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Preface 

Much knowledge has been generated in recent years by scientists 
investigating the triad: child-exercise-health. Yet little of this infor
mation is available in pediatric textbooks, for application by the clinician. 
This book is intended to bridge the resulting gap. 

Until the mid-1960's, exercise-related research focused on the young 
adult or the middle-aged individual. Recent years have witnessed a surge 
of interest among exercise scientists in the child and young adolescent. A 
major impetus for such interest has been the increasing involvement of 
children in advance-level athletics. Today's pre-adolescent athlete is of
ten exposed to training regimens which only a decade ago were consid
ered too demanding even for adult athletes. As a result, in such sports as 
gymnastics and swimming, for example, champions and record-holders 
are younger than ever before. In other sports, such as tennis, excellence 
is usually reached in the third decade but systematic training from child
hood is a prerequisite. The emerging popularity of jogging and other 
recreational activities attracts participants of all ages. A few years ago, 
any long-distance running for children was discouraged. Today a 10-
year-old child who completes a marathon race is no longer a novelty. 

But pediatric aspects of exercise-related research are by no means 
limited to the young athlete. The relevance of exercise to clinical pediat
rics has been gaining increasing attention, be it in diagnosis, prevention, 
management or etiology. Pediatric clinics and exercise laboratories in 
various countries are now using exercise for diagnosis, or in clinical 
management, of several pediatric diseases. 

The primary boost to pediatric exercise research was given by the 
International Group of Pediatric Work Physiology. This group, which 
comprises clinicians and physiologists, was established in 1967. It has 
since convened ten international symposia in which some 350 papers 
have been presented and published. I- 7 However, as seen from the refer-
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ences used in this book, the number of publications on children and 
exercise far exceeds that number. In 1981-1982, journals of pediatrics, 
physiology, or sports medicine published three to five times as many 
articles on the exercising child as were published ten years earlier. 

To what extent has this body of knowledge become accessible to the 
practitioner? A scan of recent textbooks of pediatrics or pediatric 
rehabilitation reveals litde useful information on exercise. Entries such 
as effort, energy expenditure, fatigue, fitness, physical activity or sports 
do not appear in the indexes of most of these books. In chapters on 
asthma, for example, some mention is made of exercise-induced bron
choconstriction, but the information is too abstract for the reader who 
wishes to administer an exercise-provocation test. Nor is there practica
ble information on recommended or contraindicated activities for the 
asthmatic child. Chapters on diabetes mellitus include statements on the 
importance of daily physical exercise, but no information is available on 
the calorie equivalence of activities, nor on the concept of exercise 
"dosage." 

Among paramedical disciplines, pediatric physiotherapy could obvi
ously benefit from the principles of exercise physiology. Nevertheless, 
leading textbooks in this area do not deal with such basic concepts as 
warm-up, fatigue, or stamina. Nor is there any mention of ergometric 
tests, which have been specifically designed for the physically disabled 
child. Obsolete and non-standardized tests (such as jumping on a tram
poline or running around the block) are still recommended for assessing 
the physical working capacity of children. 

As with other clinical tests, evaluation by exercise requires safety pre
cautions, standardized protocols, and criteria for interpretation. As in 
other modes of treatment, therapy by exercise must be based on clear 
indications and contraindications. An exercise prescription can, and 
must, be quantified in terms of intensity, frequency, and duration of 
each activity. 

The purpose of this monograph is to acquaint pediatricians, general 
practitioners, physiatrists, and physiotherapists with such considerations 
and to equip them with tools for applying exercise in health care. 

In keeping with its title, this book discusses both the physiologic prin
ciples of the child's response to exercise and their clinical implications. 
Chapter 1 introduces the reader to pediatric exercise physiology, with 
emphasis on the effects of growth and maturation on responses to acute 
exercise and to conditioning. An overview of the relevance of such prin
ciples to the health care of children is presented in Chapter 2. This is 
followed by a detailed analysis of interactions between activity and pedi
atric diseases in Chapters 3 to 8. 

Children are often exposed to the combined stresses of exercise and 
environmental heat. These may induce a marked strain on the thermo
regulatory and other body systems and affect the well-being of the child. 
This is the topic of Chapter 9. 
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To provide the reader with concrete tools for clinical use, appendices 
have been included. Appendix I presents "norms" of some measures of 
physical working capacity. Appendix II outlines the methodology of 
exercise testing, including suggested protocols and means of precaution. 
The other appendices comprise some useful tables, an activity question
naire, and a glossary of terms used in this book. This glossary is intended 
for clinicians who are not conversant with the terminology and jargon of 
the exercise physiologist or physical educator. 

As far as possible, the data quoted have been directly obtained from 
children and adolescents. Occasionally, however, it has been necessary to 
extrapolate from information on adults. Such cases have been specified 
in the text. 

While not a systematic textbook of exercise physiology, this mono
graph contains ample information on the physiologic responses of 
healthy children to exercise. These are meant as a background for the 
clinically-oriented reader, but may also be of use to students of exercise 
physiology or physical education who are interested in the exercising 
child. 

Without a doubt, orthopedic aspects are part and parcel of any discus
sion on child health and exercise. Their omission from this book reflects 
a shortcoming on the part of the author, who has limited the scope of 
this volume to a physiology-based orientation. 

The inclusion of exercise-related issues in the curriculum of medical 
schools is only now emerging. To many clinicians exercise, as a clinical 
entity, is still a "black box," yet to be opened. If this book stimulates 
health professionals to integrate exercise into their overall strategy of 
child-health care, it will have fulfilled its purpose. 
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1 
Physiologic Responses to 
Exercise of the Healthy Child 

Introduction 

In order to understand the sick child's response to exercise, one must 
first be familiar with the "normal" physiologic response to exercise. 
Whether adapting to a single bout of exercise, or to repeated exercise 
stimuli, the child-like the adult-undergoes physiologic changes. The 
basic premise of this chapter is that, although such changes take place at 
all ages, there are growth- or development-related differences in re
sponse to exertion. We do not expect a 6-year-old child to run as fast or 
as far as a teenager who, in turn, is slower and weaker than a young 
adult. Nor can a child share the same muscle strength as the more 
mature individual. On the other hand, children recover faster from the 
strain of exercise and are ready for another bout sooner than do adoles
cents and adults. 

Physiologic capacities have long been recognized as dependent on 
body and system dimensions. Without morphologic growth of the myocar
dium, for example, its contractile force cannot be high enough to pump 
sufficient blood to the growing periphery. Similarly, when the bone 
scaffolding of a teenager is growing, body strength will not follow suit 
unless muscle mass also develops, and this in itself may depend on hor
monal and other pubertal changes. 

It is beyond the scope of this chapter to methodically analyze the 
physiologic changes that occur with exercise in each and every system. 
Nor shall we recite the fundamentals of growth and development, for 
which the interested reader may resort to standard texts of exercise 
physiologyl7.181 or of growth and development. 16o In the following sec
tions, we shall present general concepts of exercise physiology and am
plify the differences in physiologic responses to exercise betweeri children 
and older age-groups. We shall also indicate how such differences may 



2 1: Physiologic Responses to Exercise of the Healthy Child 

determine the physical capability of the child and set a limit on his or her 
performance. 

Our understanding of children's physiologic reactions to exercise is 
still deficient. More so than with adults, we are limited by ethical consid
erations and by methodologic constraints. There are very few investiga
tors who would, for example, puncture the artery of a child, take a 
needle biopsy of his muscle, or push a thermocouple against his tym
panum merely to satisfy curiosity. To study environmental effects, we 
cannot readily expose any child to "hostile environments" where ex
treme cold, high heat and humidity, or hypoxic conditions prevail. Nor 
can adequate animal models be set up to study age-related differences in 
trainability, motor learning, or thermoregulation. The pediatric exercise 
physiologist is still seeking instruments and protocols appropriate for 
body size, body proportions, level of motivation, and attention span of 
the young child, especially the preschooler. Many studies have borrowed 
concepts, methods, and instruments that are suitable for adults but not 
for children. There is a definite need for methodology-oriented re
search in pediatric exercise physiology. 

Due to the above constraints, the state of the art is still limited to some 
knowledge of the cardiovascular and pulmonary systems, to general 
concepts of energy transfer and metabolism, and to some phenomena of 
thermoregulation and body fluid shifts. Very few data are available on 
hormonal, muscle cell, or subcellular phenomena. Nor have we begun to 
understand processes within the central or peripheral nervous system of 
the exercising child. 

This chapter therefore focuses on the metabolic, cardiovascular, and 
pulmonary systems. Some mention is also made of exercise perception. 
A detailed discussion of thermoregulation is presented in Chapter 9. 

Response to Acute Exercise 

Metabolic Responses to Exercise in Children 

For mechanical energy to be released at the myofibrillar level and effect 
muscle contraction, splitting of adenosine triphosphate (A TP) must take 
place. This high-energy compound is available in small quantities (about 
4-5 mmollkg wet weight) in the resting muscle. However, once contrac
tions start, there is an immediate need for reinforcement of A TP. This 
can be supplied from: 1) limited stores of creatine phosphate, 2) glycoly
sis, or 3) the tricarboxylic acid (Krebs) cycle. The former two sources do 
not require addition of O2 and are therefore called anaerobic. The latter 
requires O2 and is termed aerobic. Muscle contractions that result from 
anaerobic reactions cannot be sustained longer than 40-50 sec. In con
trast, muscle contractions utilizing aerobic energy turnover can last 
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many minutes or even hours. Even though most activities utilize both 
aerobic and anaerobic pathways, in the jargon of sports scientists physi
cal tasks are subdivided into "aerobic" -type and "anaerobic" -type activi· 
ties. The former including long-distance running, swimming, cycling, 
cross-country skiing, and other endurance-requiring tasks. The latter 
include sprinting, jumping, throwing, and other sports where the re
quired power intensity is high and the duration short. A question com
monly asked is whether, compared with adults, children are characteris
tically aerobic or anaerobic performers. We shall try to offer an answer 
in the following sections. 

Maximal Aerobic Power. The most commonly used index of maximal 
aerobic power has been maximal O2 uptake, which is the highest volume 
of oxygen that can be consumed by the body per time unit. This value 
reflects the highest metabolic rate made available by aerobic energy 
turnover. One liter of O2 is equivalent to about 5 kcal or 21 kJ. 

Maximal O2 Uptake. Fig. 1.1 presents the relationship between maximal 
O2 uptake and chronologic age in 3910 girls and boys, 6 to 18 years old. 
It is evident that, with the growth of the child, there is a concomitant 
increase in his or her maximal O2 uptake. Until age 12, values grow at 
the same rate in both sexes, even though boys have higher values as early 
as age 5.209 While maximal O2 uptake of boys keeps increasing until the 
age of about 18, it hardly develops beyond age 14 in girls. 

Maximal aerobic power is strongly related to lean body mass,45.76.156 
which explains, to a great extent, the above sex-related difference. Such 
a difference practically disappears once maximal O2 uptake is related to 
the muscle mass that performs the activity, as shown in Fig. 1.2. When 
maximal O2 uptake is plotted against lean leg volume, the regression line 
is practically identical for both sex groups.57 Whether this finding means 
muscle mass is the limiting factor in maximal aerobic power of children 
has yet to be shown. 

When the maximal O2 uptake of adolescents of different ages but of 
the same body weight or body height is compared, it is positively related 
to age. 190 Thus, maximal aerobic power depends also on the maturity 
of the individual and not only on his or her body dimensions. 

Maximal O2 Uptake per Kilogram Body Weight. Based on the above discus
sion, one might conclude that maximal aerobic power is less developed 
in children than at older ages. For tasks that involve moving the whole 
body from one place to another, however, the child, whose body mass is 
smaller, may not need as high an absolute maximal O2 uptake as that of 
the heavier adolescent or adult. To compare the maximal aerobic power 
of individuals who differ in body mass, one should therefore express 
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Figure 1.1. Maximal aerobic power and age. Absolute values of maximal O2 uptake in 
girls (n = 1730) and boys (n = 2180) 6- to 18-years old. Each dot represents a mean of a 
group. The shaded areas were constructed by eye-ball technique to indicate a general 
trend. Data by Andersen and Magel,7 Andersen et al,'o Astrand,'5 Bar-Or and Zwiren,32 Bar
Or et al,3' Chatterjee et al,46 Ekblom,6' Gaisl and Buchberger,83 Hermansen and Oseid,,02 
Ikai et al,'06 Kobayashi et al,117 MacDougall et al,'33 Macek et al,'34 Mocellin,'45 Nagle et 
ai, 151 Robinson,'62 Seliger,179 Shephard et al,'82 and Thoren. '94 

maximal O2 uptake in relative rather than absolute terms, e.g., per body 
height, surface area, lean body mass, or body weight. 

Although theoretically not the method of choice, the most common 
way of expressing maximal O2 uptake for comparative purposes has 
been per kilogram body weight. Such a comparison is shown in Fig. 1.3. 
While there is hardly any age-related change in maximal O2 uptake in 
the boys, it continuously declines among the girls. Such a decline may 
reflect an increase in body adiposity (and hence a relative decrease in 
lean mass) of girls during adolescence. 

The Dimensionality Theory and Maximal O2 Uptake. Opposition has grown 
in recent years to the use of body weight as the basis for scaling down 
maximal O2 uptake and other physiologic functions.14.33.76,166,200 An al
ternative approach is based on the dimensionality theory, assuming that 
proportions among body segments remain fairly constant during late 
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childhood, adolescence, and adulthood. 13 Using this theory one can pre
dict growth-related changes in body dimensions and functions by moni
toring the respective changes in body length (L). For example, the 
length of body segments and organs will be proportional to L, their 
surface area or cross-sectional area to L 2, and their volume or mass to L 3• 

The same rationale applies to physiologic functions. Muscle force or 
strength, for example, should be scaled to U (strength being propor
tional to cross-sectional area of muscle), lung volume, stroke volume, or 
work to L3. Time is proportional to L.200 Therefore, power, which is 
workltime, should be scaled to V/L = U, and so should maximal O2 

uptake, which is volumeltime. 
Will scaling of maximal O2 uptake to U modify our interpretation of 

the growth-related changes in maximal aerobic power? An answer can 
be illustrated by the following example. The maximal O2 uptake of an 
117 cm tall 6-year-old boy is 1.0 liter/min. Scaled to L2, his expected 
maximal O2 uptake at age 18, when 176 cm tall, will be 2.3 liters/min. 
This is contrasted with a value of 3.0 liters/min commonly found in a 
healthy nonathletic young adult. Thus, if we were to infer the maximal 
aerobic power of children merely from the principles of dimensionality, 
it would be lower than that of adults. Is the theoretical exponent of 2 
actually found experimentally? Various longitudinal studies have shown 
that maximal O2 uptake changes with height-exponents, which range 
from 1.51 to 3.21. 12,18,184,190 Thus the application of dimensionality prin
ciples to the prediction of maximal aerobic power (and probably other 
fitness items) has not been confirmed experimentally. It has not shown 
any practical advantage over the use of body weight or lean body mass for 
growth-related comparisons. 

Mechanical Efficiency and Economy of Movement. When muscle con
traction results in movement, external mechanical work is produced. 
The calorie equivalent of this work is only some 20-25% of the chemical 
energy utilized during the contraction. The other 75-80% is converted 
into heat. 

Mechanical efficiency (ME) has been defined as the ratio between 
external mechanical work (W) produced by the muscle and the chemical 
energy (E) utilized during the contraction. Because some energy (e) is 
required by the muscle during its resting state, the net energy utilized 
during contraction is E - e. ME is usually expressed in percentage of net 
energy as follows: 

W x 100 
ME= E-e 

When work is done during a known period of time, power units rather 
than work units are used in the numerator and denominator. 
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To assess the mechanical efficiency of the body as a whole, one must 
calculate the mechanical power produced by the body and the chemical 
power needed for that activity. The latter is done conveniently by mea
suring O2 uptake and assigning 5 kcal (21 k J) for each liter of O2, (This 
value varies somewhat, depending on the fuel source. It is 4.70 kcallliter 
for fats and 5.05 kcallliter for carbohydrates.) O2 uptake at rest must be 
subtracted from that measured during exercise to obtain net O2 uptake. 
Thus: 

ME = Mechanical power output 
Exercise metabolic rate - Resting metabolic rate 

The measurement of mechanical power poses methodologic prob
lems. While one can determine it with good accuracy during cycle ergo
metry (assuming a negligible power loss between the pedals and the 
flywheel), its assessment in other activities is harder. Although equations 
are available to calculate power output during walking or running, based 
on speed, slope, and body weight,these equations disregard differences 
in gait. Such differences exist, for example, in the extent of vertical 
displacement of the body (or its segments) and in the degree of lateral 
pelvic tilt, which are not included in most calculations of power output. 

Thus, interindividual differences in O2 uptake during walking or run
ning do not necessarily denote differences in mechanical efficiency at 
the cellular level but, rather, a difference in the economy of locomotion. 112 
The same concept applies in other activities, such as swimming, where 
O2 uptake varies markedly among individuals due to different levels of 
economy of motion. 

In this book we shall refer to mechanical efficiency only when both the 
numerator and the denominator in the equation are measurable. "Econ
omy of motion" will be used instead for data in which the numerator 
has not been measured. The concept of economy of motion is important 
to understanding the differences in exercise performance between chil
dren and other groups, as well as among children with various dis
abilities. 

Mechanical efficiency of cycling is similar in children, adolescents, and 
adults, ranging between 18 and 30% (average 25%).19,35,89,179,182,193,204 
In contrast, O2 cost during walking and running is higher among 
children, when expressed per kilogram body weight. 15,89,123,133,162,187 
This is shown in Fig. lA, which presents submaximal O2 uptake of 5- to 
18-year-old girls and boys who ran on a treadmill at various speeds. 15 At 
10 km/hr, for example, there was an 8 mIl kg x min (20%) greater 
metabolic cost for the 5-year-old child than for the 17-year-old adoles
cent. A similar difference is shown in Fig. 1.5 for walking at different 
inclines. The higher O2 cost in young children cannot be explained 
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Figure 1.4. Submaximal O2 uptake and age. Sixty-seven girls and 72 boys, 4- to 18-years 
old walked on a treadmill at various speeds. Based on Astrand. 15 

merely by a difference in resting metabolism, which is only some 
1-2 mil kg x min, but rather by their relatively "wasteful" gait while 
walking or running. With training, running becomes more economical 
in children55 and adolescents,112 as reflected by a lower O2 cost. 

Whatever its underlying mechanism, the high metabolic cost of walk
ing or running makes the small child less of an "aerobic machine" than 
might be expected from his high maxmal O2 uptake. If one takes the 
difference between maximal O2 uptake and the O2 uptake needed for a 
given task to represent metabolic reserve, one can see that children are at 
a disadvantage. This is displayed schematically in Fig. 1.6. The 8-year
old child who runs at 180 m/min is operating at 90% of maximal aerobic 
power, while the 16-year-old requires at the same running speed only 
75% of maximum. Thus, the "reserve" range of running speeds be
comes higher with age, which explains why children are less capable 



Metabolic Response to Acute Exercise 9 

50 

40 c 6·7.9 yr 
C '" 8·9.9 'E v 10·11 .9 
0, o 12·15.5 
~ ...... 30 
E 
w ~, i 
~ 

t 50 
~ 

::J 
N 

0 
40 .6·7.9 yr 

... 8·9.9 

.10·11.9 
• 12·15.5 

30 

~, i 

10 12.5 15 17.5 20 22.5 

UPHILL GRADE, % 

Figure 1.5. Oxygen cost of walking at various slopes. Mean values for 6- to 15-year-old 
girls (n = 64) and boys (n = 83) subdivided into four age-groups. Subjects walked at 5- 6 
km/hr on a motor-driven treadmill. Based on data by Skinner et al. 187 

than adolescents and adults of competing over long distances, even 
though they can maintain a slow speed for long periods. 

Anaerobic Characteristics. Mechanical Power Output. The ability of 
children to perform anaerobic-type activities (i.e., supramaximal tasks 
that last 1 min or less) is distinctly lower than that of adolescents and 
adults.57.109,126 Figures 1.9 and 1.10 (Appendix I) summarize the anaero
bic capacity of girls and boys of different ages, as measured by the 
Wingate anaerobic test. For a description, see Appendix II, Examples of 
Exercise Protocols.23,25 "Anaerobic capacity" in this test is defined as the 
mean mechanical power (or total mechanical work) produced in 30 sec. 
As expected, performance expressed in absolute power units is posi
tively related to age (Fig. 1.9). Even when normalized for body weight, 
however, the power produced by an 8-year-old boy is still only 70% of 
that generated by an ll-year-old boy. 
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mill run at 180 m/min in 134 girls and boys 7-16 years old. Based on data by MacDougall 
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Another index of the Wingate anaerobic test is the peak power pro
duced at any 5 sec interval. This index characterizes the explosive nature 
of the subject's muscle contraction. As shown in Figs. 1.11 and 1.12, the 
peak anaerobic power of young children is definitely lower than in ado
lescents, whether in absolute power units (Fig. 1.11) or when normalized 
for body weight (Fig. 1.12). 

A similar age-related progression in peak anaerobic power is found by 
the Margaria step-running test.57,58,126 As shown in Fig. 1.7 the peak 
energy turnover, whether expressed in absolute units or per kilogram 
body weight, is distinctly lower, the younger the subject. 

To sum up: whether or not children have inferior maximal aerobic 
power is still debatable; our conclusion will depend on the basis we 
choose for comparison. This is not the case with anaerobic performance, 
which is lower in the child in absolute and relative terms alike, whether 
scaled to body weight, height squared, or lean body mass. A graphic 
comparison of the growth-related difference between aerobic and an
aerobic performance is shown in Fig. 1.8. To use a common scale, values 
are shown as a percentage, taking the value at 18 years as 100%. While 
maximal aerobic power does not change (in boys) or even decreases (in 
girls) with age, there is a progressive growth-related increase in anaero
bic performance. The same relative pattern in the growth of the two 
fitness components will be obtained, whichever mode one uses to nor
malize the data. 
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Underlying Biochemical Characteristics. As discussed above, differences in 
maximal aerobic power can be accounted for by the mass of active muscle 
tissue.56,57 This is not so with anaerobic capacity. The markedly lower 
anaerobic capacity of the young child reflects, to a great extent, a qualita
tive deficiency in his muscle (or in the recruitment of motor units within 
the muscle), which reduces its ability to perform anaerobically. There 
are a number of findings that support this notion: Table 1.1 summarizes 
characteristics of biochemical substrates within the muscle that are uti
lized for muscle contraction. The main age-related difference is in glyco
lytic capacity: resting concentration of glycogen, and especially the rate 
of its anaerobic utilization, are lower in the child, who is therefore at a 
functional disadvantage when performing strenuous activities that last 
10-60 sec. 

One way of assessing glycogen utilization is by measuring lactate con
centration in the blood or, preferably, in the muscle. Lactate is the end 
product of anaerobic glycolysis, and its maximal concentration in muscle 
reflects, in part, the maximal rate of glycolysis. Maximal lactate levels in 
the blood I5 ,39,142,149.162,206 and in the quadriceps muscle69,70,72,114 are lower 
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Figure 1.7. Maximal anaerobic power and age. Chemical power expended in the Marga
ria step-running test of 294 9- to 16-year-old girls and boys. Mean value of age-groups 
represented in absolute terms (0 = girls, • = boys) and per kilogram body weight (0 = 
girls, • = boys). Based on data by Kurowski.126 
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in children than in older subjects. An example is shown in Fig. 1.9, 
where adolescent boys were compared with young men at various inten
sities of cycling exercise. At each exercise level the adolescents had a 
lower muscle lactate concentration, maximal level being about 35% 
lower than in the adults.72 Studies in rats have shown that lactate produc
tion is related to the level of circulating testosterone. 124 It has been 
suggested, but not confirmed, that the ability of boys to produce lactate 
during maximal exercise depends on their sexual maturity.72 The lower 
anaerobic performance of the mature female when compared with the 
male and the lesser age-related difference among females are in line 
with this notion. It is, however, premature to state that the difference 
between rate of glycosis of boys and men is explained by differences in 
male hormone activity. 

