 51
AT (W) 28325 284 +24 304 £ 49 297 £ 51
lactate at Wmax (mmol-1”") 10.8£ 1.6 89£22% 92£2.4 79+£1.8%

2. METHODS

2.1. Subjects

Twenty healthy, physically active, male subjects participated in the study. They
were randomly assigned to two groups (group V trained at high V., and low f,; group F
trained at low V.. and high fz). There were no differences between the groups in age
(26 £ 5 and 26 * 6 years, respectively), weight (68 = 7 and 71 + 5 kg), height (177 £ 6 and
181 £ 5 cm), vital capacity (VC), and MVV (Tab. 1). Apart from the additional respiratory
training, subjects were instructed to not change the amount of their habitual weekly physi-
cal training.

2.2. Equipment

Respiratory training was performed as isocapnic hyperpnea (achieved by partial re-
breathing). The respiratory endurance test (RET) was performed with the training appara-
tus while VE, V_, and f; were monitored with an ergo-spirometric device (OxyconBeta,
Mijnhardt BV, Bunnik, Netherlands). Spirometric variables (VC, forced expiratory vol-
ume in 1 s [FEV|], peak flow, and MVV) also were measured with the OxyconBeta. Cy-
cling tests were performed on a bicycle ergometer (Ergo-metrics 800S, Ergoline, Bitz,
Germany) while respiratory variables (VE, V5, and ;) were measured continuously with
the OxyconBeta. Blood lactate concentrations were measured using 20 pl blood taken
from an earlobe (ESAT6661 analyser, Eppendorf, Hamburg, Germany).

2.3. Study Design

First a W -test was performed. Subjects started cycling at 100 W, the load was
then increased by 30 W every 2 min. At the end of each step, blood lactate concentration
was measured. The anaerobic threshold (AT) was determined by averaging the ATs calcu-
lated by a modified heart rate deflection method (3), the ventilatory threshold method (11)
and the lactate deflection method (6).

At least 3 days later, a cycling endurance test (CET1) was performed. After 3 min of
cycling at 120 W, the work load was increased to the subject’s AT. Blood was taken every
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5 min to analyse lactate concentration. One day later, a respiratory endurance test (RET1)
was performed.

Following these tests, the respiratory training phase started. Subjects were training
at home for 30 min each day, 5 days a week, for 4 weeks. They came to the laboratory
once a week to control their respiratory training with the OxyconBeta system and to deter-
mine the weekly increase in target, either V. for group V or fp for group F. Subjects of
group V were training with a constant breathing frequency of 40 min”', increasing V:
from an average of 2.9 to 3.8 1. This group started with a mean VE of 113 + 18 I'min” and
increased VE up to 150 + 17 I'min”’ during the 4 weeks of training. Group F trained with a
constant V. which was individually selected between 2.2 and 3.4 1. They started their res-
piratory training with f; equal to 38 - 42 min”' which was increased up to about 60 min™".
This group started with a mean VE of 128 * 16 I'min"' and increased VE up to
171 £21 I'min”' during the 4 weeks of respiratory training.

After a break of at least 5 days, a cycling endurance test (CET2) was performed. The
following day the subjects performed a respiratory endurance test (RET2). 34 days later,
spirometric variables were measured, and the incremental cycling test was repeated to de-
termine W_ .

2.4. Statistics

Spirometric variables, W__ ., AT, and lactate concentration from before and after the
training period were compared using the paired Wilcoxon signed rank test. The Mann-
Whitney U-Test was used to compare data between the two training groups.

For comparison of steady-state values of cycling endurance tests, means of the 10"
to 14" min (7th to 11™ min of cycling at AT) were calculated for each subject. For blood
lactate concentrations, values at the 13™ min were compared. To test respiratory data, cy-
cling time, and lactate concentrations for significant changes after respiratory training,
Friedman’s analysis of variance was used. If significance was found, the paired Wil-
coxon’s signed rank test was applied. Results are given as means + s.d.

3. RESULTS

Effect of respiratory training with slow deep (group V) or rapid shallow (group F)
breathing on spirometric functions, respiratory endurance and maximal work exercise.

Effect of respiratory training with slow deep (group V) or rapid shallow (group F)
breathing on breathing pattern and blood lactate concentration during exercise, and on
constant work exercise duration.

4. DISCUSSION

4.1. Spirometry, Respiratory Endurance, and Incremental Exercise
Tests (Table 1)

Both groups significantly increased MVV by about 20 % and respiratory endurance
by over 700 % during the 4 weeks of respiratory training. This is in accordance with other
studies (1, 5, 7, 10). The 2 % reduction in FEV1 in group V is most likely not of physi-
ological relevance in the face of no change in peak flow and an increased MVV. The re-
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sults of the incremental exercise test demonstrate that subjects did not change the amount
of their weekly physical training and that respiratory endurance training does not affect
short-term maximal exercise performance. Similarly, in earlier studies, W_.. did not
change as a consequence of the respiratory training (1, 5, 10).

4.2. Cycling Endurance Test (Table 2)

The breathing pattern during exercise did not change after respiratory training in
either group but the cycling endurance time increased significantly by about the same
amount (group V 36 + 48 %; group F 28 + 31 %). One could reason that the breathing pat-
tern during respiratory training was not substantially different between the two groups,
nonetheless V. certainly was at a practicable maximum in group V (since respiratory
training needs to be performed at a high intensity, we could not increase V; above 60%
VC in group V). This compares well with ventilation during intensive exercise where \&
tends to plateau at about 65 % VC (4).

Since the breathing pattern during cycling exercise was similar in both groups after
respiratory training, our results suggest that prolongation of endurance exercise might be
the result of an increased respiratory muscle endurance rather than a change in breathing
pattern. Certainly, the decrease in blood lactate concentration could have affected endur-
ance exercise duration as well. However, since the decrease in blood lactate concentration
did not affect maximal performance in the incremental exercise test, we favour the possi-
bility that an improved respiratory muscle endurance was more important than reduced
blood lactate concentration in prolonging exercise endurance time after respiratory train-
ing. Only further studies can elucidate this issue.

Regarding the fact that some investigators have shown an increase in endurance
time after respiratory training (1, 2) and others did not (5, 10), the present study suggests
that this difference is probably due to different workloads at which exercise endurance
was tested rather than the effect of different respiratory training regimes.

Table 2. Respiratory variables and blood lactate concentration
during the 10™ to 14™ min of constant work exercise as well
as cycling endurance (CET) time (* p < 0.05)

CET, CET,
group V
VE (I'min’") 107.6 + 17.4 107.6 £22.7
VT (ml-breath™!) 2941 + 398 2978 + 439
f, (breaths'min™) 36.9+ 6.4 36.2+7.6
lactate (mmol1") 8.7£25 7.5+£24%
CET time (min) 19.1£49 26.0+14.0 *
group F
VE (I'min™) 109.9  17.6 114.8 £ 14.5
VT (ml-breath™) 3240 £ 625 3267 + 724
fy (breaths-min™) 35366 36.1£7.0
lactate (mmol-T"') 8.8+28 75426 %
CET time (min) 16.8 + 6.0 215+93%
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4.3. Conclusions

(i) Different breathing patterns during respiratory training did not predict the breath-

ing pattern that was adopted during the subsequent exercise. (ii) Exercise endurance time
was prolonged after respiratory training irrespective of the breathing pattern during train-

ing.
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1. BACKGROUND AND PURPOSE

The physiological determinants of the running speed, and its variation, that will
maximize an endurance athlete’s ability to succeed in winning a race are poorly under-
stood. One aspect of the physiological basis of race-pace strategy that has not received ap-
propriate consideration is that of the power-endurance time constraint.

Tt has been repeatedly demonstrated that the tolerance duration (t: sec) of high inten-
sity cycling is well characterized as a hyperbolic function of power (P: watts) with an as-
ymptote that has been termed “the fatigue threshold” (6;: watts), and a curvature constant
w' ().

(P-0p) - t=W (1a)

or
P=W'-(1/t)+0; (1b)
W' appears to represent a constant amount of work which can be performed above O, re-
gardless of its rate of performance. This is notionally equivalent to a constant energy re-
serve that may be utilized rapidly by exercising at high power outputs, or may be eked out

for longer durations by exercising at lower work rates. Recently, this hyperbolic P-t rela-
tionship has also been confirmed in runningl) and swimmingz) performance, when speed

The Physiology and Pathophysiology of Exercise Tolerance
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(V) is used instead of P. We therefore consider here the consequences of an athlete per-
forming the initial part of the event at a speed which is different from the constant rate
that would allow the performance time to be determined by the power-duration relation-
ship. We consider not only the power-duration constraints which limit the athlete’s ability
to make up the time lost by too slow an early pace, but also the consequences of a more
rapid early pace.