The rate of glycolysis is limited by the activity of such enzymes as 
phosphorylase, pyruvate dehydrogenase, and phosphofructokinase. 
The latter enzyme has been found less active in the muscle cells of 11- to 
13-year-old boys,69,7o or 16- to 17-year-old boys,78 than in young adults. 
This finding suggests one reason for the slower rate of glycolysis in the 
younger individual. 
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An additional indicator of anaerobic capacity is the degree of acidosis 
at which the muscle can still contract. Some trained adult athletes can 
push themselves to exercising at arterial blood pH as low as 6.80, 1I5 

which is equivalent to pH = 6.60 or less in the active muscle cell. U n
trained individuals, on the other hand, can seldom sustain exercise when 
their arterial blood pH reaches 7.20. Children do not reach as high levels 
of acidosis as can adolescents or young adults,83.115.142.199 as shown in 
Figs. 1.10A and 1.10B. In Fig. 1.10A are plotted mean blood pH values 
of different groups of male subjects, all of whom performed all-out 
tasks. One of these 142 was followed up longitudinally for four consecu
tive years. Irrespective of the absolute pH values, there is an age-related 
increase in maximal acidosis at the rate of 0.01-0.02 pH units per year. 
A similar age-related pattern is seen with base-excess during all-out cy-

Table 1.1 Substrate Availability and Utilization in Muscles of Preadolescent 
Boys' 

Substrate 

ATP 
CP 

Glycogen 

Resting Values 

Concentration in Muscle 
nmoll kg Wet Weight 

3.5-5 
12-22 

45-75 

Compared with 
Older Individuals 

No change with age 
Lower in children 

Lower in children 

* Based on Eriksson and Saltin,75 Eriksson,65 and Karlsson.1I4 

Utilization Rate 
During Exercise 

Same as adults 
Same or less than 

adults 
Much less than 

adults 
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Figure 1.10. (A) Acid-base balance and age. Mean values of blood pH following all-out 
cycle ergometer exercise (0, A , X) or 300-m run (_). Based on data by Kindermann et 
al,115 Matejkova et al ,142 and Von Ditter et al. l99 (B) Acid-base balance and age. Mean 
values of base-excess following all-out cycle ergometer exercise in athletic girls (&) and in 
athletic (A, 0) and nonathletic (_) boys. Based on data by Von Ditter et al ,199 and Mate
jkova et al. 142 

cling (Fig. 1. lOB ). The rate of decrease in base-excess is about 1-1.5 
mEq/liter/yr. 

Anaerobic Threshold. During a progressively increasing exercise a point is 
reached at which lactate production exceeds its elimination from the 
blood. At this point, which has been termed "anaerobic threshold," 
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blood lactate starts accumulating appreciably. Related to such accumula
tion, there is an increase in pulmonary ventilation which is dispropor
tionate to the increase in metabolic demands (see section entitled Pulmo
nary Ventilation, below). Some physiologists use the exercise level at 
which pulmonary ventilation accelerates, rather than the point of in
crease in blood lactate, as an index of anaerobic threshold. 

It has been suggested that the anaerobic threshold of adults better 
reflects their cardiopulmonary endurance (e.g., performance in long
distance running) than does maximal O2 uptake. This has been con
firmed for children and adolescents in some studies,186 but not in others 
(Dotan et aI, unpublished). It has further been suggested that, among 
prepubescents, anaerobic threshold may better reflect conditioning-re
lated improvement in maximal aerobic power than does maximal O2 
uptake. This has not been confirmed in a recent study from the author's 
laboratory in Israel (Dotan et aI, unpublished). 

The anaerobic threshold of children and adolescents, when expressed 
as a percentage of maximal O2 uptake, is somewhat higher than in 
adults. There does not seem, however, to be an age-related difference 
among children or adolescents. 128 

O2 Uptake Transients. In line with the notion that children are less 
capable than adults of exerting anaerobically is the pattern of their O2 
uptake transients when they increase metabolic rate. Any individual, on 
transition from rest to exercise or from a certain exercise level to a 
higher one, increases his or her metabolic rate. At first, the aerobic 
supply of additional energy lags behind the actual demands for energy 
and an "02 deficit" is contracted. The balance of chemical energy at 
these initial stages is facilitated by anaerobic pathways. During submaxi
mal exercise, the aerobic energy supply will gradually catch up with the 
demand and a new metabolic "steady-state" will be established within 
2-5 min. 

Children have shorter O2 uptake transients than adults.80,137,138,162 As 
seen in Fig. 1.11, the O2 deficit of 10- to ll-year-old boys is smaller than 
among young adults. Even more marked is the high rate at which boys 
increase their O2 uptake compared with adults: the children in Fig. 1.11 
reached 55% of their final O2 uptake within 30 sec and a steady state 
within 2 min. The adults reached only 33% of their final O2 uptake 
within the first 30 sec and required some 3-4 min to reach a steady 
state. 137 

A positive linear relationship exists between age and the time needed 
to reach 50% of steady-state O2 uptake (Fig. 1.12).80 An interesting 
question is whether, due to their shorter O2 transients, children do not 
need to resort much to anaerobic pathways (hence the smaller O2 deficit 
and lactate production), or whether these shorter transients are compen
satory for their low glycolytic capacity. This question is still unresolved. 
Another possibility, not yet tested, is that the shorter transients in chil-
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dren are a reflection of a smaller body and the resulting shorter circula
tion time.51 

Metabolic "Specialization." Morphologic and functional characteris
tics of physically active adults, especially high-level athletes, are often 
highly specialized. Some of these characteristics are acquired, such as 
increased muscle mass and strength following weight training. Others 
are predominantly inherent and constitute one's "talent," such as tall 
stature, high maximal aerobic power, or short reaction time. Specificity 
of characteristics in adult athletes is obvious between sports (e.g., weight 
lifters vs. runners) but is also apparent within sports. Among runners, for 
example, sprinters are mesomorphic, with a well-developed muscula
ture, but they have only average maximal aerobic power. In contrast, 
long-distance runners are exceptionally thin, with a high maximal aero-
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bic power and low explosive strength. Sprinters have about equal distri
bution of fast- and slow-twitch muscle fibers. Marathoners, on the other 
hand, have as much as 80-90% slow-twitch fibers with a highly oxidative 
biochemical profile. 

Does such specialization exist as early as during childhood? Only scant 
information is available to answer this question. Based on morphologic 
characteristics and performance, children do not seem to be specialists. 
The somatotype, for example, of children who are successful athletes 
seldom reaches the extremes found among adult athletes. Functionally, 
a child who is the sprinting "star" of his class is often also above average 
in long-distance running and successful in a variety of team sports. In 
the laboratory, children who possess a high maximal O2 uptake also 
perform above average anaerobically.29 An example is a study in which 
aerobic and anaerobic characteristics were assessed in 16 8- to ll-year
old boys, six of whom were elite U.S. long-distance age-group run
ners. 143 As seen in Fig. 1.13, those boys who scored well in the Wingate 
anaerobic test also had a high maximal O2 uptake, which suggests a lack 
of specialization. We have found similar results in 8- to 12-year-old 
swimmers. 108 



18 1: Physiologic Responses to Exercise of the Healthy Child 

60 o = RUNNERS 
• = NON-ATHLETES 

o 
r = 0.82 

() 
Q) • • 
VJ 

0 
M 50 
> 
~ • 

W-
I-
~ 

o 
a: 
c.:J 
Z 
:J 
...J 
<! 40 
Cl 
LU 
Cl.. 

• ~~I I -r,~---------------------L ____________________ ~. 
40 50 60 

'V0z MAX. mllkg-m in 
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rate) in the Wingate Anaerobic Test plotted against maximal aerobic power (Vo2 max). Data 
are for 13 boys, 8- to 11 -years old, six of whom were elite cross-country runners and the 
others nonathletes. Based on Mayers and Gutin. ' 43 

Muscle fiber type differentiation takes place by the first year of life. It 
will be of the utmost interest to establish whether the specialization ap
parent in fiber types of adult athletes also exists in children. So far, 
however, data are available only for 6-year-old nonathletes. Their fiber 
type distribution is much the same as in sedentary adults.34,132 Fiber type 
distribution of IS-year-old boys who had been participating in an en
durance running program was not different from the distribution found 
in the same boys three years earlier. \09 

In conclusion: based on somewhat fragmentary information, it ap
pears that prepubertal children are "metabolic nonspecialists," even 
when engaging in specialized sports. 

Cardiovascular Response to Exercise 

The main role of the cardiovascular system during exercise is in the 
transport of additional O2 to the exercising muscles and of CO2 from the 
muscles. Other roles include transport of nutrients, metabolites, and 
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hormones, retention of osmotic and acid-base balance, and convection of 
heat from body core to periphery. 

Changes that facilitate a greater O2 supply to the muscle can best be 
described through Fick's principle: 

V02 = Q X (Cao2 - CVo2) 

in which V02 is O2 uptake, Q is cardiac output, and Ca02 - CV02 ' the 
difference in O2 content of arterial and mixed-venous blood. Q is the 
product of heart rate (HR) and stroke volume (SV). Therefore 

V02 = HR x SV x (Cao2 - CVo2) 

For O2 uptake to increase, either cardiac output or arteriovenous O2 
difference must rise. In fact, both rise during exercise-cardiac output 
through an increase in heart rate and in stroke volume and arteriove
nous O2 difference through an increase in muscle blood flow, which 
causes a decrease in mixed-venous O2 content. 

Table 1.2 summarizes the differences in hemodynamic response to 
exercise between children and adults. 

Cardiac Output and Stroke Volume. As in adults, the cardiac output of 
children rises at the beginning of exercise, or upon transition to a higher 
level of exercise. A new steady-state cardiac output is established within a 
few minutes. Typically, children have a markedly lower stroke volume 
than do adults, at all levels of exercise. This is compensated for, but only 
in part, by a higher heart rate. The end result is a somewhat lower 
cardiac output at each metabolic level, as shown in Fig. 1.14.30,60,63,71,73, 

146,164 It is not clear whether the somewhat lower cardiac output of chil-

Table 1.2. Central and Peripheral Hemodynamic Response to Exercise. 
A Comparison Between Children and Adults 

Function 

Heart rate-submax 
Heart rate-max 
Stroke volume-submax and max 
Cardiac output-submax 
Arterio-mixed venous O2 difference-

submax 
Blood flow to active muscle 
Systolic and diastolic blood 

pressure-sobmax and max 

Children's Response 
(compared with adults') 

Higher, especially at first decade 
Higher 
Lower 
Somewhat lower 
Somewhat higher 

Higher 
Lower 
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Figure 1.14. Cardiac output of the exercising child. Individual values for boys performing 
upright submaximal and maximal cycle-ergometer exercise .• = data by Godfrey et al93 

on boys with body height of 110 to 154 cm, tested by CO2 rebreathing . • = data by 
Eriksson on boys 13-14 years old, tested by dye dilution.63 The shaded area represents 
young adults performing upright exercise. Compiled from the literature by Bar-Or et al30. 

dren is of any biologic significance. Quite possibly the concomitant 
higher arterio-mixed venous O2 difference is sufficient to compensate 
the O2 transport system during submaximal exercise. A potential handi
cap due to low cardiac output may exist, however, during maximal exer
cise when peripheral O2 extraction can no longer rise73 or when the child 
is exposed to combined stresses of exercise and extreme heat. In the 
latter case, the circulation is called upon to simultaneously support the 
increased metabolic needs and the need for heat convection to the pe
riphery. Such demands may not be met in full, and exercise-in-the-heat 
cannot be sustained.24 ,60 (See also Chapter 9.) At all levels of exercise, 
stroke volume in boys is somewhat higher than in girls.3o,49,93,164 

The degree of hypokinetic response is dependent upon the age, or the 
developmental stage, of the child. Fig. 1.15 depicts a situation in which 
younger children had a lower stroke volume at a given exercise level 
than did older ones. This was compensated for by a higher heart rate, 
such that cardiac output of the young children was only a little lower 
than that of their older counterparts l46 (see also Refs. 88, 164). 
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A related finding is presented in Fig. 1.16. Girls and boys who per
formed maximal exercise were subdivided into prepubertal, pubertal, 
and postpubertal groups. At an equal maximal O2 uptake, heart volume 
(an important factor in the ability to raise stroke volume during exer
cisel04 ) of the prepubertal children was the smallest.206 It is possible that 
the prepubescents also had a lower maximal cardiac output and, true to 
Fick's principle, had to resort to higher peripheral O2 extraction to 
achieve a certain level of maximal O2 uptake. 

Heart Rate and Exercise. Thanks to its relative ease of monitoring, 
heart rate has been the most commonly analyzed variable in exercise 
physiology. Its measurement has proven valuable for monitoring the 
cardiovascular response to exercise. In addition, its close relationship to 
metabolic level has made heart rate a useful indirect indicator of energy 
expenditure, as well as a means for prediction of maximal O2 uptake. 
Due to its marked sensitivity to any increase or decrease in conditioning, 
heart rate has become a valuable gauge for determination of fitness and 
of compliance to exercise programs. 

In this section, we shall analyze the relationship between heart rate 
and other physiologic and psychologic variables before, during, and 
following exercise. Special emphasis will be given to factors that modify 
the heart rate response to exercise in children, as summarized in Table 
1.3. The practitioner who wishes to include the measurement of heart 
rate in his diagnostic repertoire should be thoroughly familiar with such 
factors. 

Age. Submaximal heart rate in children declines with age.8,15,43,93,162,168,196, 

206,207 As shown in Fig. 1.17, heart rate can be as much as 30-40 beats/ 
min higher in an 8-year-old child than it is in an 18-year-old performing 
the same absolute task. Such a difference is partially due to the greater 
relative exercise intensity performed by the younger children in Fig. 
1.17, but it is also found at equal relative metabolic loads.206 The higher 
heart rate among young children is biologically sound, as it compensates 
for a lower stroke volume. 

The maximal heart rate of children and adolescents ranges between 
195 and 215 beats/min8,15,30,162 and starts declining with age only after 
maturity has been reached. Such a decline is independent of sex, level of 
conditioning, climate, or other environmental conditions. It is equivalent 
to 0.7-0.8 beats/min per year.28 If one takes the difference between 
submaximal and maximal heart rate as reflecting a certain "cardiac re
serve," a 16-year-old adolescent has a distinctly greater reserve than a 6-
year-old child. This is shown graphically in Fig. 1.18 and is in line with 
the smaller metabolic reserve of children, as discussed above, under 
Metabolic Responses to Exercise in Children. 
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Table 1.3. Factors Known to Affect Heart Rate Response to Exercise Among 
Children and Adolescents 

Factor 
Submaximal HR 

MaximalHR (at a given exercise) 

Age Young> old No effect 
Sex Females> males No effect 
Adiposity Obese> lean No effect 
Climatic stress i No effect 
Emotional stress i No effect 
Active muscle mass Small > large Large > small 
Body position Upright> supine Upright> supine 
Conditioning ~ No effect or slight ~ 
Deconditioning i No effect 
Heat acclimatization ~ No effect 
Habituation ~ No effect 

Diseases 
Anemia i No effect 
Anorexia nervosa i ~ 
A-V block ~ ~ 
Cyanotic heart defects i ~ 
Dysrhythmias H Various 
Fever i No effect 
Muscle dystrophy and i ~ 

paralysis 
Neurocirculatory asthenia i No effect 

Medication 
~ blockers ~ ~ 
Methylphenidate i No effect 
~2 sympathomimetics i No effect 
Thyroid hormone i No effect 

Sex. As a rule, women have a higher heart rate than men at a given 
exercise level. Traditionally, this difference has been attributed to the 
low blood hemoglobin concentration of the mature female. I5 However, a 
higher heart rate is also found among preadolescent girls whose hemo
globin level is not different from that of boys30.135,168.202 and even among 
children as young as six years 0Id.ll.93.158 The degree of relative tachy
cardia in females ranges between 10 and 20 beats/min. Fig. 1.19 is a 
demonstration of such a comparison in which 6- to 7-year-old girls and 
boys carried various loads on their backs while walking at a constant 
speed. Irrespective of the load, heart rate of the girls was by some 20 
beats/min higher than among the boys. The cause of high exercise heart 
rate in the young female is not clear. It could result from a lower stroke 
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Figure 1.17. Exercise heart rate and age. Subjects were 237 boys, 8-18 years old, who 
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Figure 1.19. Exercise heart rate and the sex of the child, Nine girls and 6 boys, 6-7 years 
old, walked on a treadmill at 4 km/hr, without carrying any load and while carrying on their 
back a school-bag weighing 10%, 20%, or 30% of their body weight. Heart rate was 
monitored at the end of a 4-min walk in each condition, Vertical lines denote 1 S,E,M, Data 
from the author's laboratory in Israel. 

volume30 or from lower levels of habitual activity.87 One cannot rule out 
sex-related differences in autonomic cardiac regulation, but there are no 
data to substantiate such a notion. Young boys have a faster post-exercise 
decline of heart rate than do girls,158 which may reflect quantitative 
differences in regulatory mechanisms. 

Adiposity. Obese children have a higher submaximal heart rate than do 
lean ones (Chapter 6, section entitled Response to Acute Exercise). 

Climatic Stress. During exercise in hot or humid climates, heart rate is 
higher than in a neutral environment. An elevation above comfortable 
ambient conditions (23-24°C, 60-70% relative humidity) of 2-3°C or of 
15-20% relative humidity may cause an increase of 10 or more beats per 
minute and render false information. To a clinician who wishes to test 
children by exercise in his office, this is an important factor to remember 
(see Chapter 9). 

Emotional Stress and Habituation. As in adults, the heart rate of children is 
increased with excitement or fear. It can rise by as much as 30-50 beats/ 
min above the "real" value. Such an increase is apparent mostly at rest 
and during mild levels of exercise. To a healthy or a sick child the first 
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encounter with a laboratory setup, its instruments, and the unfamiliar 
personnel and tasks can all induce apprehension. In research, a session 
of habituation is mandatory, during which the child should undergo all 
procedures and be famliarized with the equipment. Data from that ses
sion should be discarded. If in a clinical setup, reassure the child, take 
measurements, but discard heart rate data from low exercise levels if 
they look out of line with those obtained at higher power loads. One way 
to habituate a young child is to let him play prior to testing with such 
equipments items as the mouthpiece, nose-clip, or stethoscope. 

Active Muscle Mass. When a given mechanical power is produced by 
small muscles, heart rate will rise more than when the same power is 
produced by a larger muscle mass. A case in point is arm ergometry, 
where heart rate can be 20-30 beats/min higher than that obtained at 
identical loads during leg ergometry.21.90 Thus, when children with such 
diseases as cerebral palsy, poliomyelitis, muscular dystrophy, or spina 
bifida are tested by arm cranking, allowance must be made for the small 
muscle mass involved. Norms and nomograms designed for leg ergome
try should not be used. Unfortunately, normative data for arm ergome
try in children are not available. 

Conditioning and Deconditioning. The heart rate response to exercise is a 
highly sensitive gauge of the level of aerobic conditioning (see Condi
tioning and the Cardiovascular System, below). 

Acclimatization to Heat. The difference in heart rate between the acclima
tized and nonacclimatized state can be as much as 15-20 beats/min.24 
Such a difference can easily mask any other effects on heart rate. Special 
care should be taken during changes of weather or when newcomers to a 
hot region are to be tested. 

Diseases. Some diseases can induce specific changes in the submaximal 
or maximal heart rate (Table 1.3). For details see the respective chapters. 

Medication. Pharmacologic agents that affect the autonomic nervous sys
tem or the metabolic rate induce changes in heart rate. At present, 
specific information is scant: propranolol, a commonly used ,8-blocker, 
was found to reduce both the submaximal and maximal heart rate of 
healthy children, by some 15-30 beats/min (Fig. 1.20). Methylpheni
date, which is recommended for "hyperactive" children, induced an 
increase of some 10 beats/min in submaximal heart rate, but very little in 
maximal heart rate (Fig. 1.21). The same changes have been obtained 
with theophylline and ,82-sympathomimetics, often prescribed in 
asthma. Although not documented, it is highly conceivable that other 
drugs would also affect children's hemodynamic response to exercise. 
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Figure 1.20. Beta-adrenergic blockers and exercise heart rate. Changes in heart rate with 
and without orally administered 10 mg propranolol. The subjects were six 11-year-old 
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Body Position. Supine exercise testing often has to be resorted to, espe
cially in a clinical setting. In this body position, which is more favorable 
for venous return, resting submaximal and maximal heart rates are 
lower than during upright exercise. 50 For example, among 8- to 15-year
old healthy boys, maximal heart rate at upright cycling was higher by 9 
beats/min than during supine exercise.49 
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Muscle Blood Flow. In addition to an increase in cardiac output, there 
is a dramatic redistribution of regional blood flow during exercise. In 
adults, an increase takes place in blood flow to the exercising muscles 
(skeletal and respiratory), to the myocardium, and, at some power inten
sities, to the skin. Concurrently, there is a marked compensatory blood 
flow decline to the kidneys, splanchnic area, and nonexercising muscle. 
Data on peripheral blood flow of children are rather limited. Compared 
with young adults, 12-year-old boys had a higher muscle blood flow after 
exercise. lIS This difference diminished when the same boys were re
tested one year later,1I9 and again four years l20 later. 

The higher muscle blood flow of children may represent a more fa
vorable peripheral distribution of blood during exercise. Such distribu
tion facilitates a greater O2 transport to the exercising muscle (in spite of 
a lower cardiac output), and a greater decline in the O2 content of 
mixed-venous blood. As in adults, muscle blood flow of boys seems to 
reach a new plateau 30-40 sec after the onset of a new exercise level. 
Such adjustment is faster than that of O2 uptake or cardiac output. 
Apparently muscle blood flow is not a limiting factor in the child's O2 

transport capacity. 

Arterial Blood Pressure. Rhythmic Exercise. The higher contractile 
forces of the myocardium during exercise cause an increase in intraven
tricular systolic pressure. This is one mechanism by which more blood is 
made available to the periphery. Such an increase is manifested, among 
other functions, by a rise in arterial systolic blood pressure. In contrast, 
diastolic blood pressure, which depends primarily on the peripheral 
vascular resistance, changes little with exercise and its direction cannot 
be predicted. When rhythmic exercise is performed, the rise in systolic 
blood pressure is proportional to exercise intensity and to the overall 
metabolic level.73 Such a pattern is operative in all healthy individuals, 
irrespective of age. There are, however, age- or size-related quantitative 
differences: for a given level of exercise, a small child responds with 
lower systolic and diastolic pressures than does an adolescent. lll ,125,16l,192 
This pattern is shown in Fig. 1.22. 

A lower exercise blood pressure in the young child is in line with the 
lower cardiac output and stroke volume (vide supra). It may also reflect a 
lower peripheral vascular resistance in children, due to their shorter 
blood vessels. There is no reason to assume that such an age-related 
pressure difference is either materially beneficial or detrimental to the 
working capacity of the young child. 

Within a given age-group, boys have a higher peak systolic blood 
pressure than do girls,161 probably because of higher maximal stroke 
volume in the boys. For reasons unknown, black children respond to 
exercise with higher arterial blood pressure than do white ones.3,192 
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Figure 1.22. Blood pressure during a walking exercise in children and adolescents. Sub
jects were 274 girls and boys who had been referred to an outpatient pediatric clinic for 
reasons other than organic cardiovascular disease. Walking was done on a treadmill at 3.5 
km/hr. The slope was raised each minute by 2%. The participants are subdivided into three 
groups according to body surface area. Adapted from Riopel et al. 161 

Static Exercise. The blood pressure responses to static contraction are 
different from those that occur during rhythmic contractions. Most 
striking is the dissociation between metabolic demands and blood pres
sure: both systolic and diastolic pressures increase above and beyond 
those expected merely from an increase in metabolism. Whenever the 
static effort exceeds some 20% of the maximal voluntary contraction of 
the respective muscle group, a steady-state cannot be reached. Fatigue 
keeps increasing and exhaustion takes place within minutes, even 
though heart rate may remain as low as 110-120 beats/min.28,13o Appar
ently, some pressor response is activated during static contraction such 
that within 1 min (50% of maximal voluntary contraction) systolic pres
sure of adults may reach near maximal values, with a concomitant rise in 
diastolic blood pressure. In adults, the rise during static contraction is 
not related to the absolute force, but to the intensity of contraction of the 
respective muscle group, relative to the maximal voluntary contraction 
of that muscle group. Thus, a hand-grip at 50% of maximal intensity will 
cause a similar blood pressure rise as a contraction of both quadriceps 
muscles at 50% of their maximal voluntary contraction. 
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Although it has been assumed that children and adolescents respond 
like adults to static exercise, specific data on the blood pressure response 
of children are scant and limited to hand-grip only.77,174,192 The peak 
systolic blood pressure during rhythmic cycling is higher in children than 
that achieved by exhausting hand-grip efforts of various combinations 
of intensity and duration. No studies are available where the metabolic 
levels of rhythmic and static efforts were equated to obtain a valid com
parison of their effect on blood pressure. 

There is a definite need for more data on the blood pressure response 
of children to static activities. Such information is relevant, for example, 
to the hypertensive child and to patients who, due to locomotor disabil
ity, resort to static activities. 

Pulmonary Response to Exercise in Children 

In addition to its role in the increased O2 and CO2 transport during 
exercise, the respiratory system affects acid-base balance by controlling 
body stores of CO2, To facilitate the increase in O2 and CO2 exchange, 
pulmonary ventilation rises, bringing about a rise in alveolar ventilation. 
In addition, blood flow through the pulmonary capillaries increases pro
portionately. 

Fewer data are available on the respiratory than on the circulatory 
system of the exercising child. These suggest that children's pulmonary 
response to exercise is quite similar to that of adults, with some quantita
tive differences. These are summarized in Table 1.4. 

Pulmonary Ventilation. In absolute terms, ventilation grows with age. 
Whereas a 6-year-old child may reach a maximal pulmonary ventilation 
of 30-40 liters/min, a young adult can reach 100-120 liters/min and 
more. 15,162 When expressed per kilogram body weight, maximal ventila
tion is about the same in children, adolescents, and adults. Submaximal 
ventilation per kilogram, on the other hand, is higher in children, dimin
ishing regularly with age. At 6 years, it can be 50% higher than at 17 
years. 162 This suggests a lower "ventilatory reserve" at a young age. 

During progressive exercise, pulmonary ventilation increases linearly 
with the metabolic rate until about 60% of maximal O2 uptake when a 
ventilatory "breaking point" is reached, beyond which ventilation rises in 
a more accelerated manner. Such accelerated ventilation parallels, and is 
presumably triggered by, an increasing concentration of blood lactate 
and hydrogen ions. The ventilatory breaking point is related to, and 
often coincides with, the "anaerobic threshold" (see Anaerobic Thresh
old, above). As shown in Fig. 1.23, ventilation at any given O2 uptake is 
higher in children, and the ventilatory breaking point appears earlier, 
than in adolescents or adults. One might conclude that children's venti
lation is more wasteful. When percent maximal ventilation is plotted 
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Table 1.4. Respiratory Function During Exercise. A Comparison Between 
Children and Adults 

Function 
Children's Response 

(compared with adults) 

Ventilation per kilogram body weight-maximal 
Ventilation per kilogram body weight-submaximal 
Ventilatory "breaking point" 

Same 
Higher 
Earlier or same 
Higher Respiratory rate-maximal and sub maximal 

Tidal volume/vital capacity-maximal Lower 
Tidal volume/vital capacity-submaximal 
Ventilatory equivalent-maximal and submaximal 
Dead space/tidal volume 

Same or lower 
Higher 
Same 

Partial pressure of arterial CO2 Somewhat lower 

against percent maximal O2 uptake, however, there is no age-related 
difference in the ventilatory breaking point. 169 This suggests that the 
control of pulmonary ventilation in the exercising child is similar to that 
of older individuals. 

Respiratory Frequency and Tidal Volume. Exercising children have a 
markedly higher respiratory frequency than older individuals who per
form the same task, maximal or submaximal. For example, during a 
walk at 5-6 km/hr, 8.6% incline, a 6-year-old child respires at a rate of 
some 50 cycles/min, while a 25-year-old man uses only 25 cycles/min.162 
During a maximal running test, respiratory frequency was 70 cycles/min 
in 5-year-old children compared with 50/min at 17 years.15 Age- or 
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Figure 1.23. Pulmonary ventila
tion during exercise. Subjects 
were 83 Norwegian boys, subdi
vided into three age-groups, who 
cycled at two submaximal and 
one maximal loads. STPS = body 
temperature, ambient pressure, 
saturated with water vapor; 
STPD = standard temperature 
and pressure, dry air. The gray 
area represents data for young 
adults. 17 Data for the children are 
by Andersen et al.9 
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maturation-related differences in respiratory frequency during cycling 
may be less distinct than during running or walking, but are still appar
ent. 43,92,169,177 

Does their relative tachypnea reflect shallow breathing in children? 
One way to express depth of ventilation is by the ratio tidal volume/vital 
capacity. During submaximal tasks this ratio is marginally lower in chil
dren than in adults. During maximal exercise, however, it is only 
0.42-0.48 in children, 0.48-0.54 in adolescents and 0.56-0.59 in 
adults. 15,92,162,169 Thus we can conclude that, compared with adolescents 
and adults, children respond to exercise with relative tachypnea and 
with shallow respirations. 

Ventilatory Equivalent. This ratio, which represents the number of li
ters of air needed to ventilate the lungs in order to supply I liter of O2, is 
a numerical expression of ventilatory efficiency. A high ratio reflects low 
efficiency. 

In a number of studies,9,15,117,163 but not in others,162,169 ventilatory 
equivalent has been shown to decrease with age, whether during sub
maximal or maximal exercise. This trend, which suggests a less efficient 
ventilation among children, is shown in Fig. 1.24. It has been suggested 15 
that girls have a higher ventilatory equivalent than age-matched boys. 
This has not been confirmed by a longitudinal study in which some 120 
girls and boys were followed up for 5-7 years. 169 

The major implication to children of less efficient ventilation is the 
greater O2 cost of respiration. This, to some extent, could explain their 
relatively high metabolic demands during submaximal tasks. 
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Figure 1.24. Ventilatory equivalent during maximal exercise, as related to age. A sche
matic presentation based on data by Andersen et al,9 Astrand,15 and Kobayashi et al. 117 
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Alveolar Ventilation and Gas Exchange. It is the alveolar rather than 
the pulmonary ventilation that determines gas exchange in the alveoli. 
In spite of their shallow breathing pattern, children's physiologic dead
space is smaller than in adults, and alveolar ventilation is adequate for 
gas exchange.93,183 In fact, children have a mild alveolar hyperventilation, 
as judged from their arterial PC02 (Paco2)' During various levels of 
treadmill II or cycling92,93 exercise, children's arterial PC02 has been 
lower (33-36 mm Hg) than among adults (40 mm Hg). 

There are no systematic data to indicate age-related differences dur
ing exercise in pulmonary diffusion. It appears, though, that during 
near maximal exercise young adolescents have a lower diffusion capacity 
at a given level of functional residual capacity than do adults. 121 

Vital Capacity and Exercise Performance. Vital capacity is strongly 
related to body size, particularly height, of children and adolescents. 159 
Historically, this function was considered an index of fitness, based on 
high vital capacity among some groups of athletes. However, when body 
size is partialled-out, correlation between athletic performance of 
healthy children and their vital capacity is low.48 

Vital capacity of girl swimmers16,62 and boy swimmers66 was higher 
than expected from their body size, but no correlation was shown be
tween swimming performance of these children and their vital capacity. 
Only in advanced lung or chest-wall disease will vital capacity become a 
limiting factor in exercise performance (see Chapters 3 and 7). 

Prolonged Activities 

"Prolonged activities" will be defined as those that last 30 min or more 
and are continuous in nature. Although such activities are contrary to 
a child's pattern of spontaneous exercise, many children have been pur
suing them since long-distance running has become a popular children's 
sport. Prolonged activities are also practised by other young athletes and 
dancers, as part of their training regimen. 

Some research, mostly in Czechoslovakia, has been done on children's 
adjustment to prolonged activities. Basically, the responses of children 
and adolescents, whether exposed to neutral environments or to heat 
stress,141 are not different from those of adults. When exercise intensity 
is some 60-70% of maximal O2 uptake and it lasts about 1 hour, heart 
rate will reach at first a new plateau, but then will gradually increase and 
may be some 10-15% higher after 60 min than at 10 min of exer
cise. 136,139 Pulmonary ventilation may rise during that time by some 2 
liters/min, and O2 uptake by 1-2 ml/kg X min. Whereas the rise in heart 
rate and ventilation can be explained by an increase in core temperature 
and a mild level of dehydration, the rise in O2 uptake may be due to a 
shift from carbohydrate to fat utilization by the active muscle. Such a 
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shift is also reflected by a concomitant reduction in the respiratory quo
tient (i.e., the ratio CO2 production/02 uptake). 

The main age-related differences in the response to prolonged exer
cise are a lower accumulation of blood lactate,116,139 a milder increase in 
serum potassium,36 and a milder decrease in plasma volumel40 of chil
dren. Whether lower accumulation of blood lactate signifies less produc
tion in the muscle or a faster removal from the blood is not clear. The 
former is more plausible, based on data regarding short-term exercise. 

In conclusion, apart from low economy of locomotion (see Mechanical 
Efficiency and Economy of Movement, above), there do not seem to be 
any underlying physiologic factors that would make children less suit
able than adults for prolonged continuous exercise. A child's preference 
for activities of shorter duration must be explained by psychologic 
causes, such as shorter attention span, the need for recreational stimuli, 
and lower socially induced motivation for long-term exercise. 

Warm-up Effect 

Warming-up is a common practice by athletes and dancers. It should be 
practiced by anyone who exercises. The dividends are both improve
ment of performance and prevention of injuries. There are a number of 
possible physiologic mechanisms by which warm-up exerts its benefits: a 
faster impulse propagation along neurons; faster muscle contraction; a 
"shift to the right" in the oxyhemoglobin dissociation curve (thus, 
greater O2 availability to tissues); improved coronary blood flow and 
myocardial oxygenation (preventing myocardial ischemia at the start of 
intense exercise); decrease in O2 deficit at the beginning of exercise; 
increased mechanical efficiency of the muscle and reduction of viscosity 
within the muscle, between tendons and their sheath, and inside the 
joints. 

Proponents of psychologic mechanisms claim that much of the im
proved performance is due to the attitude of the athlete who will not 
perform "all-out" without warming up. 

To circumvent such a psychologic mechanism, a study was done in the 
author's laboratory with young children who had been found ignorant 
of the concept of warm-up. These 7- to 9-year-old nonathletic boys 
performed a 4-min "aerobic" cycling task and a 30-sec anaerobic task 
(the Wingate anaerobic test) with and without warming up. Warm-up 
consisted of 15-min intermittent treadmill runs raising rectal tempera
ture by 0.52°C and elevating HR to 150 ± 10 beats/min. The time 
interval between this prior exercise and the criterion task was 4 min. The 
results are shown in Figs. 1.25 and 1.26. Warming up helped the chil
dren utilize greater aerobic resources and reach steady-state faster than 
without prior exercise. It also improved the score in the Wingate test, 
increasing the mean power output by 7%.107 Intermittent warm-up in 
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Figure 1.25. Warm-up effect on O2 uptake in strenuous exercise. Twelve 7- to 9-year-old 
boys performed a 4 -min one-stage cycling task with and without prior warm-up. Vertical 
bars denote 1 S.D. See text for procedures. Reproduced by permission from Inbar, 
Bar-Or. 107 

these children was found more effective than continuous warm-up, even 
when both induced an identical increase in metabolic level. 

Various protocols can be used for warming up, depending on the task 
that follows, on climatic conditions, and on individual habits. One 
should, however, attempt to include the following three components in 
any warm-up: nonspecific activities that raise core temperature, stretch
ing exercises, and specific activities (e.g., a pitcher in baseball should 
throw the ball, using the actual pitching motion). The optimal duration 
of warming up at the start of a nonspecific activity session is 8-12 min. 

Exercise Perception and Age 

As discussed in Chapter 2, children are habitually more active than 
adults. One possible explanation for this phenomenon is that adults 
prefer to be sedentary because they perceive exercise as more fatiguing 
than do children. 

To analyze this possibility, we conducted a study with some 1300 
seven- to 68-year-old males, all of whom performed an identical cycle 
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Figure 1.26. Warm-up effect on anaerobic performance. Twelve 7- to 9-year-old boys 
performed the 30-sec cycling Wingate Anaerobic Test with and without prior warm-up. See 
text for procedures. Vertical bars denote 1 S .D. Reproduced by permission from Inbar, 
Bar-Or. 107 

ergometry test. 22 Among other measurements, rating of perceived exer
tion (RPE) was determined at each power load, using the Borg scale41 

(Appendix II, section entitled Rating of Perceived Exertion, under Mea
surements Taken During Exercise). If submaximal heart rate is taken as 
an index of cardiovascular strain, the ratio RPE/heart rate can represent 
the subjective strain at a given level of "objective" strain. Fig. 1.27 sum
marizes this ratio for various age-groups at different exercise levels. 
Excluding the youngest group of 7- to 9-year-old gymnasts, all other 
subjects had an age-related increase in RPE/heart rate. Thus, at a given 
cardiovascular strain, children rated exercise to be lighter than did the 
older subjects. Because submaximal heart rate at a given exercise level is 
higher in young children (see Fig. 1.17), RPE was also analyzed at a 
certain percentage of maximal heart rate. This is a more prudent way for 
comparing cardiovascular strain in people who vary in age. The results 
are shown schematically in Fig. 1.28, in which the ratio RPE/percent 
maximal heart rate is lower in children than in adolescents and even 
more so than adults. These data suggest that, indeed, exercising at a 
certain physiologic strain is perceived to be easier by children than by 
older individuals. The reason for such regularity is not clear. Although 
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Figure 1_27_ Development of exercise perception with age. The ratio of rating of perceived 
exertion (RPE) to heart rate (HR) at various power loads. Data on 904 seven to 46-year-old 
males who exercised on the cycle ergometer. Subjects are subdivided into six age-groups. 
Based on Bar-Or.22 

this phenomenon is in line with the lower blood lactate and O2 deficit 
levels of children, there are no data to confirm a cause-and-effect rela
tionship between lactate concentration and RPE. There is, in fact, a 
suggestion that RPE in 16-year-old boys is not dependent on blood lac
tate level but rather on power load during cycling.170 

People with experience in pediatric exercise testing often note the fast 
rate of recovery following exercise in the young subjects. Adults, for 
example, who complete an all-out maximal aerobic power test are usu-
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Figure 1.28. Exercise percep
tion and age. Rating of perceived 
exertion (RPE) at a given per
centage of maximal heart rate 
(%HRmax) in some 13009- to 68-
year-old males who exercised at 
100 Watts. Schematic presenta
tion, based on Bar-Or.22 Repro
duced with permission from 
Bar-Or.26 
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ally exhausted and quite reluctant to pursue further activities for several 
hours. This is not the case with children, some of whom often amaze us 
with a request to repeat the all-out task 30-45 min after its completion, 
because they think they could improve on their previous performance I 
There is no systematic comparison on the actual rate of physiologic 
recovery in children and adults. It is possible, though, that children's 
eagerness to repeat a strenuous task is related to their low rating of 
perceived exertion. 

Another age-related difference in exercise perception has been found 
following conditioning or heat acclimatization. This point is further dis
cussed in Chapter 9. 

Conditioning and Training 

I ntrod uction 

Physical conditioning is the process by which exercise, repeated during 
weeks and months, induces morphologic and functional changes in body 
tissues and systems. Mostly affected are the skeletal muscles, myocar
dium, blood vessels, adipose tissue, bones, ligaments, tendons, and the 
central nervous and endocrine systems. 

"Conditioning" and "training" are often used interchangeably-and 
rather loosely-in reference to long-term exercise regimens and their 
effects. "Conditioning" will be used in this text for intervention pro
grams in which emphasis is given to a general increase of the metabolic 
level (e.g., a mixture of running and calisthenics). "Training," on the 
other hand, will refer to programs that emphasize a specific fitness com
ponent or a specific part of the body (e.g., sprint training, or weight: 
training of the elbow flexors). "Trainability" will be used to denote the 
responsiveness of an individual to either general conditioning or a spe
cific training program. 

Methodologic Constraints. Research on the conditioning and training 
of children has inherent methodologic obstacles and pitfalls. As in other 
age-groups, studies should include an intervention program and a longi
tudinal follow-up. In adults, changes in function between pre- and post
intervention can be attributed with fair certainty to the conditioning 
program. Not so with children or adolescents. Here, changes due to 
growth, development, and maturation often outweigh and mask those 
induced by the intervention. It is intriguing that many of the physiologic 
changes that result from conditioning and training also take place in the 
natural process of growth and maturation. Such is the case, for example, 
with the reduction of submaximal heart rate and ventilatory equivalent, 
or the increase of stroke volume, maximal blood lactate, muscle 
strength, or economy of running. 
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The development of techniques to partial-out the growth and devel
opment effect from the conditioning effect has been a major challenge 
to physiologists and kinanthropometrists. 166 In recent years, increasing 
emphasis has been given to dimensional principles (see Dimensionality 
Theory and Maximal O2 Uptake, above) by which size-related changes 
can be predicted and accounted for in any conditioning study.33.61.152.2oo 
This approach, while useful in the absence of a control group, is not an 
adequate substitute for a control group, as it does not allow one to partial
out such effects as habituation or learning.97 Furthermore, the validity 
of the theoretical exponents of body height is questionable for some 
variables. 18.181 

In various intervention studies "controls" have been included, but 
very seldom have children been assigned randomly to the activity and 
the control groups. Thus, an a priori selection cannot be ruled out. Such 
preselection is especially obvious when members of a sports club, with 
presumably above average talent and motivation, are compared with 
nonathletic children. Even studies on the effects of "sports classes" 
within a school (using other classes as controls) seldom escape preselec
tion: children who are assigned to such sports classes often volunteer 
and need parental consent. They, therefore, may have different atti
tudes toward sports than their unselected counterparts. 

Due to the above constraints, the current state-of-the-art on condition
ing of children is still fragmentary. We must look upon the data as 
changes that occur with conditioning and training but do not necessarily 
result from them. 

Principles of Physical Conditioning 

The clinically oriented reader who may wish to incorporate exercise into 
a'therapeutic regimen is not expected to master the techniques of condi
tioning or training. This role should be left to experts in "adapted physi
cal education" (a subspecialty of physical education, dealing with the 
clinically disabled child) or to physiotherapists with a special interest in 
fitness and sports. It is important, however, that a clinician who con
siders prescribing an activity be conversant with the rationale, principles, 
and terminology of conditioning. These will be presented below. Discus
sion of a more technical nature can be found in other textbooks.17.79.181 

Specificity of Training. The changes that take place in body tissues as a 
result of chronic exercise are stimulus-specific: a particular activity may 
induce a change in one tissue and not in another. Furthermore, a tissue 
may respond in one way to a certain exercise stimulus and in another to 
a different one. IOI Long-distance running, for example, will induce 
myocardial hypertrophy, improvement of the oxidative capacity within 
muscle fibers of the quadriceps, and preferential hypertrophy of the 
slow-twitch fibers. In contrast, knee extension against high resistance will 
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barely affect the myocardium, and will induce hypertrophy of the quad
riceps (mostly fast-twitch fibers) and a lesser improvement of the oxida
tive capacity in that muscle. An example of specificity of training is a 
study by Fournier et al,78 of 16- to 17-year-old boys. A 5-month sprint 
training increased the activity of muscle phosphofructokinase (an "an
aerobic" enzyme) by 20.6%, with no change in succinyl-dehydrogenase 
(an oxidative enzyme). In contrast, endurance training induced a 42% 
increase in succinyl-dehydrogenase activity and only 6% in phospho
fructokinase activity. 

Specificity of the stimulus can be nicely illustrated in strength train
ing. 171 Each of the following factors will modify the response to a weight
training regimen: 

1. The muscle(s) involved. 
2. Type of contraction (concentric, eccentric, isometric). 
3. Intensity of contraction and number of repetitions. 
4. Velocity of contractions. 
5. Joint angle at which contraction is performed. 
6. Movement pattern. 

The fine nuances of specific responses to training are especially impor
tant to athletes, who strive to attain perfection. They are less crucial to 
those interested in the general improvement of physical working capac
ity. Nevertheless, an intelligent approach to prescribing exercise to a 
disabled or detrained child should tailor the type of activity to his or her 
specific needs. While some children, especially those with musculoskele
tal disabilities, may require prescription of activities "custom made" to 
their residual ability, others can benefit from sports practiced by the 
general population. 

Different sports develop different components of physical fitness. 
Table 1.5 summarizes the major benefits to fitness that various sports 
can induce. The fitness components are presented in this table in popu
lar rather than physiologic terms. "General stamina," for example, 
stands for maximal aerobic power and "local muscular endurance" for 
anaerobic capacity. The importance assigned to each sport in improving 
a certain fitness component is the most typical effect, but there are many 
variations. For example, volleyball is not the sport of choice for weight 
control. It can, however, be practiced in such a way that calorie expendi
ture is high, and body fat is reduced. Similarly, soccer is not the most 
suitable sport for developing strength of trunk muscles. However, by 
incorporating certain elements (calisthenics, weight training) a soccer 
player can greatly develop these muscles. 

Dosage of Conditioning. In analogy to other forms of prescription, 
conditioning can be characterized by its intensity, frequency, duration of 
each session, and the overall duration of the program. 
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Intensity. Intensity of an activity is determined by either the metabolic 
demands (e.g., O2 uptake), the strain on the cardiovascular system (e.g., 
heart rate), or in the case of strength training by the weight to be lifted, 
pushed, or pulled. Although often described in absolute terms, intensity 
should also be described in relationship to the current fitness level of the 
individual. For example, to a disabled (or a small) child with maxi
mal O2 uptake of 1.0 liter/min, an activity that requires 0.75 liter/min of 
O2 is more intense than it is to a healthy or a larger child with maximal 
O2 uptake of 1.5 liters/min. Similarly, the lifting of 20 kg is less intense 
for a muscle with a maximal voluntary contraction of 40 kg than it is for 
a muscle with a maximum of only 30 kg. It is therefore advisable to 
describe the intensity of an aerobic (or weight training) task as a percent
age of the individual's maximal aerobic power (or maximal voluntary 
contraction). 

It has long been established that the conditioning effect (Le., the extent of 
changes that take place as a result of conditioning) is positively related to 
the intensity of the activities performed. This is especially true for maxi
mal aerobic power and strength but also applies to other fitness compo
nents. 

An important concept to recognize is that of the intensity threshold. This 
is the intensity of exercise below which little or no conditioning effect 
can be discerned. For young adults an intensity threshold of maximal 
aerobic power is 60-70% of maximal O2 uptake (or 70-80% of maximal 
heart rate). No specific data are available for children, but experience 
shows that their aerobic intensity threshold is at least as high as that for 
adults. The threshold for developing strength is about 60-65% of maxi
mal voluntary contraction. 

A conditioning or training program must be progressive in its demands. 
Once an individual has improved a certain fitness component, the inten
sity previously sufficient to induce changes may now be below the 
threshold and may no longer be sufficient. An example is a muscle with 
maximal voluntary contraction of 30 kg trained by lifting 20 kg. As a 
result, it becomes stronger and its maximal voluntary contraction is now 
35. At this level, to achieve a further training effect, the load may have to 
be increased to 23 or 25 kg. 

Frequency. The number of exercise sessions per week may determine the 
success of a program. Because of interaction with the effects of intensity 
and duration of each session, there is no single optimal frequency that is 
suitable for all programs. While some conditioning effect can be 
achieved by one weekly session, it is generally advisable to practice at 
least two or three times per week. Some athletes, children included, train 
as often as 12-15 times per week! Such a regimen is obviously not 
recommended for a child who is undergoing a therapeutic program or 
merely wishes to improve his or her fitness. The frequency of sessions 
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for such children is also dependent on logistic limitations (e.g., ability of 
parents to drive the child to the gymnasium). 

In our therapeutic programs we encourage children to participate 
three times per week in the hope that they will attend at least two weekly 
sessions. When exercise is prescribed for home, the recommended fre
quency is four to five times per week. 

Duration of Sessions. As with frequency, there is no single optimal dura
tion. One should allow some 10 min for warming up at the beginning 
and 5-7 min for cooling down at the end of each session. The main 
portion of the session, during which the intensity threshold is exceeded, 
should last 15-30 min. Thus, the overall duration will be about 35-45 
min. When the main part of the session is too long, the child may become 
overly fatigued. The duration should also be tailored to the attention 
span of the participants. A preschooler, or a mentally retarded child, 
may lose interest within 10-15 min. A more mature or better motivated 
child can maintain interest for a much longer period. 

Duration of the Program. As with any therapeutic program, there is a 
minimum period of time for which intervention should be sustained for 
it to yield any effect. While some conditioning effects can be attained 
within 1-2 weeks, most programs last at least 6-8 weeks. As a rule, the 
longer the program the more effective it is (providing the principle of 
progression is adhered to). Overall duration should also be determined 
by the specific goals. A weight-reducing regimen, for example, may 
require 6 months to achieve noticeable effects. In contrast, the strength
ening of a specific muscle group may need only 1 month. 

An important aim of exercise programs for healthy and disabled chil
dren alike is to form habits, to acquire skills, and to enjoy sports. Such 
educational goals, and not only the physiologic ones, should also dictate 
the duration of the program. 

Conditioning Effect Related to Preconditioning Fitness. Precondi
tioning fitness of children and adults often determines their response to 
conditioning or to specific training: those having a lower initial fitness 
level respond with greater changes than less fit individuals.1l3·168.173.180 
The implications of this phenomenon are obvious for the morale and 
motivation of the unfit participant. 

Trainability of Muscle Power and Force in 
Childhood and Adolescence 

Are there specific developmental stages at which the growing individual 
is most-or least-responsive to conditioning stimuli? This question is 
of paramount importance to the coach and the young athlete, who wish 
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to maximize performance. It should also interest the physical therapist, 
physiatrist, and pediatrician who wish to include physical conditioning in 
their management repertoire. In a broader theoretical sense such a topic 
relates to the basic question: are there phases in the formative years 
when certain characteristics are "fixed," or are most (or least) sensitive to 
environmental stimuli? 

Trainability of motor skills in the growing child is discussed in text
books of motor development and will not be dealt with here. Our pur
pose is to focus on recent evidence regarding trainability of maximal 
aerobic power at different developmental phases. Some mention will 
also be made of other fitness components. 