2. HYPERBOLIC V-T RELATIONSHIP IN RUNNING

We here use the speed V (m/sec) as an index of power P,
(V-Vp)-t=D' (2a)
or
V=D (1/t)+V (2b)

where V. is now the speed asymptote (m/sec), and D’ is expressed in meters (m). As the
total running distance (D: m) is:

D=V.t, 3)
Eq.2 may be rewritten as:
D=V -t+D" 4)

The relationships of egs.2a and 4 are graphically represented in Fig.1.

3. MAXIMAL AVERAGE SPEED

Each individual can be assumed to have a specific hyperbolic relationship between
V and t. Each is therefore able to run some specific distance X at the maximal average
speed (Vmax(x)) which is determined by the crossing point of the particular V-t curve de-
fined by eq.2a, 2b, or 4 (i.e. the “best V-t curve to D’”), and the V-t relation curve to some
specific distance X defined by eq.3 (i.e. the “distance curve to X”), as seen in the example
of Fig.2a:

Vi = Ve/ {1-(D*/X) }, (5)

where D’ < X.
The running time t (tmax(x)) to distance X run with a constant speed Vmax(x) is,

tmaxco = (X - D)/ V5. (6)
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Figure 1. Schematic example of: a) the speed-duration (V-t) and b) the distance-duration curves. The distance
curves to X m (X=1000, 3000, 5000 m) are also shown.
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Figure 2. Example of race pace allocation (X1=3500 m, X2=1500 m) in the 5000 m run (X) for a runner whose

Vg and D' are 4.4 (m/sec) and 300 (m) respectively, when the runner chooses the speed of a) constant V.

max(5000m)

during the whole X, b) V, above V| during X, and c) V, below V. during X,- See test for the details.
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4. ALLOCATION OF RUNNING PACE

In general, runners change the running speed during a race according to their own
race-pace strategy, although other runners’ tactics can naturally alter this. We shall con-
sider the simple situation in which the runner runs at 2 different speeds (V, and V,) during
the parts of 2 divided distances (X, and X,) of the total distance X. We here explain the
results by demonstrating the mathematical features of the relationship from both numeri-
cal and graphical standpoints. We consider the 5000 m, using a subject whose V and D’
are 4.4 (m/sec) and 300 (m), respectively. The V_, andt . for this race are 4.68 (m/sec)
and 1068.2 (sec), respectively (refer the large closed circle in Fig.2).

4.1 Ve <V, SV X

This represents one of a number of plausible allocations of running pace. The initial
part X, is 3500 m with a speed (V,) which is relatively slow but still above Vi, eg. 4.50
(m/sec). This speed corresponds to 3.6% below V. (s000) For the initial 3500 m, t, and
D’ 3500) aT€ 777.8 (sec) and 77.8 (m), respectively. These values are determined by the
crossing point of the runner’s V-t curve to D’ 3500 (=77.8; the hatched area in Fig.2b) and
the distance curve for 3500 m (see the squared point in Fig.2b). For the second 1500 m,
because the runner has access only to the remaining D’(ISOO) (= 300-77.8 = 222.2; the dot~
ted area in Fig.2b) for the last spurt, he can run only at the speed that is determined by the
crossing point of the best V-t curve to D’(1500) (=222.2) and the distance curve to 1500 m
(see the small closed circle in Fig.4b). This requires the second 1500 m to be runinat, of
290.4 (sec) and at a velocity V, of 5.165 (m/sec). This is +10.3 % greater than V.. soq0)
As a result, total running time (t,_), ie. the race record, is 1068.2 (sec), and is exactly same
to t_, which is derived from maximal average speed, V, .. soop) That is,

ttot = 1:l + t2 = tmax(X)' (7)

42.V,< Vg

Consider, however, if the runner chooses the speed during the initial part which is
below Vi, eg. 4.21 (m/sec). This corresponds to 10.0% below V(5000 for the initial
3500 m of the overall 5000 m distance. Throughout X, the runner can reserve the whole
D’ for the last spurt. Note however that 831.4 (sec) is already taken as t; (see the squared
point in Fig.4c). In the remaining second 1500 m, the runner can run at the maximal speed
(V max(t 500)) which is determined by the crossing point between the runner’s best V-t curve
to D’ (=300) and the distance curve to 1500 m (see the small closed circle in Fig.4c).
Throughout the second part, t, is 272.7 (sec) and V, is 5.501 (m/sec) which is about
+25.0% greater than V.. 500y As a result, total running time (t, ) is 1104.1 (sec); this is
some 36 sec longer than t_, , because the runner can never run the speed which is required
to attain the goal of achieving the time equivalent to t . (see the small open circle in
Fig.2c). This is the case for all durations of sub-optimal early race pace which is below
Ve That is,

tor = 8 T 1 7 toaxy (®)
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5. GENERAL CONSIDERATION

Here we simulate systematically a two component pace allocation strategy in the
5000 m. We used the real values for a male runner determined from previous study"
whose Vi and D’ are 5.0 (m/sec) and 150 (m) respectively. The runner’s Vinax 20d t, are
5.155 (m/sec) and 970 (sec), respectively. We examined the systematic effect of pace allo-
cation, ie. utilizing 2 different speeds (V,, V,) in different combinations of X,-X, to the
total 5000 m. X, and X, (m) were chosen to be: 1000 - 4000, 2000 - 3000, 3000 - 2000,
and 4000 - 1000. In each X,-X, combination, we calculated the several parameters. V,
was varied systematically, from -20 % of V max(so00y 10 the maximum within the limit by
D’. As showed in the previous section using a specific numerical and graphical example,
it was confirmed that, if V, is below Vi, the final race time (ie. T, ) is always longer than
tmax(soo0) (S€€ €4.8).

In Fig.3, the dotted curve shows the expected V, to keep same t,, to tmax(soooy and
solid line shows the calculated v,

At the shortest t, point (1 in Fig.3), V, is same as V. This point means that having
run at V., for the initial X,, the required speed for the remained distance X, is VL. If
t, took longer, the runner would have to run faster than Vi, at V, given by the dotted line -
which is the expected V, line for reaching the goal with the same running time to
tmax(SOOO)' However, in the range oft1 above the deflection point of the solid line, the calcu-
lated V, (solid line) is dissociated from the expected V, (dotted line), because V, cannot
exceed the maximal valve determined by the best V-t curve to the whole D’ and distance
curve to X, (eg. 3 in Fig.3). As a result, this deflection point (2 in Fig.3) means that the
athlete must run at Vg for X,, and Vmax(X2) for X,. Therefore, the range between both
points (ie. two extreme conditions to keep Lo SAME as t_ . s000)) Tepresents the maximal
possible range to construct the race-pace as a strategy. In other words, how much speed
and/or time can the runner possibly change intentionally between the 2 parts of the race?

£ .

. F " no

2 ; "metabolic"
> ©) limitation

o b J

: 2y

[o% max(zz) TP

= | ! 3 t\

8 | with

3] V, ~o» 1 [ "metabolic”
g ,-'i : limitation
2 R

+ ]

: " g

- t-range: At,=At,=D'/v,
o

@

]

(=

m — 1 1. 1 1

Running time in the initial part (X)): t,

Figure 3. Schematic representation of the relationship of t; and V, to the “t-range”, i.e., the “permitted” the pace
allocation for a single change of pace. See text for the details.




The “Endurance Parameter Ratio” of the Power-Duration Curve 327

The range between two extreme conditions at t; and t, are described by the follow-
ing equations,

At,=At,=D'/V, ©)

This demonstrates an important property of D' and Vi to the possible time range (t-
range) which is permitted for a strategic pace allocation with a single change of pace. That
is, this range is not affected by the total distance, X, and any choice of the combination of
X,-X, or V|-V, but is purely determined by what may be termed the runner’s “endurance
parameter ratio”, ie. D'/V.