Maximal Aerobic Power. Among adults who undergo an aerobic condi
tioning program, there is an age-related trend: the younger the individ
ual, the more trainable he or she is. 172 By extrapolating from such a 
trend, one might expect children to be even more trainable than young 
adults, but this is not the case. 

In some studies adolescents and children responded in a predictable 
manner to either general conditioning or specific training regimens.20,59, 
61.97.98.185.189.203 There is, however, growing evidence to suggest that aero
bic trainability in prepubescents, particularly in those less than 10 years 
old, is lower than expected, even though their athletic performance may 
improve.6.27,32,52,54,55.86.100,1l7,147,157.167,176,185,188.191.208 An example is a 
study performed in our laboratory in which 91 nine- to lO-year-old girls 
and boys performed interval running two, three, or four times a week, 
for 9 weeks. Although markedly improving their running performance, 
they had no improvement in maximal aerobic power. 32 Similar results 
were obtained for 5-year-old children who ran 750 to 1500 meters five 
times per week during 14 months208 or for other prepubescents who 
practiced middle- and long-distance running.147.191 

How can one reconcile an improvement in long-distance running with 
no concomitant increase in maximal O2 uptake? One possibility55 is that 
the child improves his running style such that his movements are me
chanically more economical. Another explanation is an improvement in 
anaerobic capacity, even though the conditioning program is considered 
"aerobic."97 It is also possible that maximal aerobic power of the prepu
bescent does improve but maximal O2 uptake is not a valid or sensitive 
indicator to show it.52.143.167,175 Alternative indicators should be sought, 
one of which is the anaerobic threshold. A final reason for the apparent 
lack of conditioning effects in prepubescents could be the high habitual 
activity of the "controls." It is quite possible that even though they do not 
participate in the regimented program, these children are so active in 
their free time that intergroup differences are quite negligible.53,100 

Children's maximal aerobic power may respond to some, but not all, 
training protocols known to be effective in adults. "Logging" miles by 
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noninterrupted running, for example, may be more effective than inter
val training,131 and swimming, more effective than other sports. 197 

At what developmental stage does aerobic trainability reach the extent 
found among young adults? Reports in this regard are conflicting. One 
might attempt to reconcile such findings by aligning the subjects accord
ing to the age at which they reach their peak height velocity. Based on 
this approach, Kobayashi et al.1l7 suggested that the effectiveness of 
aerobic conditioning was greatest at, or around, peak height velocity. 
Another study, using a similar technique, could not identify such a criti-
cal stage in aerobic trainability.5 . 

Anaerobic Capacity. As seen in Table 1.6, conditioning of 11- to 13-
year-old boys increases the concentration of muscle ATP, creatinine 
phosphate and glycogen, the activity of phosphofructokinase, and the 
rate of glycogen utilization.64 It is not known whether such changes 
reach maximum at a certain developmental stage. 

Dynamic endurance of the arm flexors was studied among 9- to 17-
year old children before and after training. Among the boys this compo
nent was least responsive to training half a year before peak height 
velocity. Among girls, a dip in trainability occurred at peak height veloc
ity or half a year later. At other ages, improvement in dynamic muscular 
endurance was quite uniform. 127 These results contradict an earlier 
study in which age 11-13 years was the most sensitive stage for training 
of dynamic endurance of the elbow flexors. 105 

Muscle Strength. Muscle strength of 8-year-old girls and boys was 
found somewhat more trainable than among adults who were given the 

Table 1.6. Training of the Anaerobic System in Children 

Variable Pretraining Level Response 
(in muscle) (vs. adults) to Training 

% FT fibers Similar No change (?) 
CP (rest) Similar Increase 
ATP (rest) Similar Increase 
Glycogen (rest) Low Increase 
PFK Low Increase 
Glycogen Less Increase 

depletion with 
exercise 

Lactate maximum Low Increase 

Data from Eriksson.64 

n = 12 boys 11-15 years old with aerobic and anaerobic training 
for 6-16 weeks. 



Conditioning and Training 47 

same relative training stimulus.!65 Similarly, girls 7-13.4 years old had a 
greater increase in isometric strength than did 13.5- to 19-year-old girls, 
all training for 5 weeks. !52 In contrast, postpubescent boys had a greater 
response to a strength training program than did prepubescent boys,20! 
and adolescents of both sexes had a lesser improvement in isometric 
strength than did young adults.!03 

To sum up, the above data are inconclusive. The definitive study on 
the trainability of children has yet to be performed. Such a study will 
have to include children, adolescents, and young adults, who, at the start 
of the program, will all be at the same fitness level. In addition, the 
conditioning dosage will have to be carefully equated among all groups. 
Until such a project is launched, our knowledge on the optimal ages of 
trainability will be tentative at best. 

Physiologic Effect of Detraining and Deconditioning 

Performance and physiologic functions deteriorate fast whenever one's 
activity level is appreciably reduced. This is the reverse process of condi
tioning and training. It often occurs as a result of bed rest, immobiliza
tion by cast, or during an off-season period when an athlete reduces his 
or her training load. 

The understanding of the processes that underlie detraining and de
conditioning is not only important to athletes and coaches. It is as impor
tant to the clinician, who often must decide whether to prescribe bed 
rest, cast, cessation of training, or other means of immobilization. 

Studies with healthy adults have shown that bed rest can induce, 
within 4 to 7 days, a dramatic deterioration in function and perfor
mance.82 For example, when young adult volunteers underwent bed rest 
for 7 days, complying with the routine of a clinical ward, there was a 6-
7% reduction in maximal O2 uptake, peak power performed on the cycle 
ergometer, total hemoglobin, and plasma, blood, and cell volumes. 
There was also a drop in the resting urinary excretion of norepi
nephrine,82 but not in muscle strength.8! When bed rest is superim
posed on a surgical trauma, deterioration is even faster. 

The degree of deconditioning, according to some but not all96 studies, 
is in direct relationship to the initial level of fitness, those who are more 
fit having a greater drop in performance. 

While it can be assumed that children's response to detraining is the 
same as that of adults, direct information pertaining to children is rather 
scanty. In one study, high school girls were followed during 23 weeks 
after cessation of track training. 144 By the seventh week their submaxi
mal heart rate rose by about 10 beats/min, and there was a slowing down 
of heart rate recovery after exercise. Although the mechanical efficiency 
of running did not change, there was a gradual decrease in ventilatory 
efficiency, as shown by a rise in the ratio pulmonary ventilation: O2 
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uptake. Aerobic and anaerobic muscle enzymes in adolescent boys de
creased 6 months after the termination of an endurance and a sprint 
program, respectively. 78 

Deconditioning of children is most important in the clinical context. 
For example, 12-year-old boys who were immobilized by cast or by trac
tion in an orthopedic ward were compared to boys who were hospital
ized, but not immobilized. Arterial blood pressure of the former was 
higher, and some children of that group had enhanced urinary excre
tion of calcium. 195 Detrimental effects of deconditioning have also been 
shown for children with muscle dystrophy. At one stage of their progres
sive disease, these children can still walk, but the slightest further dimi
nution in activity may render them immobile for the rest of their life. 
For such children unjustified bed rest may be catastrophic, as discussed 
in Chapter 7. Similar findings have been reported for children with 
rheumatoid arthritis. 110 

Adolescent athletes who had stopped training and were retested a few 
years later had a level of maximal aerobic power similar to that of those 
who were never athletes. 76,150 In contrast, the heart volume of previously 
elite girl swimmers remained above normal.67 When such girls under
went a swimming program at ages 29-31 years, their increase in maxi
mal O2 uptake was similar to that of women who had never trained.68 

Conditioning and the Cardiovascular System 

The morphologic and functional changes in the cardiovascular system 
that take place with conditioning are summarized in Table 1.7. 

Morphologic Changes. Myocardial mass, depicted by echocardiog
raphy, and heart volume (by X-rays) are higher in athletic than in non
athletic children and increase as a result of endurance training.2,61,74,85, 
129,198 Cardiac hypertrophy results from excessive pressure load and, to a 
lesser extent, from volume load. Conditioning-induced collateral coro
nary circulation has been shown in animal studies, but results for adults 
are equivocal and no data are available for children. 

Although stroke volume is related to heart volume, the myocardial 
mass of children does not seem to affect their athletic capability.2 Total 
blood volume and total hemoglobin are higher in trained boys than in 
untrained ones122 and they increase as a result of conditioning.74 A 
higher blood volume facilitates a higher venous return as well as more 
effective heat convection from body core to periphery. The increase in 
total hemoglobin raises the 02-carrying capacity of the blood. Hemoglo
bin concentration, on the other hand, does not increase with conditioning. 
In fact, some endurance athletes have a sports-induced anemia (Chap
ter 8). 
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Table 1.7. Cardiovascular Changes That Occur in Children, With 
Conditioning 

Variable 

Morphologic 
Heart volume 
Myocardial wall 
Blood volume 
Total hemoglobin 

Functional 
Stroke volume-submax, max 
Heart rate-submax 
Heart rate-max 
Cardiac output-submax 
Cardiac output-max 
Myocardial O2 requirements 
Arterio-mixed-venous O2 

difference-submax, max 
Muscle blood ftow-submax, max 
Systolic blood pressure-submax 
Systolic blood pressure-max 
Diastolic blood pressure-submax, max 
Total peripheral resistance-submax, max 

Change 

Increase 
Concentric hypertrophy 
Increase 
Slight increase 

Increase 
Decrease 
No change or decrease 
No change or decrease 
Increase 
Decrease 
No change 

No change 
No change 
Increase 
No change or increase 
No change 

Physiologic Changes. Stroke volume at rest and during all levels of 
exercise increases with conditioning in pubertal children74,84,loo and in 
adults. In contrast, in prepubertal children conditioning does not seem 
to be accompanied by changes in stroke volume. 100,130 An increased 
stroke volume may reflect higher blood volume and improved venous 
return, but it may also reflect improved myocardial contractility.205 

The heart rate of trained athletes is lower at rest and during all levels 
of exercise and shows a faster postexertional recovery than in nonath
letes. A reduction of resting and submaximal heart rate is a most sensi
tive response to conditioning32.44,52,74,lOO,178 and often precedes any 
changes in maximal aerobic power. 52 The reduction in maximal heart 
rate is milder, seldom exceeding 5-7 beats/min. 

The mechanism of conditioning-induced bradycardia is not clear. It 
may be secondary to an increase in stroke volume, but it also reflects a 
stronger parasympathetic and a weaker sympathetic drive.73 Whatever 
its mechanism, a slower heart rate is accompanied by reduced myocar
dial work and O2 uptake. 

The sensitivity of the heart rate to conditioning and deconditioning 
has been the basis of fitness tests in which maximal aerobic power is 
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indirectly assessed from submaximal heart rate l,I7,35,42,43,45,84,I68 (see Ap
pendix II, section entitled Determination of Maximal Aerobic Power). 

With the opposing changes in stroke volume and heart rate, cardiac 
output changes little at a given metabolic level.84 Maximal cardiac output 
increases with training in children74 and in adults, in proportion to the 
increase in maximal O2 uptake. 

In adults, the maximal arteriovenous O2 difference increases with 
conditioning, reflecting an increased peripheral O2 extraction. In chil
dren, however, neither the submaximal84 nor the maximaF4 arteriove
nous O2 difference changed with conditioning. This discrepancy could 
result from the arteriovenous O2 difference-already wider in the un
trained child than in the untrained adult. 

Neither submaximal nor maximal muscle blood flow changed follow
ing a 40-week conditioning program in 12-year-old boyS.1l9 In adults, 
blood supply to the active muscles diminishes during submaximal exer
cise and increases during maximal exercise as a result of conditioning. 

Systolic arterial blood pressure at rest decreases in adults following 
conditioning, by about 7 mm Hg.181 A similar response has been shown 
in mildly hypertensive adolescents99 (see also Chapter 4, section entitled 
Beneficial Effects of Chronic Exercise). Blood pressure during submaxi
mal exercise does not change with conditioning in prepubertal boys, 130 
nor are there conditioning-related changes in total peripheral resis
tance.74 

Conditioning and the Pulmonary System 

Pulmonary functions, both static (volumes, capacities) and dynamic 
(flow, diffusion), are strongly related to body size. It is therefore hard to 
distinguish between growth- and conditioning-related changes in the 
pulmonary response to exercise. Unfortunately, very few of the inter
vention studies in this field include an adequate control group to allow 
for such differentiation. The reported changes as summarized in Table 
1.8 therefore need confirmation. 

Vital capacity usually does not increase in adults as a result of a run
ning program, and differences in vital capacity between athletes and 
nonathletes are, to a great extent, due to preselection.16 In children and 
adolescents, vital capacity increased following running or swimming 
programs in some studies,4,6l,62 but not all,120 above and beyond growth
related changes. Such an increase may reflect stronger respiratory mus
cles, which help compress the chest at the end of expiration. 

With conditioning, ventilation and respiratory rate during a standard 
task are reduced, and O2 e~traction from the inspired air is greater. This 
important effect of conditioning may reflect a lower reliance on anaero
bic metabolic pathways, a lower O2 cost of exercise, or a reduction in 
chemoreceptor sensitivity.181 In contrast, the maximal ventilation and 
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Table 1.8. Pulmonary Changes That Occur in Children, with Conditioning 

Function 

Vital capacity 
Ventilation-submax 
Ventilation-max 
Respiratory rate-submax 
Tidal volume-max 
Ventilatory equivalent-submax, max 
Respiratory muscle endurance 
Pulmonary diffusing capacity 

Change 

No change (increase in swimming) 
Decrease 
Increase 
Decrease 
Increase 
Decrease or no change 
Increase 
No change 

respiratory rates become higher with conditioning4,189 in proportion to 
the increase in maximal O2 uptake. 

Specific training of the respiratory muscles, such as isometric expi
ratory effort, effectively increases endurance of these muscles (i.e., their 
ability to sustain a high level of ventilation for prolonged periods). Such 
an effect has been shown among healthy adults and among children with 
cystic fibrosis (Chapter 3, section entitled Beneficial Effects of Condi
tioning in CF and Fig. 3.12). 

While athletes have a high pulmonary diffusing capacity, this does not 
increase in adolescents as a result of conditioning, above and beyond the 
increase in their pulmonary blood flow. 121 

Skeletal Muscle Adaptation to Conditioning 

Being the effector of body movement, the skeletal muscle is expected to 
undergo a major adaptation to conditioning. Since the advent of needle 
biopsy technique in the early 1960s, much research has been done on 
adults, demonstrating that such changes, morphologic and biochemical, 
do take place. Due to ethical limitations, data for adolescents are scant, 
but they do show a similar adaptation pattern to that of adults. No data 
are available for children younger than 12 years. 

Morphologic Changes. Skeletal muscle hypertrophy, and possibly hy
perplasia, occur in the chronically active muscle of adults. Hypertrophy, 
but not hyperplasia, has been found also among adolescents undergoing 
endurance conditioning78,109 but not following sprint training.78 The 
cross-sectional area of slow twitch muscle fibers, as well as some of the 
fast twitch fibers, of 16- to 17 -year-old boys increased 10-30% following 
a 3-month endurance program. There is no evidence for a change in 
fiber type distribution in children as a result of training. 70, 109 
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In adults, conditioning induces an increase in muscle capillarization 
and the creation of collateral circulation to the skeletal muscle. This 
aspect has not been investigated in children. 

Biochemical Changes. Changes related to aerobic and anaerobic en
ergy metabolism are summarized in Table 1.9. 

The main conditioning-related change in the organelles of muscle 
fibers of adults is an increase in the number and volume of mitochon
dria. While no such information is available for children, their capability 
for aerobic energy turnover is enhanced following endurance condition
ing, as shown by increased glycogen storage and oxidative enzyme activ
ity.7o,72,78 Sprint training does not induce changes in the oxidative en
zymes of adolescents, 78 which demonstrates the specificity of the training 
effect on muscle metabolism. 

In adolescents, the activity of phosphofructokinase, which is a rate
limiting enzyme of anaerobic glycolysis, increases as a result of sprint
ing78 and endurance cycling72 but not endurance running. 78 This find-

Table 1.9. Conditioning and Muscle Metabolism in Children and Adults 

Variable Change 
Information Available Information on 

for Children Adults Only 

Aerobic Energy Turnover 
Mitochondria-number Increase x 

-volume Increase x 
Glycogen stores Increase x 
Triglyceride-stores Increase x 

-utilization Increase x 
Myoglobin content Increase x 
Oxidative enzyme activity Increase x 

(e.g., SDH, cytochrome 
oxidase, palmityl CoA 
synthetase) 

Anaerobic Energy Turnover 
A TP-content Increase x 

-utilization Increase x 
CP-content Increase x 

-utilization Increase x 
Glycogen utilization Increase x 
Lactate-submax No change x 

-max Increase x 
Anaerobic enzyme activity Increase x 

(e.g., PFK, ATPase, 
CK, myokinase) 



References 53 

ing, coupled with evidence of enhanced glycogen utilization,M,Bs 
demonstrates the sensitivity of the anaerobic system to training. This has 
also been shown by monitoring the performance of children who under
went intervention programs.97,98,I09 

Conditioning and Body Composition 

When conditioning regimens are such that the cumulative energy ex
penditure is high (as in long-distance running, walking, or swimming) or 
the effort is intense (as in weight training), changes in body composition 
may occur. On the one hand, the anabolic effect of exercise induces an 
increase in the lean body mass (particularly following high-resistance 
training94 ). On the other, the mass of adipose tissue may decrease, fat 
being the major source of energy. The overall result is a relative increase 
in lean body mass and a decrease in adiposity. 

The above changes do not occur invariably. Some authors95,148,155,156 

describe a decrease in fatness and an increase in lean body mass follow
ing conditioning programs, while others38,47,91,189 fail to find these 
changes. The main reason for such conflicting results is that changes in 
body mass and composition depend also on factors other than energy 
expenditure. Of special importance are calorie intake and the composi
tion of consumed food. 37 An additional factor to consider is the con
founding effect of growth and maturation. Thus, while a certain condi
tioning regimen effectively modifies body composition, the effects may 
be masked and even counteracted by growth and by maturation-related 
changes, as well as by changing dietary habits. In adults, fat loss was 
enhanced when exposure to a cold climate was superimposed upon con
ditioning. 153 

Of special importance is the "baseline" adiposity level of the child at 
the start of the program. Obese youths seem to respond with greater 
changes in body composition than do nonobese ones91 ,148 (see also Chap
ter 6, section entitled Effectiveness of Conditioning as a Reducing 
Regimen). 
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2 
Children and Exercise 
in a Clinical 
Context-An Overview 

A clinician who wants to incorporate exercise into his diagnostic or man
agement strategy should answer the following questions about each pa
tient: 

Is the child sufficiently active? 
If not, what is the underlying (physical, psychic, social) cause? 
What is the physical working capacity of the child? 
Can exercise be of diagnostic value? 
Will physical conditioning benefit the health and well-being of the child? 
Is exercise detrimental to his health? 

This chapter will provide an overview of the relevance of these ques
tions to clinical pediatrics. Details are presented later in the book. 

Habitual Activity and Disease 

In adults, a sedentary lifestyle may be undesirable, but it is accepted by 
most societies and does not connote ill-health. In contrast, inactivity in a 
child almost invariably reflects a deviation from normality, be it physical 
or psychic malfunction or social maladjustment. 

Most adults require extrinsic motivation and frequent reinforcement 
to become and stay active. Children, on the other hand, need but mini
mal stimuli to pursue an active life. Even though activity levels vary 
among children, any healthy child who is given freedom to run, jump, 
climb, and play will do so without special incentives. Many sick children 
will behave likewise. 

Hypoactivity in this text is defined as an activity level lower than that 
of healthy peers of similar cultural and socioeconomic background. We 
by no means imply that today's healthy children are sufficiently active. 
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Reports from several countries6,22,25,46,51 show that healthy preschoolers 
and schoolchildren spend only a few minutes a day in activities vigorous 
enough to raise their heart rate (HR) above 160-170 beats/min. The 
rest of their activities are of an intensity that probably is too low to 
induce a conditioning effect (see Fig. 2.1). 

Theories on psychological mechanisms that underlie children's play 
and activity are reviewed in a book by Ellis and Schultz. 16 Cultural, social, 
and educational constraints that shape the activity of today's healthy 
child are summarized by Shephard.53 In this section we shall direct our 
attention to the sick child. 

Disease as a Direct and 
Indirect Cause of Hypoactivity 

Table 2.1 is a list of pediatric diseases in which hypoactivity has been 
documented. The list is divided into two subgroups: one in which hy
poactivity is inherent to the disease, and a direct result of it; the other, 
where hypoactivity is incidental to the disease. While a child with, for 
example, crippling arthritis or advanced muscular dystrophy is obvi
ously limited in his gait and other movements, the asthmatic or diabetic 
child can be active but often is not. The restrictive effect of ill-health is 
indirect, often imposed by others, as shown in Fig, 2.2. Factors such as 
parental overprotection, fear by the child or parents, uneducated atti
tude of parents and teachers (and, occasionally, health practitioners), 
and peer-imposed social isolation all lead to hypoactivity. Impaired exer
cise performance also causes hypoactivity, which becomes part of a vi
cious circle (discussed in the section entitled Effects of Disease on Physi
cal Working Capacity, below). Specific examples of the indirect effects of 
disease on activity are listed in Table 2.2. 

HIGH 
2% 

HR. beat/ min 

~< 110 

0 110-159 

. 2: 160 

Figure 2.1. Habitual activity of 
healthy children. An activity pro
file of 59 nonathletic girls and 
boys 7-9 years old was derived 
from continuous heart rate (HR) 
recording. Values are presented 
as the percentage of time that 
each of three HR ranges was re
corded during a 12-hour period. 
Data from Gilliam et al. 23 
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Table 2.1. Pediatric Diseases That Are Accompanied 
by Reduced Habitual Activity 

H ypoactivity Inherent 
to Disease 

Arthritis 
Cerebral palsy 
Cyanotic heart disease 
Cystic fibrosis-severe 
Muscular dystrophies 
Malnutrition-extreme 
Obesity-severe 
Paralysis 
Scoliosis-severe 

Hypoactivity Incidental 
to Disease 

Bronchial asthma 
Cystic Fibrosis-

mild and moderate 
Diabetes mellitus 
Epilepsy 
Gynecomastia 
Hemophilia 
Mental retardation 
Non-cyanotic heart disease 
Obesity-mild and 

moderate 

"Non-disease" entities 

FUNCTIONAL 
DETERIORATION 

Figure 2.2. Direct and indirect links between illness and hypoactivity. 
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Table 2.2. Causes of Hypoactivity in Pediatric 
Diseases, as Stated by Parents or Patients 

Disease 

Bronchial asthma 
Diabetes mellitus 
Epilepsy 
Heart diseases 
Hemophilia 
Mental retardation 
Obesity 

Innocent murmur 

Cause of Hypoactivity 

Fear of post-exercise attack 
Danger of hypoglycemic crisis 
Fear of seizure and injury 
Fear of "heart attack" 
Fear of injury and bleed 
Isolation, social maladjustment 
Inhibition, social discrimination, 

low fitness 

Fear of "heart attack" 

"Non-Disease" as a Cause of Hypoactivity 

Many children who have a presumed illness, with no organic abnormality, 
are denied sufficient activity. The most common example of such "non
disease" is the innocent murmur. 

In a survey of Seattle junior high schools, 93 pupils who, according to 
the nurse's file, had a "heart disease" were reevaluated by a pediatric 
cardiologist and their parents interviewed. The study was designed to 
tell how many of these children really had an organic heart disease and 
whether the level of activity restriction was related to the presence or 
absence of disease.3 As seen in Fig. 2.3, only one in five children had an 
organic heart disease. The others had either an innocent murmur or no 
findings at all. The striking result was that in both groups, irrespective of 
evidence of heart disease, activity was restricted among some 40% of the 
participants! According to most parents, the decision to restrict their 
child's activity was based on the message that they had received from the 
physician at the time of the original diagnosis. 

If the above findings are typical of other school systems, hypoactive 
children with cardiac non-disease outnumber those with a confirmed 
disease. The physician plays a crucial role in the etiology of non-disease 
and in the resulting hypoactivity. A mere suggestion that the child 
should refrain from sports, or perceived uncertainty about this issue, 
may render the child inactive for years. 

Assessment of Physical Activity 

Physical activity can be defined and characterized in more than one way. 
To the behaviorist it is overt intentional behavior, expressed primarily 



70 2: Children and Exercise in a Clinical Context 

Unrestricted 
56% 

Figure 2,3, Cardiac "non-disease," Degree of re
striction of physical activity among 93 school chi ldren 
who were reported in the nurse's file to have had a 
"heart disease" and whose cond ition was further di
agnosed by an interv iew, physical examination, chest 
X-ray, and resting ECG, Data from Bergman and 
Stamm,3 

through the musculoskeletal system. 16 Within such a definition the in
tent and purpose of a child's activity, the stimuli that bring it about, and 
the amount of social contacts achieved through it are the main foci. To 
the physiologist, activity is primarily the elevation of metabolic rate 
through muscular contraction. Here, the effects on various body systems 
and on body composition are of major interest. Physiologic variables 
most often monitored are heart rate and energy cost. 