Next, to examine the effects of V and D' on the t-range, we plotted t,-V, relation-
ship in which V. or D' was changed systematically. The effect of D' on the t,-V, relation-
ship under the same V. condition, ie. 5.0 (m/sec) is shown in Fig.4a. The larger D'
dramatically extended the t-range and V,-range for the 5000 m run. However, compared
to the effect of D', the effect of V. was relatively small (Fig.4b). This indicates that D’ is
relatively important in the decision strategy for the runner’s possible range of pace
change. In other words, the larger D' the larger is the extent of pace change in the race.
However, it should be also noted that V. is, of course, an essential determinant of t | ax(X)?
ie. the actual level of the race time.
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Figure 4. The V,-t, relationship for establishing the effect of D' (a) and V¢ (b) on the “t-range”.
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6. CONCLUDING REMARKS

Our results demonstrate that the speed at the fatigue threshold (V) and the curva-
ture constant (D') parameters of the runner’s V-t hyperbolic curve each play an important
role in the pace allocation strategy of the athlete. That is, 1) when the running speed dur-
ing any part of the whole running distance is below V,, the athlete can never attain the
goal of achieving the time equivalent to that of running the entire race at constant optimal
speed (which is determined by his/her own best V-t curve) even if the runner attempts to
make up for the time lost (within the limit of V-t constraint) with a final spurt, and 2) D' is
especially important in determining the flexibility of the race pace which the athlete is
able to choose intentionally. The ratio of these parameters (ie. D'/V}) - the “endurance pa-
rameter” ratio - may therefore be considered an important determinant of race pace strat-
egy. However, it is important to emphasize that this hyperbolic relationship in unlikely to
provide a precise representation of the actual physiological behavior at the very extremes
of performance because of distorting factors such as: 1) limitations of muscular (mechani-
cal) force generation for the very highest power requirements, and 2) constraints resulting
from substrate provision and thermo-regulatory or body fluid requirements for markedly
prolonged exercise™.

We have also treated the P-t curve as if it is hyperbolic for running: this needs fur-
ther verification. If it proves not to be, however, an additional term(s) will need to be
added to the characterization, but this will not alter the conceptual issue being addressed
in this paper. Similarly, we have treated changes of pace as if the initial pace will not
change either parameter of the P-t relationship. This also requires experimental verifica-
tion.
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Action potential, 34
Adenosine triphosphate

capacity, 46

hydrolysis, 45, 214

muscle concentration, 50

turnover, 31-35, 45-50, 6773, 7580
Adenyl cyclase, 117-119
Adrenaline: see Epinephrine
Adrenocorticotrophic hormone, 119, 176
Aerobic metabolism, 48-49, 8388
Aging, 23-25, 271

training, 23
Air flow limitation, 93, 276
Aldosterone, 239246
Amino acids, 269-273

branched chain, 269273

branched point sensitivity, 271-272
Amimmonia, 33
Anabolic steroids, 253258
Anaerobic threshold: see Lactate threshold
Anemia, 129-135
Angiotensin-converting enzyme, 283284
Antibodies, 176

production, 176
Arteriosclerosis, 16
Arthritis, 219
Asthma, 170177
Atherosclerosis, 22
ATP: see Adenosine triphosphate
Atrial natiuretic peptide, 101
Autonomic dysfunction, 181

Bed rest, 1516
Beta blockade, 212, 282, 290
Blood flow
calf, 10
cerebral, 25, 100
coronary, 147—150
cutaneous, 311-314
forearm, 34, 75
muscle, 11, 33, 41, 84, 91, 98-101, 104, 123-127,
185189, 287-293
pulmonary, 83

Blood flow (cont.)
redistribution, 80, 94-95, 98101
respiratory muscle, 91-95
Blood mononuclear cells, 176
Blood pressure
arterial, 10, 19, 148-149, 156-157, 181, 221
muscle venous, 10
pulmonary artery, 173, 276
Bone demineralization, 16
Bradbury-Eggleston syndrome, 181
Breathing: see Ventilation
Breathing pattern: see Ventilatory pattern
Breathlessness: see Dyspnea

Calcium channel blockers, 281285
Capillaries, 41
Capillary filtration, 11, 76-78
Carbon dioxide
concentration, mixed expired, 194
output, 94, 162-164, 192-196, 221
kinetics, 192
partial pressure
arterial, 92, 162—164, 173
end tidal, 192
stores, 196
Cardiac cachexia, 289
Cardiac function, 5, 1619, 154157, 173, 287-293
Cardiac output, 84, 98, 136-137, 170177, 287-293
Cardiac pressures, 147-150
Cardiac rehabilitation: see Rehabilitation
Cardiac volumes, 147148, 254
Cardiomyopathy, 5, 205
Cardiovascular control, central command, 180
Catecholamine release, 19
Catecholamines
blood, 117—120, 135-137, 176, 179-181, 202
urinary, 179181
Central command: see Cardiovascular control
Channels, voltage dependent calcium, 118
Chest wall distortion, 172
Cholesterol, 16, 22, 254
Chronic fatigue syndrome, 270
Chronic heart failure, 100, 287-293
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Chronic low-frequency stimulation, 37-40
Chronic obstructive pulmonary disease, 169174,
191-197, 275-280
Chronic respiratory disease, 169174
Chronic venous incompetence, 311-314
Cinematography, 233238
Citrate synthase, 37-38, 212-215, 289
Coagulation, 153—157
Congestive heart failure, 5, 169, 283285
COPD: see Chronic obstructive pulmonary disease
Coronary artery disease, 16, 25, 205, 224
Coronary insufficiency, 16
Cortisol, 23, 176, 239246
Creatine kinase, 46
Creatine phosphate, 31, 4548, 75-80, 211-215
kinetics, 67-74
oxygenation, 211
Cross bridge cycling, 32
Cyclic adenosine monophosphate, 117—119
Cytochrome ¢, 297-300
Cytokines, 176, 271, 289

Death in sports, 205-208

Diabetes mellitus, 116-117

Diuretics, 108, 283, 290

Dopamine, 117, 284

Doppler monitoring techniques, 5, 123—127, 185-189,

212-215,311-314

Dyspnea, 172174, 275-280, 287293

desensitization, 275-280

Echocardiography, 5
Efficiency, 220, 247251
Electromyography, 227
Endorphins, 23, 176
Erythrocytes, 19, 261-265
Estradiol, 239-246
Exercise intensity, 8388, 124-125, 154, 191
Exercise intolerance, 91-95, 170174, 179181,
191-197, 275-280, 281-285, 287293,
311-314
Exercise mode
arm cranking, 97, 219
biceps femoris, 6773
canoeing, 219
chronic low-frequency stimulation, 3740
cycle ergometry, 48, 83-88, 107, 161164,
186189, 194-197, 200-202, 247-251,
316-318
endurance, 211-216, 315-319, 321328
forearm, 75-80
isokinetic, 53—54, 227232
isometric, 57, 75-80, 106
rowing ergometry, 6, 185189, 186189, 219-225,
261-265
quadriceps femoris, 48, 123127

Index

Exercise mode (cont.)
swimming, 219, 321
treadmill, 108, 135-137, 140-145, 147—150,
186—189, 321

Fatigue, 31-32, 37-42, 275-280, 287293
central, 180, 269273
chronic fatigue syndrome, 270
inspiratory muscle, 172
peripheral, 31-35
post-operative, 271
respiratory muscles, 290
Fatty acid oxidation, 40, 46-49
Fibrinolysis, 20, 153157
Flow-volume curve, 170
Fluid balance, 103—110
fluid ingestion and performance, 109
hydration status and performance, 107—108
Follicular stimulating hormone, 239246

Glucagon, 17, 23, 118, 239-246
Glucose phosphorylation, 39-40
Glucose transporters, 39, 113—114
Glucose uptake
adipose tissue, 116
muscle, 3940, 115-116
Glutamine, 271
Glycogen phosphorylase, 48, 118
Glycogen stores
depletion, 215
muscle, 215
Glycogenolysis, 117-119
intracellular calcium, 118
phospholipase C, 118
Glycolysis, 32, 48, 75-80
Growth hormone, 23, 176-177, 239-246

Heart: see Cardiac, Myocardial entries
Heart failure, 32
Heart rate, 1521, 136-137, 148-149, 154156,
170-177, 181, 200202
Heart transplantation, 199202, 291
cardiac reinenervation, 199-202
Heat
dry, 135-137
humid, 135-137
performance, 106, 135137
catecolamines, 135-137
Helium, 93
Hematocrit, 34, 155
Hemostasis, 153—-157
Henderson-Hasselbach equation, 69
Hepatic enzymes, 254
Hexokinase, 3940
Hippotherapy, 223-238
Horserider’s spine, 233-238
Hyperinflation, 172, 276
Hypertension, 32
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Hyperthermia, 103-110, 177
Hyperventilation, 92-95, 192

Hypoxemia, exercise induced, 91-95, 161-174
Hypoxia, 32, 129-133, 177, 210-211

Immune system, 175-177, 269273
Immunodepression, 177, 269273
Inactivity: see Physical inactivity
Inorganic phosphate, 32, 45, 6773, 214
Inositol monophosphate, 31
Inositol triphosphate, 118
Insulin, 23, 113-117, 176, 239246, 289
biosynthesis, 113-114
receptor, 16, 23, 114
secretion, 113—114
Interleukins, 176
Intermittent claudication, 186
Interstitial lung disease, 169
Interstitial volume, 41
Ischemic heart disease, 20, 281285