For clinical purposes it is important to characterize activity by a combi
nation of the above approaches. One should know the type of move
ments, games, and sports that the child performs habitually (or wishes to 
perform) and the degree of socialization achieved through them, as well 
as the calorie equivalent of these activities. 

Methodologic details for assessment of activity are available else
where.2,1 6,43 The following briefly describes methods mentioned else-
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where in this book. Their merits and drawbacks are summarized in 
Table. 2.3. 

Recall questionnaires,17,47,55 whether administered by an interviewer or 
filled in by the patient or parents, are inexpensive and can be used in 
large-scale surveys. They can also serve as a basis for history taking in a 
pediatric clinic (see Appendix IV for a sample questionnaire). Informa-

Table 2.3. Methods for Assessment of Habitual Activity of Infants and 
Children 

Method 

Recall questionnaires 

Self-keeping log 

Observation by investi
gator 

Time and motion 
analysis 

Pedometer to count 
steps 

Actometer to count 
limb movements 

Strain gauge to regis
ter crib movements 

Photography-time
lapse or cinematog
raphy 

Heart beat accumula
tion (electrochem
ical, electronic) 

Heart rate recording 
(tape, telemetry) 

O2 uptake 

Merits 

Inexpensive, suitable for 
large-scale surveys 

Inexpensive 

Ability to record complex 
activities 

Ability to categorize and 
quantify activities 

Objective, inexpensive 

Objective, inexpensive, 
good for newborns 

High sensitivity, not con
nected to subject 

Objective, reliable, and 
valid. Good for com
plex activities 

Objective, inexpensive, 
long-term observations 

Objective, reliable, long
term observations, 
detects activity peaks 

Objective, direct relation
ship to metabolic level 

Drawbacks 

Low reliability and 
objectivity 

Low objectivity 

Time-consuming, 
activities hard to 
quantify 

Time-consuming 

Nonspecific, low relia
bility in slow walking 
or very fast running 

Nonspecific, limbs only 

Limited to crib, non
specific 

Limited to confined 
spaces, expensive, 
hard to quantify 

Misses activity peaks, 
low reliability (some 
instruments), re
quires individual 
calibration 

Expensive, requires 
individual calibra
tion 

Cumbersome to sub
ject, expensive 
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tion derived from such questionnaires is based on memory and lacks 
objectivity. A log kept by the patientI4,42,51 does not depend on memory 
and can be useful if the activities are well defined. This method, how
ever, lacks objectivity and patients may modify their activity during the 
period of recording. Good objectivity is attained when observations are 
made by the investigator.7,13,59 This method is time-consuming and the end 
product is often descriptive rather than quantitative. This drawback can 
be rectified by incorporating a time-and-motion analysis (dividing activities 
into a few basic categories and recording the period spent in each cate
gory).2 

Pedometers are counters triggered by motion. Worn on belt or ankle, 
they record the number of steps taken.44,56,61 They are inexpensive and 
yield objective information. They do not differentiate, though, between 
walking and running, nor do they detect movements performed by the 
trunk and upper limbs. Their validity for step counting is poor when the 
child walks slowly or runs fast. 30,45 Actometers are based on a similar 
principle. They are worn on the wrists and ankles to register limb move
ments of an infant in the crib.33,41,48 Another device used with infants 
is a strain gauge, which senses their movements as transferred to the 
crib.26 The information is quantifiable, but nonspecific to any given move
ment. 

Photography and cinematography are objective and record specific move
ments and social interaction.8,10,16,63 Their main disadvantages are the 
confinement of the child within limited areas and the lack of information 
on the calorie equivalence of activities. 

The continuous accumulation of heart beats or recording of heart rate is 
gaining popularity as a method for assessment of the daily metabolic 
profile. The underlying physiologic principle is a linear relationship 
between heart rate and O2 uptake, at submaximal exercise. Once a heart 
rate vs. O2 uptake regression line has been established for a child, his 
heart rate profile during the day can be translated to O2 uptake and to 
calorie equivalent. 19,22,26,47,51,59 Disadvantages are the high cost of play
back units and the dependence of heart rate on factors other than the 
metabolic level. This method does not yield information on the nature of 
activity performed by the child. 

One can measure O2 uptake directly while the child is active.5o,57 Although 
this is the most valid method for analysis of energy expenditure 
(short of direct calorimetry), instruments are expensive and heavy to 
carry. 

There is no single method of assessing the type, intensity, and dura
tion of daily activities. The best approach is therefore to combine a 
descriptive method (e.g., log-keeping by the child) with one that assesses 
the calorie equivalence of activities (e.g., heart rate recording). A follow
up should last at least 3 days, including one weekend day. 



Effects of Disease on Physical Working Capacity 73 

Effects of Disease on Physical 
Working Capacity 

Disease can cause a decrease in physical working capacity in a number of 
ways: 

Indirectly through hypoactivity and detraining 
Lowering of maximal aerobic power 
Causing high metabolic cost of submaximal tasks 

Hypoactivity-Detrai n i ng-Hypoactivity: 
The Vicious Circle 

Disease often causes hypoactivity, which leads to a detraining effect, a 
reduction in the functional ability of the child, and further hypoactivity. 
This vicious circle, shown in Fig. 2.2, can occur in any chronic disease, 
obesity being a typical example. In some patients it follows a short period 
of bed rest caused by injury, surgery, or acute exacerbation of the 
chronic disease. An example is a muscle dystrophic patient who can still 
walk. Following some minor injury he is confined to bed for 2 weeks, 
and, as a result, can no longer resume a walking status. Detraining can 
also occur in a healthy individual who, for some reason, reduces his level 
of activity. For more details on the sequelae of detraining see Chapter 1, 
section entitled Physiologic Effect of Detraining and Deconditioning. 

Reduced Maximal Aerobic Power 

Disease can directly affect the O2 transport system and cause a reduction 
in the m~ximal aerobic power. According to Fick's principle, maxi!llal O2 
uptake (Vo2 max) equals the product of maximal cardiac output (Q max) 
and the ma~imal arterio-mixed venous difference in O2 content (Cao2 -
CVo2 max. Q max is the product of maximal stroke volume (SV max) and 
maximal heart rate (HR max). Thus: 

V02 max = SV max X HR max x (Cao2 - CVo2) max 

Disease can reduce any of the three functions on the right side of the 
equation, thereby reducing maximal O2 uptake. A list of such diseases is 
presented in Fig. 2.4. 

A subnormal maximal stroke volume will result from the following: 

Outflow obstruction (aortic stenosis, pulmonary stenosis, tetralogy of 
Fallot) 

Deficient contractility (cardiomyopathy, detraining) 
Hypovolemia (hypohydration) 
Deficient "forward" stroke volume (ventricular septal defect, tetralogy) 
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Aortic Stenosis 
Cardiomyopathy 
Detraining 
Hypohydration . severe 
Pulmonary Stenosis 
Tetralogy of Fallot 
Vent. Septal Defect 

/3 blockers 

Anemia 
Asthma· severe 
Cystic Fibrosis 
Hemoglobinopathies 
Obesity· extreme 
Right·to·left Shunt 
Scoliosis· severe 

Congo Compl. Heart Block 
Detraining 
Malnutrition· severe 
Muscle Atrophy 
Muscle Dystrophy 
Spina Bifida 
2·3 DPG Deficiency 

Figure 2.4. Maximal aerobic power C:V02 max) and disease. The Fick equation and specific 
conditions that affect its components, thus reducing V02 max, are shown. 

Although peak heart rate in many diseases is lower than the age
predicted maximal heart rate, there is only one disease in which peak 
heart rate is the primary limiting factor: complete congenital heart block. 
In other diseases a low peak heart rate is a result, rather than a cause, of 
low maximal aerobic power. A primary low peak heart rate can also 
result from medication, notably f3 blockers. 

A reduced arterial O2 content can result from respiratory disorders or 
from a low 02-carrying capacity of the blood. The former include lung 
diseases such as cytsic fibrosis, severe forms of bronchial asthma, or 
restrictive lung syndromes. They also include chest wall disorders, such 
as severe scoliosis; or extreme obesity, in which the alveolar ventilation is 
low. All these respiratory disorders may result in arterial O2 desatura
tion. Anemias, hemoglobinopathies, and cyanotic heart diseases are ob
vious causes of low 02-carrying capacity of the blood. Mild to moderate 
activities can be performed well in these disorders because of a compen
satory increase in cardiac output. When activity is intense, however, 
cardiac output can no longer rise and performance is deficient. 

A high mixed-venous O2 content during maximal exercise reflects low 
O2 utilization by the periphery. This will happen when muscle blood 
flow is low relative to blood flow to other organs (e.g., in muscle atrophy, 
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muscle dystrophy, or severe malnutrition). Deficient O2 utilization by the 
periphery can also result from reduction in oxidative capacity in the 
muscle fiber, as occurs in detraining. Erythrocyte 2,3 diphosphogly
cerate (2,3 DPG) affects a shift-to-the-right of the O2 dissociation curve, 
making more O2 available to the tissues at a given Po2 • A deficiency of 
2,3 DPG might well reduce the availability of O2 and result in high 
mixed-venous O2 content. 

High Metabolic Cost of Exercise 

Even when maximal O2 uptake is normal, a high metabolic cost of sub
maximal activities will leave the individual with a reduced "metabolic 
reserve" and impair his or her ability to sustain exercise at moderate or 
intense levels (see Chapter 1, section entitled Metabolic Responses to 
Exercise in Children). Such is the case, for example, in obesity, where 
the transport of excessive weight is metabolically expensive. Similarly, 
excessive demands are apparent during exercise in spastic or athetotic 
cerebral palsy or in other neuromuscular diseases with incoordination 
and "wasteful" movements. O2 uptake can also be excessive because of 
the high O2 cost of breathing, as in ainvay obstructive syndromes, con
strictive lung diseases, or chest wall abnormalities. 

Based on these facts, it is apparent that some diseases affect exercise 
performance through more than one mechanism (e.g., obesity, bron
chial asthma, tetralogy of Fallot) I whereas others cause a specific defi
ciency. More detailed discussion of the pathophysiology of exercise can 
be found in the following chapters. 

Exercise as a Diagnostic Tool in Pediatrics 

Exercise "stress testing" has become a universally accepted tool for as
sessment of coronary heart disease as well as pulmonary and other disor
ders in adults. 15,29,60 Exercise in clinical assessment of children, although 
less publicized, is used in a growing number of pediatric clinics. In fact, 
there are more pediatric than adulthood disorders in which exercise 
testing is of clinical relevance. The rationale for the use of exercise in 
pediatric assessment is summarized in Table 2.4. Methods of testing are 
outlined in Appendix II. 

Children are often referred to the exercise clinic to evaluate their 
physical working capacity, which may be deficient due to disease or due 
to inactivity and detraining. For example, children with chronic renal 
failure, under treatment by hemodialysis, or peritoneal dialysis, were 
sent to us to evaluate their ability to walk to school rather than take a 
taxi. We found that the exercise level that they could comfortably sustain 
exceeded the calorie demands of walking at a regular pace. Our recom-
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Table 2.4. Rationale for Exercise Testing in Children 

1. Assesses physical working capacity 
2. Evaluates specific pathophysiologic characteristics 

a. Provides indications for surgery, therapy, or addi
tional tests 

h. Evaluates functional postoperative success 
c. Diagnoses disease 

3. Assesses adequacy of medication 
4. Assesses "risk" for future disease or for complications 

in existing disease 
5. Instills confidence in child and parents 
6. Motivates child for further exercise or weight loss 

mendation was-much to the joy of the children-that walking is per
mitted. Determination of working capacity is also important in order to 
prescribe activity programs and to periodically assess progress. 

Identifying a specific pathophysiologic pattern in a given disease may 
be of even more clinical relevance than the mere assessment of working 
capacity. Various patterns can be better revealed during exercise than at 
rest. The rationale is based on the increase in metabolic demands during 
exercise that stresses-sometimes to the limit-ventilatory, gas-ex
change, cardiac, vascular, neuromuscular, and thermoregulatory func
tions. A malfunction in a system is more likely to be discovered during 
stress than during rest, when functional demands are lower. Examples 
of such specific patterns are the ischemic ECG changes in congenital 
aortic stenosis (which reflect the degree of narrowing); the appearance 
of ventricular dysrhythmia in congenital complete heart block or in post
operative tetralogy of Fallot; the high blood pressure in postoperative 
coarctation of the aorta; or the post-exertional bronchoconstriction in 
bronchial asthma. Some findings can be used as ancillary indications for 
surgery (e.g., a rise in right ventricular end-diastolic pressure and a 
decline in stroke volume in pulmonary stenosis). Others are taken as 
indications for therapy (cardiac pacing in complete heart block when 
ventricular rate does not rise sufficiently during exercise; antidys
rhythmic drugs in postsurgical tetralogy of Fallot). 

A noninvasive exercise test can be used for screening to determine the 
need for an invasive test (e.g., segmental ST depression of 2 mm or more 
in aortic stenosis will call for cardiac catheterization). Cardiac or vascular 
operation may be successful anatomically but less so functionally. This 
too can be revealed by stress testing (e.g., no rise in stroke volume after 
pulmonary valvotomy). 

While most children arrive at the exercise clinic with a known diagno
sis, an exercise test can sometimes establish a diagnosis. This is true for 
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growth hormone deficiency and, occasionally, for asthma (by discover
ing exercise-induced bronchoconstriction in a child with atypical symp
toms). 

An area in which exercise testing may prove beneficial is the assess
ment of the adequacy of drug regimens at different activity levels. While 
such a consideration may be obvious for insulin, it may also apply to 
other drugs such as corticosteroids, antihypertensives, or anticonvuls
ants. Another area still under investigation is the prediction, by exercise, 
of "risk" for future diseases such as hypertension or coronary heart 
disease. Also under preliminary investigation is the use of exercise for 
assessment of subclinical diabetic nephropathy or neuropathy, or of 
Chagas disease neuropathy. 

Many children appearing at the exercise clinic have been inactive for 
various periods and may have lost confidence in their ability to exercise. 
The successful completion of a test is, therefore, a revelation to the child, 
who realizes that he or she can exert strenuously. Even more impressive 
is the realization by some parents that their child can exercise at high 
intensity with no ill effect. We routinely encourage the presence of par
ents at the initial exercise test (and at subsequent tests if they wish). They 
are seated behind the child to avoid distracting him and can watch his 
reactions. We often hear an amazed parent commenting that he or she 
has never seen the child work so hard, develop sweat, or become red in 
the face. The testing situation is a learning experience in itself and can 
instill confidence in patient and parent alike. 

Likewise, the test and its interpretation can be used as vehicles for 
motivating a child to increase his or her daily activity or to persevere in a 
weight-reducing program. This is especially evident when a periodic test 
shows improved performance. 

Exercise testing, like other laboratory or clinical tests, should not be 
used in isolation. It must follow a thorough history taking, including 
data on the habitual activity of the child and other family members; 
attitudes at home toward physical activity; and willingness and ability of 
the parents to spend extra time with the child if additional activity is 
prescribed (e.g., drive the child to a swimming pool). Physical examina
tion should emphasize the cardiorespiratory and musculoskeletal 
systems. Other laboratory tests, such as ECG, blood hemoglobin, or 
pulmonary functions, may often be needed. Conclusions and recom
mendations must integrate all these with the results of the exercise test. 

Exercise as Therapy in Pediatrics 

The use of physical activity for treatment is well recognized in physio
therapy, occupational therapy, and adapted physical education. Train
ing can increase muscle strength and range of joint motion, prevent 
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contractures, and improve stamina, ambulation, and various other skills. 
In the context of pediatric management, conditioning and training are 
beneficial for additional reasons, as summarized in Table 2.5. 

Only seldom will therapy by exercise affect the pathophysiologic pro
cess itself. This may happen in obesity, where calorie balance can be 
directly affected, or in neurocirculatory asthenia, where sympathetic 
overactivity is ameliorated through physical conditioning. In most other 
diseases the benefits of exercise are indirect and do not change the basic 
pathophysiologic process. 

In progressive muscular dystrophy, for example, abnormal changes in 
the affected muscle fibers will continue, but physical conditioning can 
improve the function of the residual, healthy muscle fibers. The end 
result is an increase in the functional level of the child and prolongation 
of his walking status. Another example is diabetes mellitus, in which the 

Table 2.5. Pediatric Diseases in Which Exercise Is Used as Therapy 

Disease 

Pulmonary 
Bronchial asthma 
Cystic fibrosis 

Cardiovascular 
Neurocirculatory asthenia 

Endocrine 
Diabetes mellitus 

Nutritional 
Anorexia nervosa 
Obesity 

Musculoskeletal 
Cerebral palsy 

Muscular dystrophy 

Paralysis 
Rheumatoid arthritis 

Other 
Hemophilia 

Mental retardation 

Benefits 

Reduced rate and intensity of EIB* 
Improved airway drainage 

Hemodynamic improvement 

Better diabetic control 

Means for behavior modification 
Weight and fat reduction 

Ambulation, contracture prevention, 
weight control 

Ambulation, strengthening of 
residual muscle, weight control 

Strengthening of residual muscle 
Mobilization, increased range 

of motion 

Mobilization, increased range 
of motion 

Increase of environmental stimuli; 
socialization 

* EIB = exercise-induced bronchoconstriction. 
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basic endocrine and metabolic deficiencies are not modified by condi
tioning, but daily diabetic control and physical growth are improved. 

Treatment of children by exercise is unique: by prescribing exercise 
we are signaling to the child that he can, and should, act like his healthy 
peers. We emphasize thereby his abilities rather than his disabilities. 
This is in contrast to therapy by medication, diet, or bed rest, where he is 
made to feel different from others. 

Another important characteristic of exercise is that the more it is done 
the easier it becomes and the greater the sense of accomplishment. The 
first few sessions are the most difficult in any conditioning program: the 
child is unfit, lacking in skill, confidence, and motivation. Each new 
activity may be stressful, causing aches, pains, and frustration. This is the 
time when professional and parental support is most needed. 

The Exercise Prescription 

As in other forms of therapy, a conditioning program should be quanti
fied regarding the intensity, frequency, and duration of each session, the type 
of activities, and the overall duration of the program (for details see Chap
ter 1, section entitled Principles of Physical Conditioning). 

The concept of exercise prescription has proven useful for adults in 
programs for prevention of, or rehabilitation after, coronary heart dis
ease. This concept can be used, with as much success, in pediatrics. 
Combining the principles outlined in Chapter 1 and specific information 
from Tables 111.1 and 5.3, one can prescribe activities, to be "filled" by a 
physiotherapist, an exercise therapist, or a physical educator. Simple 
activities can be supervised by a parent. The following are examples of 
how an exercise prescription can be prepared. 

CASE NO.1 
An 11-year-old mildly obese girl (32% body fat, as determined by 
skinfold thickness) weighs 43 kg (75th percentile) and is 143 cm tall 
(50th percentile). She is free of other diseases, taking part in physi
cal education classes, but otherwise is sedentary. 

Therapeutic Goal: reduction of fatness to 25%, without interfering 
with growth. 

Analysis of Exercise Requirements: The 7% excess of adipose tissue 
is equivalent, at the present body weight, to 3.0 kg. To lose this 
amount the girl must achieve a negative calorie balance of 21,000 
kcal (87,800 kJ). Assuming that half of this will be achieved by a 
mild dietary reduction, the remaining 10,500 kcal must be "burned 
up" by additional exercise. For 250 kcal per session, 42 sessions 
will be required. At a rate of three sessions per week, the overall 
program will last 14 weeks. 
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The only sport that this girl likes is bowling, but she has a bicycle 
that she uses for errands. Since the calorie equivalent of bowling is 
low, the program should be based on cycling. (Jogging is an alter
native but is less recreational.) As seen in Table 111.1, a 43-kg child 
consumes about 45 kcal during a 10-min ride at 15 km/hr, on flat 
terrain. This will be about 50-55 kcal/10 min where the terrain is 
mildly sloping (as in our patient's neighborhood). Thus, a 45-50 min 
ride (11.5-12.5 km) at this comfortable pace will be sufficient to 
consume 250 kcal. Using the principle of progression (Chapter 1, 
section entitled Principles of Physical Conditioning), this patient 
should start at a certain distance and gradually increase it. 

The Prescription: 
Type of exercise-cycling on mildly sloping (2-3%) gradient 
Intensity-not important 
Frequency of sessions-3 per week 
Distance at each session-10 km for the first 3 weeks 

11 km for the next 3 weeks 
12 km for the next 4 weeks 
13 km for the next 4 weeks 

Program Duration-14 weeks 
Furnished with the above outline, a family member can easily 

supervise such a program. 

CASE NO.2 
A 10-year-old boy with bronchial asthma withdrew one year ago from 
physical education classes because of breathlessness and wheezi
ness, triggered by running. He is otherwise asymptomatic and not 
taking any medication. 

Exercise-induced bronchoconstriction (EIB) was documented 
through an exercise provocation test. In another exercise test, peak 
power output was 70 watts. This is 1.5 S.D. below mean for age (see 
Fig. 1.3 in Appendix I). 

Therapeutic Goals: 1) resumption of normal physical activity; 2) in
crease of 15% in peak power output. 

Analysis of Therapeutic Requirements: The simplest way to enable 
such a boy to participate in physical education classes is to pre
scribe medication for prevention of EIB. A f32 sympathomimetic 
(e.g., salbutamol aerosol, one puff), taken just prior to class is a 
good choice. 

Low exercise performance in this child most likely represents de
training. Resumption of activities at school will help improve his 
fitness to a limited extent only. An additional conditioning program 
is indicated. 

Unlike case No.1, where the overall calorie expenditure was a 
primary consideration, here the intensity of exercise should be em
phasized. To exceed the conditioning threshold (see Chapter 1, 
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section entitled Principles of Physical Conditioning), a heart rate of 
160 beats/min or more should be reached. Swimming, the least 
asthmogenic of sports, is the most appropriate conditioning pro
gram for our patient (who swims well). 

The Prescription: 
Type of exercise-swimming, any style 
Intensity-heart rate to exceed 160 beats/min during 15-20 min of 

each session. 
Frequency-2 to 3 times weekly 
Duration of Program-2 months 
Medication-not needed, unless wheeziness and breathlessness 

develop. If these occur, salbutamol, 1 puff 5 min before session. 
Note that the above prescription does not include guidelines re

garding the structure of each session, its duration, or the distance to 
be covered. A qualified instructor is expected to plan these, accord
ing to the prescribed intensity and overall duration. 

Deleterious Effects of Exercise 

Exertion can be deleterious to a child's health under certain circum
stances. The detrimental effects of exercise include sports injuries, over
use syndromes, and abnormal physiologic reactions. 

Although injuries result mostly from collision and contact sports such 
as American football, rugby, ice hockey, and soccer, they can occur in 
any sport, to any participant, irrespective of his competence or aspira
tion.9,20,24,32 

The risk of injury can be reduced by proper conditioning; matching 
of opponents (by size, maturation, and level of skill); the use of such 
safety devices as helmets, mouthguards, or knee pads; adaptation of 
rules; and proper maintenance of sports facilities. An annual prepartici
pation examination is recommended,I,52 although its value in preventing 
sports injuries is still debatable.21 

Overuse syndromes may result when a movement is repeated, usually 
at high intensity, over months or years, causing excessive mechanical 
stress on bone, cartilage, tendon, or muscle. They are seen mostly in 
ambitious young athletes who practice often and intensively. 38 Overuse 
syndromes typical for children and adolescents are "little league elbow" 
in baseball pitchers;58 low back pain in oarsmen, girl gymnasts, and 
horseback riders;27,28,39,40 and shoulder pain in swimmers.I2 

In this book we shall limit our discussion to the ncintraumatic deleteri
ous effects of exercise, as manifested by abnormal physiologic responses. 
These are found mostly in children with specific diseases, but can occur 
also in healthy youngsters, as outlined in Table 2.6. Responses range 
from the benign, such as proteinuria49 or hematuria,4 to such life-threat
ening conditions as ventricular tachycardia62 or heatstroke. I8 
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Table 2.6. Nontraumatic Deleterious Effects of Exercise in Children and 
Adolescents 

Abnormal Response 

Bronchoconstriction 

Chest pain 
Delayed menarche 
Dehydration 
Dysrhythmia 
Heatstroke, exhaustion 
Hematuria 
Hemoglobinuria 
High blood pressure 
Hypoglycemia 
Ischemic ST -T changes 

Ketoacidosis 
Menstrual irregularities 
Proteinuria 
Syncope 
Stiffness spells 
Sudden death 

Underlying Disease or Condition 

Bronchial asthma, atopy, history of wheezy bron-
chitis 

Aortic stenosis, bronchial asthma 
Healthy* 
Healthy 
A-V block, post-intracardiac surgery, healthy 
Dehydration, nonacclimatization, obesity, healthy 
Healthy, glomerulonephritis, renal calculus 
Healthy 
Aortic coarctation, hypertension, obesity 
Diabetes mellitus 
Aortic stenosis and insufficiency, coarctation, mi

tral valve prolapse, familial hypercholesterole
mia, sickle-cell anemia 

Diabetes mellitus (insulin deprivation) 
Healthy* 
Healthy 
Aortic stenosis, A-V block 
Hypoparathyroidism 
Aortic stenosis, congenital coronary anomaly 

* Resulting from chronic exercise. All other responses are to acute exercise. 

The role of exertion in triggering sudden death among young cardiac 
patients was investigated in a cooperative international study.31 As seen 
in Fig. 2.5, 58% of deaths occurred when the children were at complete 
physical rest. Thirty-two percent were playing games and 10% were 
engaged in sports. The authors concluded that "avoidance of strenuous 
activity seldom prevents this catastrophe" in the young cardiac patient. 
The underlying pathologies in those who die during, or immediately 
after, exercise are congenital coronary anomalies,36 congenital aortic 
stenosis,31,37 and hypertrophic cardiomyopathy.35 

Most of the adverse reactions listed in Table 2.6 are related to a single 
bout of exercise. Some occur regularly in any given child, such as ST 
segmental depression in advanced aortic stenosis, ventricular dysrhyth
mia in congenital complete heart block, high arterial blood pressure in 
coarctation of the aorta, or exertional hematuria. Others will appear 
when several unfavorable conditions interact. For example, heatstroke 
can occur in a healthy, but unacclimatized, child who exerts for a pro
longed period of time without sufficient fluid intake. Ketoacidosis may 
develop in an insulin-dependent child with diabetes who exercises with-
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Figure 2.5. Physical activity 
prior to sudden death due to car
diovascular diseases, among 
209 one to 21-year-old girls and 
boys who had been ambulatory 
and nonhospitalized. Results of 
an international cooperative 
study. Pooled data of 20 medical 
centers in nine countries. From 
Lambert et al. 31 

out having taken his scheduled insulin. Chronic exercise, in addition to 
causing overuse syndromes, can effect a delay in menarche34,54 and sec
ondaryamenorrhea.5,l1 

Adverse physiologic responses to exercise are usually preventable, or 
their impact can be minimized by proper precautions. Exercise-induced 
hypoglycemia, for example, can be averted by ensuring sufficient carbo
hydrate intake prior to activity, by reducing the insulin dosage, and by 
selecting an appropriate site for insulin injection; heatstroke or heat 
exhaustion can be prevented by ensuring prior acclimatization to heat, 
fluid replenishment, and curtailment of activities when certain climatic 
conditions prevail; exercise-induced bronchoconstriction can be pre
vented, or ameliorated, by medication, by changing from running to 
swimming, and by reducing activities on dry or very cold days. 

In some diseases parents or patients assume that exercise entails a risk 
which, in fact does not exist or is minimal and outweighed by the benefits 
of exercise. Such, for example, is the case with epilepsy, where in spite of 
popular belief convulsions are not triggered by exercise. Parents of a 
child with hemophilia sometimes keep him inactive to avoid bleeds. Cur
rent evidence suggests that such a risk is minimal. Children with hemo
philia can assume normal activities, providing they take the appropriate 
replacement therapy. Similar overprotection is shown by parents of chil
dren with heart disease, real or assumed, for fear of a "heart attack." 

By understanding the possible deleterious effects of exercise, the clini
cian can prevent them or minimize their impact. His role in alleviating 
fears of the presumed dangers of exercise is no less important. 
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3 
Pulmonary Diseases 

Bronchial Asthma 

The relevance of exercise to the health and well-being of the asthmatic 
child is fourfold: 

1. Acute exertion triggers bronchoconstriction and an asthmatic attack. 
2. Chronic exercise is of therapeutic value. 
3. Exercise is an important diagnostic tool. 
4. Research using exercise has been conducted to investigate the patho

physiology of asthma. 

These topics are analyzed in this section. 

Exercise-induced Bronchoconstriction (EIB) 

Description. Post-exertional bronchoconstriction (also called exercise
induced asthma) is, clinically, the asthmatic child's most important re
sponse to exercise. It results in increased airway resistance, in lung hy
perinflation, and, occasionally, in hypoxemia. Characteristically, 
bronchoconstriction starts some 2-4 min after exercise, peaking in chil
dren at 4-8 min post exercise (at 6-10 min in adults) and disappearing 
spontaneously within 20-40 min. Less frequently it may start during the 
activity; sometimes it may be sustained for more than one hour following 
exercise. 

The functions commonly used for assessing bronchial patency and, 
resistance to air flow are forced expiratory volume at the first second 
(FEVl.o), peak expiratory flow, and maximum midexpiratory flow. 
Other functions, used mostly in research, include specific airway con
ductance and airway resistance. 
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Various criteria have been used to determine "abnormal" post-exer
tional bronchoconstriction. These are defined by a percentage drop (usu
ally of FEV 1.0 or peak expiratory flow) from the pre-exercise value and 
range from 10 to 25%.2,19,23,31,43,50,59,78,88,91,93,118,141,152 For details see sec-
tion entitled The Exercise Challenge, below. 

Some authors assigned importance to the combined bronchodilatory 
response during exercise and bronchoconstrictive response after exer
cise.64,65,87 These combined changes presumably represent "airway labil
ity," which was found to be greater in asthmatics than in healthy chil
dren. A Lability Index can be calculated that is considered abnormally 
high when it exceeds 20-22% of the pre-exercise function (usually peak 
expiratory flow). The use of this index has declined in recent years. 

Epidemiology. When exercising in the laboratory, some 40-95% of 
asthmatics respond with EIB. Such diversity in reported response is due 
to the variety of protocols used by different investigators-especially the 
type, intensity, and duration of exercise; nonstandardized environmen
tal temperature and humidity; different policies regarding drug with
drawal on the day of testing; and variability in the severity of disease. 
Furthermore, as discussed above, investigators have not agreed upon a 
universal criterion for a positive test. In spite of such variability, it is fair 
to state that about 70% of children with perennial asthma who are taken 
off medication some 6-8 hours before testing will respond with at least a 
10-15% drop in FEVl.o following exercise. 

Some authors refer to the above rates as "incidence"42,93 or "preva
lence"134 of EIB. Their data, however, refer to a response to a standard
ized provocation test in the laboratory and do not reflect real life inci
dence and prevalence. There is only fair correlation between the 
response of an asthmatic child to exercise in the laboratory and his day
to-day response to spontaneous exercise.93 It is therefore more appro
priate to refer to the above percentages as "rate of response to a stand
ardized exercise test." 

In the absence of definitive epidemiologic data one can only speculate 
about the extent of EIB in real life. It is conceivable that any asthmatic 
child may, at some time, experience EIB when his or her activity hap
pens to be intense and of sufficient duration. Potentially, therefore, all 
asthmatics are at risk. However, on the basis of their experience of such 
unpleasant episodes, many patients modify their activities in order to 
prevent triggering an attack. They do so spontaneously or on the advice 
of others, by avoiding intense exertion or by turning to less asthmogenic 
sports. Thus, the rate of occurrence of EIB during a given period of 
time may not be high. 

Although EIB occurs typically in asthmatics, it is sometimes observed 
in patients with atopic disorders23,93 or with cystic fibrosis.35 A high La
bility Index was found in first-degree relatives of asthmatics,97 former 
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asthmatics,22,87 monozygotic twin siblings of asthmatics,98 and patients 
with cystic fibrosis,35 hay fever,87 and past history of viral bronchiolitis. 140 

EIB-Nature of the Exercise Provocation 

The degree of post-exertional bronchoconstriction varies with the na
ture of exercise. More specifically, it depends upon the type, intensity, 
and duration of the activity. 

Type of Exercise. The information commonly given by the child or 
parent is that activities involving running, jumping, or cycling induce 
more discomfort than swimming. Indeed, a number of controlled stud
ies have confirmed that swimming is the least asthmogenic type of exer
cise.2,53,84 Fig. 3.1 shows an example comparing effects of running and 
swimming in an 8-year-old boy who performed both tasks at equal O2 
uptake and pulmonary ventilation. 

What is the most asthmogenic type of exercise? Some authors have 
suggested that running induces greater and more consistent broncho
constriction than walking or cycling.4,49,64,85,89,137 It has further been sug
gested that free running provokes greater EIB than treadmill run
ning.4,133 Arm cranking was reported to be as potent a stimulus as 
running2 and to cause greater EIB than leg cycling when both are done 
at the same absolute metabolic level. 147 As described in the section enti
tled Airway Cooling as a Trigger, below, the extent of EIB depends on 
the degree of airway cooling which, in turn, is a function of pulmonary 
ventilation and of climatic conditions. The main shortcoming of the 
above reports is that ventilation was not equated in the comparison 
between modes of exercise. Indeed, recent studies have indicated that 
when pulmonary ventilation, air temperature, and humidity are equal, 
walking, treadmill running, free running, cycling, and arm cranking 
induce similar degrees of bronchoconstriction.37,95,llo 

We can therefore conclude that, while swimming is the least asthmo
genic exercise, there is no single type of activity that can be considered 
most asthmogenic. However, an individual child may find one specific 
"land activity" more asthmogenic than another. 

Intensity of Exercise. The degree of EIB is related to the intensity of 
running41 ,44,70,133,137,161 or cycling.92 This relationship is presented in Fig. 
3.2. As a rule, intense activities induce greater bronchoconstriction than 
light activities. During exercise that lasts 6-8 min, intensities of 70-85% 
of maximal aerobic power (heart rate = 160-180 beats/min) have the 
most asthmogenic effect.44,66,161 

This can be explained by the associated high pulmonary ventilation 
and airway cooling. It is not clear, however, why maximal intensities 
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Figure 3.1. Swimming as a "non
provoker" of exercise-induced 
asthma. Pulmonary funclions of 
an 8-year-old asthmatic boy be
fore and after treadmill running 
and tethered swimming. FVC = 
forced vital capacity, FEV10 = 
forced expiratory volume at the 
first second, MMEF = maximal 
mid-expiratory flow. Both tests 
lasted 8 min, during which time 
O2 uptake was 29 ml/kg x min 
and minute ventilation 34 liters/ 
min. Ambient temperature was 
2rC and relative humidity, 30%. 
Data from the author's laboratory. 

(which are accompanied by the highest pulmonary ventilation) do not 
cause the greatest EIB. One explanation is that such intense activities 
cannot be sustained long enough to induce sufficient airway cooling. 

Duration of Exercise. The degree of EIB is related to the duration of 
exercise.89.137 An exercise duration of 6-8 min was found to induce 
greater bronchoconstriction than shorter or longer protocols at exercise 
intensities equivalent to 60-85% of maximal aerobic power. 137 More 
research is needed, however, to find out whether this duration is optimal 
at other exercise intensities: for example, it may be less than 6-8 min for 
highly strenuous activities. A case in point is a study in which young 
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Figure 3.2. EIB and intensity of exercise. Nine asthmatic young adults ran on a treadmill at 
40,60,80, and 100% of their maximal O2 uptake ('V02 max). Each run lasted 6 min. Values 
are presented of post-exertional forced expiratory flow at 50% of vital capacity (FEFso%), 
expressed as percentage of pre-exercise value. Adapted from Wilson and Evans. 16l 

adult asthmatics had a greater drop in maximal mid-expiratory flow 
following a supramaximal treadmill run, which exhausted them within 
50 sec, than following a 7 min submaximal run.83 

Prolonged activities (e.g., 20 min or more) are less asthmogenic than 
shorter ones. This is clinically important: an asthmatic who performs 
such prolonged activities may suffer no EIB and is said to have "run 
through" his asthma. 

Time Since Previous Exercise. An asthmatic who responds to a bout of 
exercise with bronchoconstriction may react with little or no broncho
constriction to a subsequent bout of exercise.41 ,78,107 Such a patient is said 
to be in a "refractory period," which can last up to 2 hours following a 
prior episode of EIB.41 

Patients and parents should be made aware of this phenomenon. A 
child who undergoes an episode of EIB can be reassured that subse
quent activities (performed within the next 60-90 min) will trigger only 
a minor or no attack. 

This refractoriness may be explained by depletion of mediators re
leased from sensitized mast cells following the initial bout of exercise. 
The same mechanism may explain the phenomenon of "running 
through" asthma during a prolonged activity, in which the mediators are 
depleted during the first minutes of exercise. 

Climatic Conditions and Asthma 

Even when the type, intensity, and duration of exercise are standard
ized, EIB may not occur consistently in any given individual. The same 
child may respond to a certain task with marked EIB on one day and 
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have little EIB on another. One possible cause for such inconsistency is 
the change in climatic conditions. 

Climate and the Resting Asthmatic. Asthmatics often volunteer the 
information that their asthma is more severe on cold or dry days. 
Epidemiologic studies40,74,75,153 and anecdotal data24,146 have suggested a 
greater incidence of asthmatic attacks on cold days, especially during fall 
and winter. Controlled experiments have shown that in asthmatics, but 
not in healthy individuals, exposure to a cold shower29 or inhalation of 
cold air109,139 induced an increase in airway resistance and a drop in 
FEV 1.0. By contrast, inhalation of saturated air at 37°C can prevent 
bronchoconstriction even while the individual is exposed to a cold 
shower.81 

It therefore seems that direct cooling of the airways, rather than gen
eralized body cooling, triggers bronchoconstriction in the resting asth
matic. On the other hand, changes in air humidity do not seem to affect 
the asthmatic while at rest. 14,55 

Climate and EIB. It was first noted in the mid 1970s that air humidity 
and air temperature affect post-exertional bronchoconstriction in the 
following manner: 

1. In neutral temperature (23-25°C), dry inspired air is more asthmo-
genic than humidified air (Fig. 3.3).14,159 

2. Cold air is more asthmogenic than air at neutral temperature. 149 
3. Warming dry air to 30°C will partially protect against EIB.28 
4. Saturated air at 37°C renders almost complete protection against 

EIB.28 

Later studies have confirmed the above findings.7,8,15,36,37,39,78,lOO,148 The 
clinical implications are twofold: first, a clinician wishing to use exercise 
in the evaluation of asthmatics should attempt to monitor and, if possi
ble, control climatic conditions in his office-especially air humidity. 
Second, it is reasonable to assume that asthmatic children will be more 
susceptible to EIB on a cool day than during warm weather. Clinical 
experience supports this assumption. 124 Precautions should also be 
taken during spells of dry weather (a common phenomenon in some 
geographic regions-called Fohn, Sirocco, Chinook, or Hamsin). It is 
advisable to intensify drug therapy and, if this is of no avail, to curtail 
physical activity of asthmatic children whenever such weather is encoun
tered. 

Mechanisms Underlying EIB 

The possible mechanisms by which exercise induces bronchoconstriction 
can be divided into: 1) those physical or chemical triggers that initiate a 
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Figure 3.3. Air humidity and EIB. Pulmonary functions of 10 6- to 14-year-old asthmatic 
girls and boys measured 10 min after each of two treadmill walks. The children were free
breathing in a climatic chamber with air temperature of 25-26°C and humidity 25% ("dry") 
or 90% ("humid") relative humidity. FVC = forced vital capacity, FEV1 0 = forced expiratory 
volume in first second, MMEF = maximal mid-expiratory flow, and MBC = maximal breath
ing capacity. Vertical lines denote 1 S .E.M. Based on data by Bar-Or et al. 14 Reproduced 
with permission from Bar-Or.12 

physiologic response, and 2) the pathways by which such a response 
affects the bronchial smooth muscle. 

Possible Triggering Stimuli. A variety of stimuli have been implicated 
as possible triggers of EIB. These include hypocapnia,49 metabolic acido
sis,155 hypoxemia,9 hyperpnea,27,8o imbalance between a and {3 sympa
thetic receptors,143 increased noradrenaline activity,'6 cooling of the 
facial skin,90 and cooling of the airways.122 Reviews of these possible 
mechanisms are available elsewhere.66,lo4,134 The following discussion 
will focus on airway cooling, which currently is viewed by most investiga
tors as the prime trigger of EIB. 

Airway Cooling as a Trigger. As discussed above, either dry air or cool 
air aggravates EIB. The common denominator for these two air proper
ties is that they both cool the respiratory mucosa-cool air by convection 
and dry air by evaporation. An example of such cooling during exercise 
is shown in Fig. 3.4. Note that the degree of cooling is similar in asthmat
ics and healthy controls who exercise in the same environmental condi
tions. 
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Figure 3.4. Changes in airway temperature due to exercise hyperpnea. Young adult asth
matics and healthy controls cycled at moderate intensity while inhaling dry air at -16 to 
-18°C. Esophageal temperature was measured by a thermistor at the level of the tracheal 
carina, to estimate airway temperature at that level. Zero time denotes start of exercise, 
which lasted for about 4 min. Vertical and horizontal lines are 1 S .E.M. Adapted from Deal 
et al. 38 

Air at a lower temperature than the airway mucosa will cool it by 
convection as per the equation: 

HLc = VE HC(TE - Td 

in which HLc is heat loss in kiloJoules per minute; V E = pulmonary 
ventilation (BTPS) in liters/min; HC = heat capacity (the product of 
specific heat and density) of air, which equals 0.00127 kJ/liter x °C; TE 
and TI = expiratory and inspiratory air temperature respectively in 
degrees centigrade, measured at the mouth. The factors that determine 
convective cooling are V E and the temperature gradient between ex
pired and inspired air, the former being close to body core temperature. 

Inspired air that is not saturated by water vapor will cause mucosal 
cooling by evaporation, as per the equation: 

HLe = VE HV(WC E - WCd 

in which HL, is evaporative heat loss in kiloJoules per minute, HV = 
latent heat loss of vaporization of water, which equals 2.43 kJ/g; WCE 
and WCI = expiratory and inspiratory water vapor content, respectively, 
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in grams per liter. Evaporative cooling increases with the rise in gradient 
between the expired and inspired air and with increase in ventilation. 

By combining the above two equations one obtains the overall respira
tory heat loss (RHL) as follows: 

RHL = VE [HC(TE - Td + HV(WCE - WCd] 

The evaporative loss is ordinarily the dominant one in the overall 
RHL. For example, to induce cooling of 0.006 kJ/liter of air it is suffi
cient to dry the inspired air (at 37°C) from 100 to 50% relative humidity. 
To obtain the same RHL without drying the air, one will have to cool it 
from 37 to -100 e! 

The increase in RHL during exercise is achieved primarily by the 
hyperpnea (increase in pulmonary ventilation) and, to a negligible ex
tent, by an increase in T E' Ventilation can rise as much as ten-fold in 
most active children, increasing RHL by that factor. Some investigators 
have gone as far as stating that the only role of exercise in the genesis of 
EIB is to increase pulmonary ventilation,37 all other changes such as 
hypocapnia, acidosis, hormonal changes, or hypoxemia being im
material. 

There is a linear relationship between the degree of bronchocon
striction and respiratory heat loss,28 as shown in Fig. 3.5. Such a relation-
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Figure 3.5. EIB as a function of respiratory heat loss. Eight asthmatic adolescents and 
young adults walked on a treadmill at four different combinations of air humidity and 
temperature. FEV10 fall = the post-exercise decrease in forced expiratory volume at the 
first second, expressed in percentage of pre-exercise level. Mean ±1 S.E.M. Data by Chen 
and Horton.28 
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ship holds true for a wide range of inspired air temperatures (-10 to 
+80°C) and levels of humidity (O-lOO% relative humidity).37.39 There is, 
however, a wide scatter in the degree of respiratory heat loss that causes 
a given level of EIB in asthmatic children.7 There are also differences in 
response to a given heat loss between children and adults. At a given 
respiratory heat loss, children respond with greater EIB than do adults, 
as shown in Fig. 3.6. The reason may be that an identical absolute pul
monary ventilation is relatively greater for the child, who has a smaller 
area of respiratory mucosa. 

It has been suggested that the protective nature of swimming is due to 
the highly humid air that the swimmer inhales at water level. 14 This 
possibility has been tested by letting asthmatic children swim while inhal
ing dried air. 15,84 As shown in Fig. 3.7, drying the air (i.e., increasing the 
respiratory heat loss) did generate bronchoconstriction in the swimming 
asthmatic, but the degree of EIB was lower than in running, even 
though equal levels of heat loss were achieved. It thus seems apparent 
that some unidentified mechanism, in addition to the protective humid 
air, renders swimming less asthmogenic than other sports. 

In conclusion, the role of airway cooling in triggering EIB is now 
universally accepted. However, it may not be the exclusive trigger. Recent 
observations have raised the possibility that osmotic changes at the respi
ratory tract mucosa can also trigger EIB.7 

Vagal Pathways vs. Chemical Mediators. While airway cooling by ex
ercise hyperpnea is agreed upon as the major trigger of EIB, there are 
two schools of thought regarding the events that follow. One theory 
assumes propagation by the vagus from receptors located in the oro
pharynx, trachea, and large bronchi.l06.167 The other assumes a release 
from mucosal sensitized mast cells of chemical mediators (e.g., hista
mine, bradykinin, neutrophil chemotactic factor of anaphylaxis, prosta
glandins, slow-reacting substance of anaphylaxis).41.66,107 Evidence for 
both theories is circumstantial, based on response to drugs, in vitro find
ings, or mechanisms found at rest; or on the presence of a refractory 
period to EIB following prior exercise. A suggestion has been made that 
both mechanisms may be in effect: obstruction of small airways may be a 
result of mediator release, whereas large airway obstruction is generated 
through vagal reflex pathways. 105 

Other questions, still unanswered, are why EIB appears following and 
not during exercise when cooling is at its peak (see Fig. 3.4) and why 
asthmatics respond to airway cooling with greater bronchoconstriction 
than do healthy individuals. The absence of bronchoconstriction during 
exercise could be due to the bronchodilatory effect of catecholamines 
and to the sympathetic drive, both of which are increased during exer
cise and subside during recovery.66 The greater sensitivity of asthmatics 
to airway cooling represents their greater nonspecific airway reactivity, 
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Figure 3.6. Effect of age or body size on the relationship between EIB and respiratory heat 
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Figure 3.7. The protective nature of swimming against EIB as a function of respiratory heat 
loss. Thirteen adolescent asthmatics ran and swam at neutral temperature while inhaling 
dry or humid air. FEV, o fall = post-exercise decrease as percentage of resting FEV, o· 
Mean ±1 S.E.M. Data of Bar Yishay et al.'5 
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rather than an inability to condition the inspired air. It is possible, how
ever, that those asthmatics who also suffer from allergic rhinitis must 
resort more to oral breathing (with a resultant greater airway cooling) 
than individuals with more patent nasal airways. 

Other Responses of Asthmatics to Exercise 

Most asthmatic children respond to exercise with adequate ventilatory 
and hemodynamic changes. In fact, during exercise they show greater 
bronchodilation than do nonasthmatics.46,103 While pulmonary ventila
tion is appropriate to the metabolic level of the mildly and moderately 
affected patients,46,48 it is excessively elevated in those severely af
fected. 17,61 Such high pulmonary ventilation is associated with high tidal 
volume. The work of breathing in these severely affected patients is 
abnormally highl6,61 since pleural pressure swings during the respira
tory cycle are exceedingly high and the mean pleural pressure highly 
negative. 145 Alveolar gas exchange and lung diffusion capacity are usu
ally normal in the exercising asthmatic.48,57,61,71 However, children who 
develop marked post-exertional bronchoconstriction may have a rise in 
alveolar - arterial P02 difference and a mild O2 desaturation.92 

Heart volume and blood volume are normal in the asthmatic child,16,72 
as are cardiac output and stroke volume during submaximal and maxi
mal exercise.57,72 It has been suggestedl6,157 that asthmatic children re
sort more than healthy ones to anaerobic metabolism during submaxi
mal exercise, as manifested by higher levels of blood lactate. Neither the 
mechanism nor the implications of this phenomenon have been eluci
dated. 

In conclusion, respiratory and circulatory functions alike are adequate 
in most exercising asthmatics. Only severely affected patients have respi
ratory deficiencies that affect their O2 transport system. 

Habitual Activity of the Asthmatic Child 

Exercise is often equated with physical distress by the child with 
asthma-perhaps more than in any other chronic disease. An attack of 
EIB is alarming to the child and onlookers alike. Parents tend to become 
overprotectivel20,130 and limit the physical activity of the child, who is 
progressively perceived as a "loser" by himself and his peers. 

While systematic studies are not available on the habitual activity of 
asthmatics, some observations are noteworthy: 

1. In the V nited States asthma is associated with limited physical activity 
in 30% of children and adolescents who have chronic lung disease 
(V.S. DHEW, 1973, quoted in Ref. 158). 
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2. Among asthmatic children who attended an exercise therapy clinic, 
only 30% were taking part regularly in physical education classes at 
school. Fifty-five percent had limited participation (avoiding mostly 
endurance-type and outdoor activities) and 15% did not participate 
at all.82 

3. In a survey performed among 262 United States physical education 
instructors only 52% stated that asthmatic children consistently at
tended regular physical education classes. Forty-five percent re
ported that such pupils attended these classes intermittently. 158 

4. In the same survey, 76% of instructors allowed the asthmatic children 
to determine their own activity level in class. 