Lactate, 11, 17, 32-33, 48, 75-80, 8388, 154-157,
162164, 191195, 214, 220, 261265,
261-265,316-318

Lactate threshold, 83-88, 191197, 173, 316

pseudothreshold, 196
V-slope method, 192—-196

Lactate-pyruvate ratio, 191, 214

Left ventricular dysfunction, 287293

Leukocytosis, 175

Lipids, 16,22, 114, 258

Lipogenesis, 114

Lipolysis, 114, 119, 269-273

Lipoproteins, 16, 22

Liver: see Hepatic enzymes

Lower body negative pressure, 212

Luteinizing hormone, 239-246

Lymphocytes, 175,271

Macrophages, 271
McArdle’s disease, 32
Mean response time, 212-215
Metabolic acidosis, 83, 94, 170-177, 278
Metabolism
endocrine regulation, 113—120
- muscle in COPD, 173
Mitochondrial enzymes, 38, 4649, 214
Mitral valve disease, 5, 169
Monocytes, 175
Mood, 23
Motor units, 37
fast-twitch glycolytic, 37, 59-65
fast-twitch oxidative, 37, 5965
slow-twitch oxidative, 37, 59-65
Muscle blood flow, 11, 33, 41, 84, 91, 98101, 104,
123-127
kinetics, 123—127

331

Muscle contraction
concentric, 53—-57
eccentric, 53-57
intracellular control, 117-119
maximal voluntary, 76
series-elastic component, 57
Muscle fibers, 37, 289
fast-twitch glycolytic, 37, 67-74, 249250, 289
fast twitch oxidative, 37, 59-65, 289
recruitment, 220, 249250
slow-twitch oxidative, 37, 67—74, 249-250
Muscle inactivity, 5965
Muscle oxygen consumption, 48, 84
Muscle pump, 11, 215, 311
Myocardial blood flow, 148-150
Myocardial oxygen consumption, 19, 148-150
Myoglobin, 41
Myosin isoforms, 41

Natural killer cells, 175177
Neurocardiogenic syncope, 181
Neuromuscular junction, 5965
Neuromuscular transmission, 61-65
Neutrophils, 175
Nitrates, 281284
Nitric oxide, 288
coronary vasodilatation, 147-150
Nitric oxide synthase, 4, 147-150
coronary vasodilatation, 147-150
NMR: see Nuclear magnetic resonance spectroscopy
Noise, 84, 127
Noradrenaline: see Norepinephrine
Norepinephrine, 23, 117-120, 135137, 176, 179181,
289
Nuclear magnetic resonance spectroscopy, 32, 67-73,
292
Nutritional intake, 239246

Obesity, 117
Overtraining, 180
Oxygen
concentration, mixed expired, 194
conductance equation, 129130
content
arterial, 213
arterio-venous difference, 75, 84, 91, 99, 130
mixed venous, 84, 130—132
muscle venous 8486
debt, 76-80
deficit, 49, 8688, 211-215
desaturation, 92-95, 161-164, 170, 173, 254
dissociation curve, 93, 130
Hill’s model, 131
partial pressure
alveolar, 92-95, 222
alveolar-arterial difference, 92-93
arterial, 130, 162164, 173
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Oxygen (cont.)
partial pressure (cont.)
mixed venous, 130
transcutaneous, 185189, 311-314
pulse, 170177
saturation, 130, 162—164
stores, 84
supplementation, 276
uptake, 162164, 169—174
anemia, 129—133
excess, 87-90
kinetics, 8388, 123-127, 192, 199-202,
211215, 220-221
maximum, 24, 46, 8388, 91-95, 97-101, 162,
212,219
oxygenation, 129—133

Pace, 325
Paraplegics, 181
Parasympathetic system, 180
Peripheral circulatory control
endothelium, 147-150, 288
local vasodilatation, 101, 215, 147-150
muscle reflexes, 101
shear stress, 147—150
Peripheral vascular occlusive disease, 6, 185189,
219-225
Peripheral vascular resistance, 19, 221
pH
blood, 32, 48, 85-87, 162-164
intramuscular, 32, 48, 6774
Phagocytosis, 271
Phosphofrictokinase, 48
Physical activity, 25
adults, 26
children, 13, 26
elderly, 26
health promotion, 18, 25-26, 153
Physical inactivity, 1617, 5965
Plasma tumour necrosis factor, 176, 289
Platelet activation, 153-157
p-selectin expression, 157
Plethysmography, 11, 34, 98
Post-operative fatigue, 271
Posture, 161-164, 212
Potassium, 34-35
Power-critical, 88
maximum, 46, 248249, 316318
Power-duration curve, 87, 321-328
Prolactin, 239-246
Pulmonary function, compliance, 172
FEV1, 193, 278, 316-318
maximum voluntary ventilation, 170177,
316-318
vital capacity, 172, 316-318
Pulmonary rehabilitation: see Rehabilitation
Pulmonary vascular disease, 169
Pulmonary vascular resistance, 173

Index

Receptors
adrenoceptors, 117-119, 180
dihydropyridine, 118
dopaminergic, 284
insulin 16, 114
muscle mechano-, 101
muscle metabo-, 101
ryanodine, 118
Recovery, 67-74
Rehabilitation
cardiac, 15-26, 291-293
pulmonary, 278
Respiratory exchange ratio, 194196
Respiratory mechanics, 193—197, 222-223
Respiratory muscles, 91-95, 172, 293
diaphragm, 5965
fatigue, 290
rest, 276
training, 276
Respiratory resistance, 172, 276
Respiratory-locomotor coupling, 139—145, 222-223
metabolic load, 139-145
Resting membrane potential, 34-36
Restrictive disease, 276
interstitial lung disease, 169

Sarcoplasmic reticulum, 41, 118
Serotonin, 25, 269-273
Shunt, 173
Shy-Drager syndrome, 181
Sleep apnea, 253-258
apnea index, 254
hypopharyngeal obstruction, 253
Sodium, 34
Sodium-potassium ATPase, 35-39
Sports
aerial sports, 206
body building, 253-258
bowling, 206
cycling, 206, 247-251
decathlon, 258
distance running, 103110
German fist ball, 206
gymnastics, 206
handball, 206
horse riding, 206, 233238
soccer, 206
table tennis, 206
tennis, 206
triathlon, 258
ultra-distance running, 49, 239-246
volleyball, 206
Sports heart, 180
Sports injury
death, 205-208
horseriding, 223-238
Standard bicarbonate, 191
Stauch, Martin, 3-4, 5-7, 9
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Stroke volume, 119, 36-137, 170
Supplementation
creatine, 49
glucose, 49
Sympatho-adrenal system, 179181, 293
central integration, 117
measurement of activity, 119-120
training, 180
vasoconstrictor activity, 100

Temperature
ambient, 103-110, 135-137
core, 104-110, 177
muscle, 104-110
performance, 107
Tension-time index, 75
Testosterone, 239246
Tetraplegics, 181
Tetrodotoxin, 5765
Thallium imaging, 185-189
Thermal conductance, skin, 136137
Thermoregulation, body temperature and performance,
106, 135-137
Thrombocytes, 153—157
Thyroid stimulating hormone, 239-246
Thyroxine, 239246
Time constant, 84-88, 124-127, 211-215
Torque, 55, 229-230
Training, 22, 275-280, 287293, 297-308, 311-314,
315-319
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Training (cont.)
adaptations, 17, 19-23, 180, 211216, 287, 315-319
prescription, 17, 273-280, 297-308
respiratory muscle, 315-319
Transcutaneous oxygen monitoring, 185-189, 311-314
Tryptophan, 23, 269-273

University of Ulm, 3-13, 5, 9-13
Upper respiratory tract infection, 176

Valvular disease, 5, 169, 205
Ventilation, 15-21, 91-95, 139145, 162, 170171,
192—196, 200201, 221223, 276280,
315319
alveolar, 162164
control, 91-95, 139—-145
dead space, 170177
kinetics, 192
oxygen cost, 91-95
Ventilation-perfusion mismatch, 161-164, 173
Ventilatory equivalent
carbon dioxide, 170, 192—196
oxygen, 170, 192196
Ventilatory pattern, 139—145, 222-223, 315-319
pulmonary disease, 170177
Ventilatory requirements, 277

White blood cells, 155-157
World Consensus Congress, 25

Xenon washout, 98