5. Attendance at physical education classes is inversely related to the 
severity of asthma. In contrast, participation in leisure-time activity is 
independent of the severity of the disease.71 

These findings show a high degree of absenteeism from physical edu
cation classes among asthmatics. Their teachers, perhaps due to insuffi
cient knowledge or fear of medico-legal consequences, let the children 
select their own level of exercise rather than guide them to appropriate 
activities. 

Physical Working Capacity of the Asthmatic Child 

Fitness of asthmatics has ranged from low to Olympic championship 
levels. Factors that affect such variability include: the severity of the 
disease (often defined as the number of major attacks per year), the 
presence or absence of bronchoconstriction on the day of testing, and, 
especially, the level of habitual activity. Most studies in this area are of 
selected groups of volunteer patients and are subject to sample bias. 
Only seldoml35 are they conducted with a representative sample of the 
population. 

In nonathletic asthmatics, maximal aerobic power ranges from nor
maP6,71,157 to moderately low.62,1l9,135,156 Other fitness components such 
as muscle strength and sprinting ability are within the normal range. 135 
The short stature of some children with severe asthma does not seem to 
interfere with their fitness. 

There is a relationship between the sedentary lifestyle of many asth
matics and their low working capacity. The ability of such children to 
achieve normal maximal aerobic power through conditioning strongly 
suggests that low fitness is not inherent to their disease. An impressive 
number of asthmatics have reached world class level in sports, especially 
in swimming-where they have often won Olympic gold medals-but 
also in more "asthmogenic" sports such as long-distance running or 
cycling. 50 
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Exercise as a Diagnostic Tool in Asthma 

Rationale for Exercise Provocation Tests. Exercise testing of asth
matic children is indicated for the following: 

Documentation of EIB. This is especially important for the child who 
presents with less common exercise-related complaints such as chest 
pain or cough. One should bear in mind that some asthmatics develop 
EIB during spontaneous activities but not in the laboratory, and otherr 

have the reverse pattern. 

Evaluation of Medication for EIB. A standardized challenge test, repeated 
using different drug regimens, is highly informative as to the efficacy of 
a specific drug or adequacy of a certain dose. One must realize, however, 
that such information is specific to the effects of drugs on EIB and not 
on asthma in general. 66 

Diagnosis of Hyperreactive Airways. Exercise can be used as a nonspecific 
challenge test to determine asthma in patients with atypical respiratory 
symptoms, or in those who have long symptomless periods. This is anal
ogous to challenge by cold or to inhalation of histamine or metacholine. 
The sensitivity of exercise challenge for the above purpose is somewhat 
lower than of histamine challenge. lOS 

Comparison of Asthmogenicity of Different Activities. Some children report 
EIB following certain nonaquatic activities but not others. These activi
ties can be simulated in the laboratory. 

Determination of Exercise Tolerance. As in other diseases, this is an impor
tant aspect to consider before constructing an exercise program. A de
trained child may hyperventilate at a relatively low power load, with a 
resultant high respiratory heat loss and EIB. 

Instilling Confidence in Patient and Parent. This benefit of testing is often 
underestimated. Both parent and child can gain confidence from the 
revelation that the child can sustain high-level activity. 

Assessment of the Emotional Component. It has been suggested69 that asth
matic children who markedly benefit from the placebo effect of a drug 
on EIB have a major emotional component to their disease. This hy
pothesis needs further confirmation. 

The Exercise Challenge. There are two conflicting considerations in 
administering an exercise challenge test to the asthmatic child: 1) opti
mizing the provocation so that maximal bronchial response is obtained, 
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while 2) ensuring that the test is not detrimental to the child's health. 
The following guidelines take these considerations into account. 

Pretest Preparation 

1. Obtain medical history with emphasis on the cardiopulmonary sys
tem, habitual activity, and exercise-related symptoms. 

2. Perform physical examination with emphasis on the cardiopulmo
nary system. 

3. Define for yourself the rationale for exercise testing in each patient. 
4. To alleviate their apprehension, explain to patient and parent the 

purpose and form of the test. Let the child become familiar with the 
procedures and equipment. 

5. Obtain baseline pulmonary functions. For clinical purposes, suffi
cient information can be obtained with peak flowmeter or, prefera
bly, a positive displacement one-breath spirometer. 

6. Do not proceed with an exercise test if FEV 1.0 or peak expiratory flow 
are less than 60% of height-predicted level, or if the child is dyspneic 
at rest.45 Pre-exercise wheezing per se is not a contraindication. 

Withdrawal of Medication. Pretest withdrawal of anti-asthma drugs de
pends on the purpose of the test. If one wishes to maximize the response 
(e.g., to document EIB or airway hyperreactivity) all drugs, with the 
exception of corticosteroids, should be withdrawn. .B2-sympathomi
metics, methylxanthines, and anticholinergics should be discontinued at 
least 8 hours prior to testing (12 hours for long-acting methylxanthines). 
Disodium cromoglycate should, ideally, be withdrawn 24 hours before 
exercise testing.45 

If, on the other hand, the exercise test is conducted to assess efficacy 
of medication, withdrawal of drugs will be selective. 

The Exercise Protocol. Unlike tests of physical working capacity that are of 
the multistage "progressive" type (see Appendix II, section entitled Pro
totypes of Exercise Tests), an exercise challenge test for EIB should 
comprise a single 8-min stage. The intensity should be such that heart 
rate reaches 85-90% of maximum (170-180 beats/min for children and 
adolescents) . 

When the child is tested for the first time, the exact power load that 
raises heart rate to this level is not known. The investigator must then 
select an arbitrary initial level and, based on interim heart rate, modify it 
within 2-3 min until the target heart rate is reached (see description of 
the single-stage with adjustments protocol in Appendix J). A test is tech
nically successful if the required load is kept for at least 5 min. Heart rate 
should be monitored periodically by ECG or cardiotachometer. The 
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former is preferable because it can disclose coincidental dysrhythmia or 
other electrocardiographic abnormalities. 

The ergometer of choice is a treadmill, although a cycle ergometer or 
a step can also be used. The main advantage of treadmill running is for 
young children, who can master the technique and sustain the effort 
better than with other ergometers. Furthermore, test-retest reliability 
seems higher with treadmill than with cycle ergometer.4 Some investiga
tors advocate free running in or around the hospital or up and down a 
flight of stairs. Although such tasks are asthmogenic, they cannot be 
sufficiently standardized and are not recommended. 

To safeguard standardization of an exercise challenge test, the follow
ing should be adhered to: 

1. Avoid exertion for at least 21/2-3 hours prior to testing. Failure to do 
so may lead to less than full bronchial response, as the child will be in 
a refractory period following prior activity.41 

2. Climatic conditions, especially humidity, should be standardized. The 
use of commercially available air conditioners, humidifiers, and de
humidifiers is sufficient for clinical purposes. 

3. When a test must be repeated, do not allow an interval shorter than a 
day or longer than a week. Test-retest variability at longer intervals is 
high. 

4. To minimize diurnal variations attempt to retest any given child at 
the same time of the day. 

Pulmonary Function Tests. Baseline testing is done just prior to exercise. 
If a certain drug is evaluated, a preliminary function test should precede 
its administration. Testing is repeated at 2, 5, and 10 min post-exercise 
and every 5 min thereafter until EIB subsides. 

Interpretation of Post-exertional Bronchoconstriction. Assuming X = pre-ex
ercise baseline and Y = the lowest post-exercise level, the degree of EIB 
can be expressed in a number of ways. The most common one is: 

X-V 
EIB = -X X 100 (1) 

i.e., the maximal drop in function as a percentage of pre-exercise func
tion. Another expression of EIB is the degree of drop as a percentage of 
the height-predicted (P) function: 

X-V 
EIB = -P- X 100 (2) 

This approach is more relevant to the clinical status of the patient prior 
to the test. He may have, for example, a small drop according to equa
tion (1) but, due to low X, the drop in function may be sufficient to 



104 3: Pulmonary Diseases 

induce a major obstruction and discomfort. A third approach is to ex
press EIB in absolute terms and not as a percentage of resting value: 

EIB = X - Y (3) 

In assessing the effect of a drug one should separately evaluate the 
pre-exercise bronchodilatory effect (see Drug Therapy in EIB, below) 
and the amelioration of EIB. The bronchodilatory effect is assessed by 
comparing the pre-drug and post-drug functions, both measured before 
exercise. To assess the affect on EIB some investigators use the pre-drug 
and others the post-drug resting value as a baseline. 

Another consideration in evaluating anti-EIB drugs is their placebo 
effect, which is often very marked.8.69.138.144 While relevant to research, 
this aspect also has clinical implications. To assess a placebo effect one 
must test the child twice, using drug and placebo in a blindfold fashion. 
Various mathematical approaches are available for such a comparison 
(for details see Ref. 86). 

The criterion for a "positive exercise test" (i.e., EIB of a clinically 
significant degree) is not uniform among laboratories. Using equation 
(1) it ranges between 10 and 25%. Most workers in the field, however, 
advocate a 10 or 15% maximal drop as their criterion. Our own criterion 
is 15%. 

Management of the Child with EIB 

In 1970 the Committee on Children with Handicaps of the American 
Academy of Pediatrics 1 stated: "One must attain a balance between the 
needs of the asthmatic child to participate in the activities with as little 
restriction and emotional crippling as possible and the necessary limita
tions to living a full life." Today, with the variety of means at his disposal, 
the physician can all but eliminate these limitations. 

Drug Therapy. With currently available anti-EIB medication, most asth
matic children can lead an active life. Treatment can be initiated as 
prophylaxis prior to exercise, or once EIB has begun. For obvious rea
sons the prophylactic approach is preferable. Children often do not plan 
their activities in advance, however, and they may resort to medication 
only after symptoms have begun. 

Prophylactic Therapy. The most effective drugs in current use are the f32-
sympathomimetics, administered in aerosol. Another potent and widely 
used drug is disodium cromoglycate (DSCG), taken as inhaled powder. 
Also in use are some methylxanthines and anticholinergics. 

f32-sympathomimetics (e.g., salbutamol aerosol 0.2 mg per metered 
puff) are effective in preventing or ameliorating EIB in some 90-100% 
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of asthmatic children,5,67 whether or not they are symptomatic prior to 
exercise. Such an aerosol is effective almost instantaneously, so it can be 
inhaled just prior to activity. Furthermore, due to its bronchodilatory 
effect and its direct action at the airways, it can relieve asthmatic symp
toms before the start of the activity and potentiate the bronchodilatory 
changes during exercise. 143 A ,82-sympathomimetic aerosol (like other 
aerosols) has fewer systemic side effects than oral preparations, and its 
action does not depend on gastrointestinal absorption. The standard 
therapeutic'dose for aerosol salbutamol is only 1/20 that of oral salbuta
mol.5 For those children who do not get satisfactory protection, the dose 
can be increased (e.g., two puffs). The protective effect of the ,82-sympa
thomimetic aerosols lasts 2-6 hours, depending on the specific pre para
tion.6,132,143 

Although aerosol is preferable to the oral route, the latter is also 
useful if taken in high dose (salbutamol 0.15 mg/kg body weight). It is 
indicated for patients who, for some reason, cannot use aerosols.56 In 
regular doses (salbutamol 0.10 mg/kg), however, the oral route is inef
fective for children.5 

Inhaled DSCG, unlike ,82-sympathomimetics or methylxanthines, 
does not cause bronchodilation at rest but is a specific EIB prophylactic 
agent.67,1l3,142 Its use is effective in some 70-80% of asthmatic children, 
and it is especially indicated for patients with mild to moderate asthma 
who are asymptomatic prior to exercise. Although the regular pre-exer
cise dose is a capsule of 20 mg crushed into an inhaler, larger doses can 
be tried. The optimal time for administration is some 30 min before 
exercise, but it can also be taken effectively just prior to the activity. 138 
DSCG is highly effective for up to 2 hours,96 although some effect can 
still be detected for 4 hours. It is ineffective once exercise has begun. 138 
To maximize its use in prevention of EIB, a dose of DSCG should be 
taken before exercise in addition to the regular daily dose (unless exercise 
happens to occur soon after the inhalation of a regular dose). DSCG is 
also administered in a nebulized solution, but the oral route is ineffective 
for prevention of EIB.33 Children whose EIB cannot be prevented by 
either ,82-sympathomimetics or DSCG alone can sometimes benefit from 
a combination of both. 

Based on in vitro data, DSCG apparently stabilizes mast cell mem
brane and prevents the release of mediators from the sensitized mast 
cells. There is, however, indirect in vivo evidence that DSCG may act 
through other mechanisms.47 

Methylxanthines (especially theophylline), while commonly pre
scribed for the general control of asthma, are less often used for specific 
prevention of EIB. The major reason is their oral administration, which 
does not offer quick response. Like ,82-sympathomimetics they are po
tent bronchodilators at rest. They markedly reduce EIB in 65-80% of 
patients,8,ll,20,67 an effect which is dose-dependent,2l minimal therapeu-
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tic concentration for theophylline being 10 g/ml. I25 There is a low corre
lation between the efficacy of methylxanthines in the general control of 
asthma and their prophylactic effect in EIB.67 As with salbutamol63 pa
tients do not develop tolerance to theophylline following regular intake 
for a few weeks. 20 

Other drugs that have been tried for prevention of EIB include anti
cholinergics, such as ipratropium bromide aerosol;8,'62,'63 calcium antag
onists, such as nifedipine26 or verapamil;121 a adrenoreceptor blockers, 
such as indoramine;18 prostaglandin antagonists, such as dextropro
poxyphene;8 or antihistamines such as ketotifen.8 

Corticosteroids, whether oral or inhaled, are barely effective for the 
prevention of EIB, 96 even though they may potentiate the effect of other 
agents.3 

Reversal of EIB. Once EIB has started, the drug of choice is a J32-sympa
tho mimetic aerosol such as salbutamol. While some children will re
spond to one puff, others may need two or three puffs, 3-4 min apart. 
Some patients respond better to nebulized salbutamol. The basic prob
lem in reversing EIB is the inability of the distressed child to inhale 
properly. In addition, the narrowed airways may impede penetration of 
the drug even when inhalation is mechanically adequate. One way of 
inducing some bronchodilatation at that stage is to have the child exer
cise for about one minute and then inhale the drug.3 

Nasal Breathing as Protection, The nose has long been recognized as a 
highly efficient conditioner of inspired air. 126 Nasal breathing can very 
effectively change the characteristics of the inspired air so that even in 
extremely low ambient humidity and temperature the air reaching the 
nasopharynx is humidified to near 100% relative humidity and its tem
perature is 32_37°C.126,127 If nasal breathing were to be practiced by the 
asthmatic during exercise, the detrimental effect of cold air and dryness 
could be attenuated, or even abolished. Fig. 3.8 is a summary of a study 
showing that while oral breathing during a treadmill walk induces 
marked bronchoconstriction, an increase in airway resistance, and air 
trapping in the lungs, nasal breathing weakens these responses and, in 
practical terms, protects the child against EIB.136 Similar effects have 
also been shown during free runninglOl and during isocapnic hyper
ventilation at rest. 167 

The above data refer to mild or moderate exercise intensities. Al
though the feasibility of nasal breathing during strenuous exercise has 
yet to be determined experimentally, we do recommend that such a 
routine be practiced, at least during moderately intense activities. Pa
tients with allergic rhinitis should be prescribed a nasal vasoconstrictor 
to increase nasal airway patency. 
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Figure 3.B. Post-exertional changes in pulmonary functions as related to the mode of 
breathing. Twelve 7- to 14-year-old asthmatics walked on three different days on a tread
mill at 75-85% of maximal heart rate, using different inspiratory modes. Ambient condi
tions were 20-22°C and 25-30% relative humidity. Measurements were taken 7-9 min 
post-exercise. FEV, 0 = forced expiratory volume at the first second, MMEF = maximal mid
expiratory flow, V'Q = thoracic gas volume, Raw = airway resistance. Vertical lines denote 1 
S.E.M. Adapted from Shturman-Ellstein et al ,136 

Artificial Means for Warming and Humidifying Inspired Air. An alter
native to nasal breathing is the use of a mouth mask to warm and humid
ify inspired air on cold days, This device, which is available commer
cially, causes mixing of inspired air with air from the preceding 
expiration, thus increasing its temperature and water vapor content. A 
disadvantage of this procedure is some increase in dead space. The 
efficacy of such a mask as protection against EIB has been shown experi
mentally. 129 Air temperature inside the mask was over 30°C during exer
cise, even when outside temperature was only 4°C. In the absence of a 
mask one can cover the mouth and nose with a scarf and obtain similar 
results. 

Choosing the Right Activities. As described above, some activities are 
more asthmogenic than others. For most asthmatics swimming is the 
exercise of choice and should be strongly recommended, whenever fea
sible. Among land activities, preference should be given to the intermit
tent ones (1-3 min exercise bouts, interspersed by rest or, preferably, by 
mild exertion),120 which are less asthmogenic than prolonged, continu-
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ous activities. Examples are circuit training, gymnastics, diving, or down
hill skiing. Among team games water polo, American football, and base
ball are suitable. 

The importance of warming up as a means of preventing EIB has not 
been established experimentally. While a 3-min walk or jog was not 
found beneficial, 112 repeated 30-sec runs 10 min prior to an exercise task 
did reduce the fall in peak expiratory flow by 36%.131 In spite of the lack 
of scientific proof, we and others120 recommend a warm-up at the begin
ning of each exercise session. It should last 6-10 min, raising heart rate 
to not more than 150 beats/min. 

When EIB starts, exercise can be used to reverse or even stop the 
attack. This is based on the bronchodilatation that takes place during exer
cise. A short bout (up to 1 min) of activity has been found effective in 
reversing EIB,89 and it is especially effective in conjunction with aerosol 
therapy.3 

Physical Conditioning and the Asthmatic Child 

Two aspects of the effects of conditioning and training on asthmatic 
children are clinically relevant: improvement in exercise performance 
and reduction in asthmatic complaints, especially EIB. 

Conditioning and Improvement of Fitness. Numerous studies have 
shown that most asthmatics are trainable and, through proper pro
grams, can increase their maximal aerobic power, muscle strength, and 
other fitness components.51 ,54,62,73,99,1l8,1l9,123 As in healthy children, the 
degree of improvement in work performance is related to the intensity 
of conditioning.73 Patients with severe asthma may not improve their 
fitness by a conditioning program because they are often not able to 
withstand intense activity without triggering EIB. 

The improved ability of asthmatics to participate in play and sports 
yields important psychosocial dividends. These include improved school 
attendance, increased acceptance by peers, improved self-confidence 
and sense of accomplishment, decrease in frequency and intensity of 
emotional upsets, and above all, the recognition by the asthmatic that 
sickness need not be a way of life.1,10,82,120,130,150 A case of a young asth
matic child is instructive. This Australian girl decided to start swimming 
in order "to lick asthma." Some years later she became an Olympic 
champion and one of the most notable figures in swimming history.52 

Conditioning and EIB. To the clinician, the key question is whether 
physical conditioning can improve asthmatic control. More specifically, 
can it prevent or reduce EIB? Early studies suggested that, in spite of 
improving fitness, conditioning does not reduce the risk of EIB.54 Re
cent evidence shows, however, that once conditioned, the asthmatic re-
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sponds to a given power load with less bronchoconstriction.77.79.111.119.151 
Such an improvement is demonstrated in Fig. 3.9. Although the mecha
nism for such a change is not clear, the reduced EIB could be related to 
the reduction in submaximal pulmonary ventilation and in respiratory 
heat loss. Whatever the mechanism, physical conditioning seems to raise 
the threshold for the triggering of EIB in some patients. There is, how
ever, no proof of a relationship between the degree of improvement in 
EIB and the degree of improvement in fitness. In fact, an asthmatic may 
reach top world standards in some sports, such as swimming, without 
any appreciable alleviation of EIB.51 Nor do we know whether condi
tioning at a young age has any bearing on the long-range prognosis in 
asthma. 

Ideally, asthmatic children should take part in regular physical activi
ties at school. There are, however, those who may first need a short (4-6 
weeks) specialized "initiation program" during which they can improve 
their fitness and regain self-confidence. As part of their own education, 
teachers should be instructed to allow asthmatic children to bring their 
medication to school and self-administer it, whenever needed. 

Cystic Fibrosis (CF) 

Causes of Deficient Physical Working Capacity 

Exertional or post-exertional dyspnea is common among CF children 
with advanced lung damage. The exercise performance of such children 
is limited and is in direct relation to the clinical severity of their disease. 
Table 3.1 summarizes those pathophysiologic changes that are relevant 
to the exercise performance of the child with CF. 

Airflow limitation results in reduced maximal breathing capacity at 
rest68 and maximal pulmonary ventilation during exercise in the child 
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Table 3.1. Pathophysiologic Changes in Children with Advanced 
Cystic Fibrosis Which Affect Their Physical Working Capacity 

1. Airflow limitation 

2. Cardiovascular damage 

Airway obstruction 
Low lung recoil 
"Hyperreactive" airways 

Destruction and remodeling 
of pulmonary vascular bed 

Pulmonary induced heart disease
right and left 

Based on Chipps et al,30 Day and Mearns,35 Godfrey and Mearns,68 Mansell 
et al,102 Mellis and Levison,108 and Ryland and Reid. 128 

with advanced lung disease.25 Healthy children use only 60-70% of their 
resting maximal breathing capacity during maximal exercise. In con
trast, a child with advanced CF may reach, and even exceed, 100% of his 
maximal breathing capacity during such exercise, which suggests a defi
cient ventilatory reserve. 1l6 In healthy people the O2 transport system 
during maximal exercise is limited by maximal cardiac output and by the 
energy turnover capability of the exercising muscles. In contrast, the 
patient with advanced CF is limited by his ventilatory capacity. 

Airflow limitation induces an increase in dead space and a reduction 
in alveolar ventilation, as manifested by CO2 retention.25,60,68 Pulmonary 
ventilation during submaximal exercise is excessive, probably to com
pensate for the increased dead space. The disadvantage of such exces
sive ventilation is that a high proportion of O2 uptake is diverted to the 
respiratory muscles rather than to those muscles that perform the exer
cise. This may lead to easy fatigability of the latter. 

The high ventilatory demand of the child with CF acts as a training 
stimulus to the respiratory muscles, such that their endurance (i.e., abil
ity to sustain a high level of ventilation for prolonged periods) is in
creased. In fact, ventilatory endurance in patients with CF is higher than 
in healthy controls. 94 

Destruction of lung parenchyma and of the capillary network is re
flected by a reduced lung diffusion capacity at rest and, especially, by an 
inability to increase diffusion during exercise.68,168 This pattern is shown 
in Fig. 3.10. The compromised lung performance results also in 
"wasted" ventilation and increased physiologic dead space.68 

Another characteristic of the severely affected patient is arterial desat
uration during maximal exercise.25,32 It is unrelated to symptoms or 
signs other than cyanosis. As seen in Fig. 3.11, a mild deficiency in O2 

saturation is associated with a marked deficiency in exercise perfor
mance. It is unclear, however, to what extent O2 de saturation is the cause 
of decreased performance in CF. 
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Figure 3.10. Lung diffusing capacity for carbon monoxide (OLeo) in children with cystic 
fibrosis (n = 18) and in healthy controls (n = 8), 5-15 years old. A comparison between 
resting values in the sitting position and values obtained immediately after a maximal 
cycle ergometer exercise. Vertical lines denote 1 S.D. Adapted from Zelkowitz and 
Giamonna. 168 

Cystic fibrosis often leads to cor pulmonale, but can also impair left 
ventricular function. Exercise-induced dyspnea in advanced CF may not 
be due only to the lung disease but also to left ventricular dysfunction.3o 

In conclusion, exercise performance of the child with CF, although 
normal in the mildly affected patient, is limited when the disease is 
severe. Primarily affected are those fitness components that tax the O2 

transport system. In contrast, performance of brief, intense "anaerobic"
type tasks such as jumps, sit-ups, or strength-related activities is not 
deficient34 unless the child is inactive. The physiologic limiting factor in 
high-level exercise is not circulatory, but ventilatory, both airway and 
parenchymal functions being affected. 

Exercise in Assessment of the Child 

Exercise is not relevant for the actual diagnosis of CF. It IS useful, 
though, for the following: 

1. Identification of patients who respond with bronchoconstriction. 
2. Evaluation of alveolar hypoventilation and O2 desaturation during 

intense exercise. 
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Figure 3.11. Arterial O2 saturation (%S02) as a limiting factor in physical working capacity 
(peak power output) of chi Idren with cystic fibrosis. Twenty adolescent patients underwent 
a progressive continuous maximal cycling task. %S02 was measured at rest and continu
ously during exercise. Schematic adaptation from Cropp et al. 32 

Between 30 and 50% of CF patients respond to walking or running by 
a drop of more than 15% in peak expiratory fiOW. 35,166 Such a response 
cannot be predicted from resting pulmonary functions. Therefore, an 
exercise provocation test is warranted whenever the patient complains of 
exertional or post-exertional dyspnea. 

Centers where exercise prescription is given as a therapy advocate an 
exercise-provocation test prior to the commencement of the program. 
Children who respond to the test with alveolar hypoventilation or with 
arterial O2 desaturation are identified and given special attention during 
the ensuing program.25 Such children should, at least initially, be given 
only mild activities. 

An attempt has been made to use exercise provocation for identifying 
those CF patients who also have an atopic disease, by comparing pulmo
nary functions before and after exercise. Response to a treadmill test, 
however, was noncontributory,166 and it seems that an exercise provoca
tion test alone is of no differential diagnostic value in separating atopic 
from nonatopic patients with CF. 

Some patients with moderate CF respond to exercise with a decrease 
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in the left ventricular ejection fraction. At rest, the same patients do not 
show any impairment of left ventricular function. 30 Thus, an exercise 
test might be used to diagnose early stages of left cardiac involvement in 
CF. This finding needs further confirmation. 

Beneficial Effects of Conditioning 

The use of sports in the therapy of children with CF has only recently 
been evaluated and the following beneficial effects documented: 

Improved clearance of mucus 
Increased endurance of respiratory muscles 
Reduced airway resistance 
Improved exercise performance 

During a swimming program, sputum volume was 15% higher on 
those days when the patients exercised. 165 A similar benefit was reported 
during a walk/jog program. ll7,160 In fact, during a 17-day intense activity 
program, sputum clearance was adequate even though aerosol inhala
tion and chest physiotherapy had been discontinued. 164 In adults with 
chronic bronchitis, directly measured mucus clearance from the bronchi 
is greater during exercise than during postural drainage. ll5 The mecha
nism of such enhanced clearance is unknown. More data are needed on 
the specific activities that help clear the bronchi, before exercise can be 
considered as a substitute for chest physiotherapy. 

The endurance of the respiratory muscles of patients with CF (see 
above) was found to improve following programs of walking and jog
ging,ll6 swimming and canoeing,94 and specific training of the respira
tory muscles.94 As seen in Fig. 3.12, this improvement was greater than 
that found in healthy controls. Increased endurance of the respiratory 
muscles can help improve the exercise performance of children with CF. 
Whether such conditioning can help the child function better during 
exacerbation of the disease is not known. 

Airway resistance decreases with conditioning, particularly with swim
ming. 164,165 There is no change, however, in lung volumes or in the 
residual volume: total lung capacity ratio. ll6,164 The improved airway 
flow is short-lived. As seen from Fig. 3.13, improvement in FEVl.o and 
maximal midexpiratory flow following a 7-week swimming program dis
appeared 10 weeks after swimming was discontinued. 

Children and adolescents with CF are trainable. Peak power output 
and maximal O2 uptake increase with conditioning, especially in those 
with very low fitness at the start of the program. ll6 Some can improve 
markedly in their athletic performance and even reach championship 
levels. ll7 

An effective conditioning program does not have to push the child to 
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Figure 3.12. Effect of training on endurance of ventilatory muscles. CF adolescents under
went a 4-week training program that consisted of either specific ventilatory muscle training 
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Figure 3,13. Durability of conditioning-induced changes in pulmonary functions of chil
dren with cystic fibrosis, Ten 6- to 18-year-old patients participated in a 7-week swimming 
program, two to three sessions per week, Forced expiratory volume at the first second 
(FEVLO) and maximal mid-expiratory flow (MMEF) are compared before the program, at its 
conclusion , and again 10 weeks later. Vertical lines denote 1 S,E,M, Data by Zach et al. 165 



Cystic Fibrosis 115 

his limit: exercise intensities that raise heart rate to 70-80% of maxi
mum are sufficient. 116 Emphasis should be given to an individualized 
approach, keeping in mind the wide variability in pulmonary function, 
exercise capacity, nutritional status, and level of apprehension in these 
children. 

The main, as yet unanswered question is whether improvement in 
exercise tolerance, in endurance of the respiratory muscles, and in gen
eral well-being can slow down deterioriation in clinical status. 

Precautions to Be Taken During Exercise Programs 

Some children with clinically advanced disease (e.g., 60 or less on the 
Taussig-NIH score) respond to intense exercise with arterial O2 desatu
ration.25,6o It has been suggested that in a child with an already compro
mised pulmonary function, such a response might be deleterious, induc
ing or aggravating pulmonary hypertension and right ventricular hyper
trophy. With the concomitant hypoxemia, exercise might induce cardiac 
dysrhythmia.32 Although the above detrimental effects are yet to be 
documented, one should practice caution when prescribing exercise 
programs to severely affected CF patients. Their activities should be 
mild and progression in intensity must be very gradual. Periodic moni
toring by an exercise test is a recommended precaution for such children 
while they participate in exercise programs. 

The increased salt loss through sweat in patients with CF does not 
seem to impair their exercise tolerance. However, as discussed in Chap
ter lO, these patients are highly prone to heat-related illness when the 
climate is warm and humid. Even though children with CF can ther
moregulate efficiently during short bouts of exercise in the heat,117 the 
effect of salt loss (and possibly fluid deficit) during prolonged exercise has 
not been evaluated. 

We recommend that patients who exercise in a warm or humid climate 
be encouraged to drink above and beyond their thirst and to supplement 
their water intake with salt. Until experimental data are available, we 
recommend that salt intake be some 30% higher than that shown in the 
guidelines in Chapter 9, section entitled Guidelines for Conduct of Ath
letic Events in the Heat. 

Interstitial Lung Disease 

Response to exercise was tested in children and adolescents with intersti
tiallung disease of various etiologies, such as sarcoidosis, hemosiderosis, 
scleroderma, Hodgkin's disease,58 or lymphoid interstitial pneumo
nia.1I4 The degree of exercise-induced drop in arterial O2 pressure was 
taken as the criterion for efficacy of the respiratory system. This drop 
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was attributed to deficient lung-diffusing capacity and to decreased dy
namic compliance of the lungs. This further suggests that respiration 
may be a limiting factor in the exercise capacity of children with diseased 
lungs, which is not the case in the healthy child. 

Pulmonary Tuberculosis 

Maximal aerobic power (W 170) of children and adolescents with pulmo
nary tuberculosis who were treated in a sanatorium was lower than the 
height-predicted values, especially among the older adolescents. 154 The 
deficit in maximal aerobic power was related neither to the severity of 
the disease (X-ray criteria) nor to its duration. Apparently, the low habit
ual activity of these hospitalized patients was a major cause of their low 
physical working capacity. 
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4 
Cardiovascular Diseases 

Aortic Stenosis (AS) 

Physiologic Responses to Acute Exercise 

The child with congenital AS often responds to exercise with abnormal 
hemodynamic function and with myocardial ischemia. 

Hemodynamic Abnormality. The underlying lesion causes increased 
resistance at the left ventricular outflow tract, which results in an exces
sively high systolic (mean and peak) pressure in the left ventricle and a 
reduced post-stenotic pressure in the aorta. Hemodynamic responses to 
acute exercise are summarized in Table 4.1. Whereas healthy children 
respond with elevation of systolic arterial blood pressure and an increase 
in pulse pressure, the child with AS will have smaller increases of systolic 
arterial pressure, absolute levels being as much as 50 mm Hg lower than 
expected (see Fig. 4.1).1,13,51,59,95 Occasionally, no change or even a drop 
in systolic arterial pressure may occur. Diastolic arterial pressure is nor
mal or somewhat elevated so that pulse pressure is well below the ex
pected. Such pressure abnormalities may exist in the resting patient, but 
are more apparent during exertion. 

Depressed arterial blood pressure in the exercising patient is in part 
caused by the outflow obstruction. However, a paradoxical vasodilata
tion may take place in the nonexercising muscles of patients with AS 
(instead of the normal vasoconstriction), with a concomitant lowering of 
vascular resistance in these muscles and a lower than expected arterial 
pressure.73 (See also Clinically Detrimental Effects of Acute Exercise, 
below, for discussion of syncope.) 

While systolic arterial pressure is abnormally low, left ventricular sys
tolic pressure is exceedingly high. Peak ventricular pressures as high as 
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Table 4.1. Abnormal Hemodynamic Responses to Exercise 
of the Child with Aortic Stenosis 

Variable 

Arterial systolic blood pressure 
Pulse pressure 
Peak left ventricular systolic pressure 
Left outflow pressure gradient 
Left ventricular end-diastolic pressure 
Stroke volume 
Cardiac output 
Left ventricular stroke work index 
Myocardial O2 supply : demand 

Comparison with a 
Healthy Child 

Low 
Low 
High 
High 
High 
Low 
Low 
High 
Low 

Comment: Vasodilatation in nonexercising muscle was found during 
exercise in adults with AS. 

230-250 mm Hg have often been recorded during exercise, compared 
with 160-180 mm Hg at rest. Successful surgical repair will lower these 
values to 150-180 and 120-150, respectively.91 

It is evident from the above that the left outflow pressure gradient 
("aortic gradient"), high in the child at rest, is even higher during exer-
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'Figure 4.1. Systolic arterial blood pressure of children with aortic stenosis at rest and 
during various levels of exercise. Data on nine patients were reported by James56 (0) and 
on 20 patients by Cueto and Moller13 (e). The shaded area represents healthy children 
(mean ± 1 S .D.) as reported by James. 56 
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cise. This exercise-induced gradient change is important to the clinician 
because, more than any other physiologic function, it reflects the degree 
of stenosis. Exercise aortic gradients are often 20-25 mm Hg higher 
than values at rest. 13,91 Following aortic valvotomy this difference is de
creased to about 5-10 mm Hg.91 

Left ventricular end-diastolic pressure is a hemodynamic function 
which, according to Starling's principle, affects the contractile forces in 
the subsequent systole and hence the stroke volume. Left ventricular 
end-diastolic pressure does not normally change from rest to exercise. It 
may even decrease by as much as 5 mm Hg. In contrast, left ventricular 
end-diastolic pressure of a child with AS may increase with exercise by 
up to 6 mm Hg.91 In some patients this rise in pressure is not accompa
nied by the normal increase in stroke volume, which suggests decreased 
contractile function. 

The child with AS has a low resting stroke volume, which barely in
creases with exercise. 13 Therefore, any increase in cardiac output de
pends almost entirely on the elevation of heart rate. The end result is an 
abnormally low cardiac output during submaximap08 and maximal exer
cise. This will limit the O2 transport capability and be a major cause for 
the low maximal aerobic power of children with AS. 

An additional abnormal function is the left ventricular stroke-work 
index, which is proportional to a product of stroke-index and the differ
ence between peak-systolic and end-diastolic pressures. This index is 
excessively elevated on transition from rest to exercise in either leg ped
aling91 or static hand-grip.97 

Myocardial Ischemia. Normally, exercise is associated with an increase 
in coronary blood flow. This is not the case in some children wit9 AS. 
Rather than receiving more blood, the myocardium of these children 
may indeed be confronted with reduced blood flow. The mechanisms for 
ischemic changes in the child with AS have not been fully elucidated, but 
some observations have been made: in children with severe AS the ratio 
O2 supply: O2 demand in the myocardium drops to levels compatible 
with subendocardial ischemia.7o,97 Such ischemia may result from a de
creased aortic pressure on the one hand and an increased left ventricu
lar end-diastolic pressure on the other. Corrective surgery will reduce 
but not eliminate the exercise-induced deficit in myocardial O2 supply.91 
In some children improvement is gradual and may not be noticeable 
until more than a year after the operation. 124 The drop in O2 supply: de
mand ratio is apparently heart rate-dependent. Tachycardia is accompa
nied by a reduction in the relative O2 supply, perhaps due to shortening 
of the left ventricular diastolic time and to a simultaneous rise in the 
relative myocardial contraction period, which increases the metabolic 
demand. 
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An insufficient myocardial O2 supply is often manifested by "isch
emic" ECG changes, mostly ST segmental depression. ll ,44,51,53,59,72,93,1l5 
The diagnostic value of such changes is discussed below under Evalua
tion Based on Electrocardiography. 

Physical Working Capacity 

Many children with AS complain of excessive fatigue and marked exer
tional dyspnea. Such patients may have decreased maximal aerobic 
power.24,39,41,59,81,122,124 Others, especially when the obstruction is mild, 
have practically normal exercise performance. 14,41,108 Subnormal maxi
mal aerobic power may be caused by the low myocardial O2 supply and 
maximal cardiac output. However, low fitness is not entirely due to the 
disease. In all likelihood such children are detrained because of overpro
tection and fear of chest pain, syncope, or a "heart attack." In those 
patients with no contraindication for exercise and sports (see Permissible 
Activities, below), increased activity may improve exercise performance 
and alleviate complaints such as fatigue and exertional dyspnea. 

Clinically Detrimental Effects of Acute Exercise 

There are only a few pediatric diseases where physical exertion is detri
mental to health. AS is one of these. The major clinical effects of exercise 
are: syncope, chest pain, or sudden death with or without prior left heart 
failure. Their occurrence is related to the hemodynamic severity of the 
disease (e.g., left outflow pressure gradient),23,120 and they often appear 
in patients who also complain of high fatigability and excessive exer
tional dyspnea. 

The pathogenesis of effort-induced syncope is not completely under
stood. It seems to occur in a patient with AS who can raise his cardiac 
output and systolic arterial pressure at low exertionallevels but who, at a 
critical level of exercise, suffers an abrupt fall in both.31 This drop could 
be triggered by sudden peripheral vasodilatation in the nonexercising 
muscles, which is a reflex response to activation of baroreceptors at the 
left ventricle. 73 Aortic valvotomy in adults with a preoperative history of 
exertional syncope can reverse such peripheral vasodilatation. 73 

Exertional chest pain is evident in some 5-10% of children with AS. It 
results from an inadequate myocardial O2 supply in the face of increas
ing demands during exercise, as discussed above. 

Sudden death occurs in about 2-7% of children with AS. As stated by 
Nadas and Fyler,86 the question confronting the pediatric cardiologist is: 
which patient will safely reach middle age and which will suffer sudden 
death in early adolescence following minimal physical exertion? Most 
cases of sudden death occur in the resting patient. In some, however, a 
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temporal connection has been shown between exertion and sudden 
death.23•64 Almost invariably, such patients had been symptomatic, com
plaining of high fatigability, excessive dyspnea, syncope, or exertional 
chest pain. 

Exercise as a Diagnostic Tool 

The diagnosis of congenital AS will have been confirmed well before the 
child arrives at the exercise laboratory. There are, however, specific 
questions of clinical importance that can be answered by use of an exer
cise test: 

Should the child undergo cardiac catheterization? 
Is surgical correction indicated? 
How severe is the narrowing? 
Is there myocardial ischemia? 
Should athletic activity be curtailed? 
Is the disease progressing? 

For some of the answers, catheterization of the left heart and aorta may 
be required in conjunction with the exercise test. For others a noninva
sive exercise protocol is sufficient to monitor arterial blood pressure and 
ECG.57.124 Although the physical working capacity of children with AS is 
often subnormal, its assessment is of no diagnostic or prognostic value. It 
does, however, inform the clinician of the level of fitness of the child and 
the possible need for modification of his habitual activity. 

It is sometimes inconvenient to administer an exercise test during 
cardiac catheterization. This applies mostly to very young children or to 
those who are apprehensive, uncoordinated, or ill-motivated. An alter
native stress test has been suggested for children with AS, which simu
lates the inotropic and, especially, the chronotropic effects of exercise. 
This is the intravenous infusion of isoproterenol, which, like exercise, 
can be titrated to induce a certain level of heart rate.85•114 

Evaluation Based on Hemodynamic Variables. The main var~ables 
measured in an exercise test which are of diagnostic or prognostic im
portance are the following: 

Systolic Arterial Blood Pressure. A drop in systolic pressure with exercise, a 
non-rise in systolic arterial pressure, or a rise that is inappropriately low 
are suggestive of a marked obstruction or of a low myocardial contrac
tility. Such a finding (even if the patient is asymptomatic) is in itself an 
indication for catheterization. In contrast, an asymptomatic patient with 
a normal exercise ECG and a normal or near normal systolic arterial 
pressure response to exercise will require only supervision and periodic 
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check-ups. The above reasoning is valid for pre- and postoperative chil
dren alike.51 ,57,59,95 

Left Ventricular End-Diastolic Pressure and Stroke Volume. In some labora
tories a rise of more than 3 mm Hg in left ventricular end-diastolic 
pressure during exercise, especially if combined with no rise or a de
crease in stroke volume, is an indication for surgery (M.D. Freed, J .H. 
Moller, personal communication). 

Peak Left Ventricular Systolic Pressure. Values of 200 mm Hg or more, 
when measured during moderate exercise, have been considered an 
indication for surgery (J.H. Moller, personal communication). This fig
ure, however, is not absolute and depends, among other factors, on the 
age of the child and the intensity of exercise. 

Myocardial O2 Supply: Demand Ratio. This index is assessed by the prod
uct of the diastolic pressure-time interval and arterial O2 content, di
vided by systolic pressure-time interval. When this ratio falls during 
exercise to less than 10, subendocardial ischemia can be assumed.70,91 
This is an indication for surgery. The index can also be used as a guide 
to permissible levels of exercise in AS patients. 

Evaluation Based on Electrocardiography. Exercise ECG is a highly 
informative noninvasive procedure for evaluation of the child with AS. 
In such a child, an ECG taken during or immediately following exercise is 
more sensitive for identifying ischemic ST depression (> 1 mm) than the 
resting ECG.ll,44,51,53 Furthermore, the magnitude of the ST depression 
during exercise reflects the severity of the outflow tract obstruction, i.e., 
the gradient across the aortic valve (see Fig. 4.2). When the gradient at 
rest is below 50 mm Hg, there is little or no ST depression during 
exercise. However, gradients of 50 mm Hg or more are often accompa
nied by segmental ST depression of 1-3 mm. In practical terms, exercise 
ECG can be used as a screening test in AS. Although negative findings 
cannot rule out a hemodynamic deficit, an ST depression of more than 1 
mm is highly suggestive of major stenosis, even if the child is asympto
matic. Such a child, as a rule, should be catheterized. Repeated periodi
cally at least once a year, exercise ECG testing can gauge a possible 
aggravation of the obstruction in a patient hitherto asymptomatic. ll ,51,93 
The exercise ST changes were found to diminish following surgical 
removal of the left ventricular tract obstruction. 59 There are, however, 
cases where the obstruction has been removed and the child still re
sponds to exercise with ischemic ST depression. 115 

As with diagnosis of coronary heart disease in adults, ST depression in 
the AS child is greater and lasts longer with an increase in exercise 
intensity. Indeed, one of the main reasons for a false negative result (Le., 
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Figure 4.2. Segmental ST depression during exercise as a function of pressure gradient 
across the aortic valve in children with aortic stenosis. Data from Chandramouli et al 11 (0), 
Halloran44 (e), and James57 (_). 

no ischemic changes in spite of marked narrowing) is an exercise test of 
insufficient intensity.93 If intensity is such that heart rate is only 150 
beats/min, the ST depression may disappear within 30 sec after exercise. 
If, on the other hand, heart rate is raised to 180 or more, the ST depres
sion may still be evident 5 min post-exercise.44 

We can conclude that an exercise ECG of the child with AS is a potent 
tool for: 1) selection of children for catheterization, 2) periodic testing to 
determine the natural history of the disease, and 3) management of the 
child regarding permissible levels of habitual activity. 

Criteria for Successful Surgical Repair. Not all children who undergo 
surgical repair for AS achieve complete normalization of function. Some 
residual hemodynamic or electrocardiographic abnormality can occur. 
Nevertheless, certain improvements in response to exercise can be ex
pected: 

1. Arterial systolic blood pressure will assume a normal rise with power 
load. 

2. Peak systolic ventricular pressure will become normal (e.g., will not 
exceed 160-170 mm Hg during moderate exercise). 

3. There will be no rise in left ventricular end-diastolic pressure. 
4. The aortic pressure gradient will be less than 40 mm Hg. 
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5. Stroke volume will rise from rest to moderate exercise. 
6. The myocardial O2 supply: demand ratio will be greater than 10. 
7. There will be no ST segmental depression of 1 mm or more during 

strenuous exercise. 

Permissible Activities 

What policy should govern the participation of AS children in sports? 
The answer depends on the type of activity and on the severity of the 
lesion. First and foremost, physicians and parents alike must be made 
aware of the difference between a high-intensity activity regimen for 
competition and less intense recreational activities. The latter can be 
permitted the asymptomatic child unless ECG findings indicate left ven
tricular strain at rest, or segmental ST depression of more than 1 mm, or 
ventricular dysrhythmia during exercise. 

Any youngster with AS who wishes to enter competitive sports should 
first be assessed by exercise ECG and catheterization, even if he is 
asymptomatic. If the left outflow pressure gradient is less than 20 mm 
Hg, the child can be allowed any activity. When gradients are 20-40 mm 
Hg, recreational activities only should be allowed. A higher pressure 
gradient is a definite contraindication for physical exertion and the child 
should be reevaluated after surgical correction (G.R. Cumming, M.D. 
Freed, personal communication). Because of the progressive nature of 
this disease, a periodic exercise ECG (e.g., twice yearly) should be per
formed on any youngster with AS who pursues athletic activities.96 

What about the symptomatic child? Although no clear-cut guidelines 
can be given, it is sound policy to curtail the activity of those with a 
history of syncope and chest pain. On the other hand, if the complaints 
are limited to exertional dyspnea and "fatigue," and there is no electro
cardiographic or other objective evidence of an advanced obstruction, it 
is likely that the child merely has a low maximal aerobic power due to 
imposed inactivity. Moderate levels of conditioning may, indeed, be ben
eficial to him. 

Coarctation of the Aorta (CA) 

Clinical and hemodynamic findings in this anomaly vary with the loca
tion of the narrowing along the aorta and the patency of the ductus 
arteriosus. It is beyond the scope of this book to analyze the various 
nuances of this defect. We shall therefore approach CA as a single entity 
insofar as responses to exercise are concerned. Exertion-related com
plaints are pain in the calves during intense jumping or running and, 
especially in those children who also have a left-to-right shunt, exer
tional dyspnea and fatigue. 
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Hemodynam ic Abnormal ities 

Hemodynamic functions of patients with CA and healthy youths, at rest 
and during exercise, are compared in Table 4.2. Systolic blood pressure, 
as measured in or over the brachial artery, is extremely high during 
exercise. Values of 250-300 mm Hg are not uncommon in unoperated 
patients who perform strenuous activities (see Fig. 4.3).20,58,lll Even 
months or years following corrective surgery that is considered anatomi
cally successful, one can find systolic arterial pressure of 200-250 mm 
Hg.58,lll In contrast, diastolic arterial pressure in exercising patients 
with CA is usually normal. Thus both mean arterial pressure and pulse 
pressure are elevated. 

As a result of narrowing, the pressure gradient across the lesion is 
high. It may exceed 40 mm Hg at rest and 120 mm Hg during exercise.20 
Both the volume load and the pressure load will raise the work done by 
the left myocardium in the unoperated child. lll Successful operation 
should abolish the high gradient and the excessive myocardial work. 

Urinary prostaglandin E-like material is abnormally elevated follow
ing exercise in patients with CA.107 The significance of this finding is 
unclear. 

Exercise as a Diagnostic Tool 

Hemodynamic Response to Exercise. Although most children with 
CA should undergo surgical correction, the urgency of the operation can 
be indicated through their blood pressure response to exerciselll (also 

Table 4.2. Hemodynamic and Other Variables Taken at Rest and During 
Exercise in Patients with Coarctation of the Aorta Before and After 
Surgical Correction (Comparison with Healthy Individuals) 

Preoperative 
Function 

Rest Exercise 

Systolic arterial High Very high 
blood pressure 

Diastolic arterial Normal Normal 
blood pressure 

Pulse pressure High Very high 

Pressure gradient High Very high 
across narrowing 

Left ventricular work High Very high 

"Ischemic" ECG changes Common Very 
common 

Postoperative 

Rest Exercise 

Normal! High 
high 

Normal Normal 

Normal High 

Normal Normall 
high 

Common Very 
common 
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Figure 4.3. Arterial blood pressure during rest and maximal exercise in eight adolescent 
girls with coarctation of the aorta. Vertical lines denote 1 S .E.M. Data from Taylor and 
Donald. lll 

M.D. Freed, personal communication). Some clinicians feel that when 
maximal systolic arterial pressure is less than 200 mm Hg there is no 
urgency for surgical correction. Others base their decision upon the 
pressure gradient across the narrowing. When this gradient exceeds 40 
mm Hg at rest or 80 mm Hg during exercise, surgical correction is 
indicated. 

High and persistent postoperative exercise aortic pressure can serve as 
an indication for hypotensive medication.20.57.59 This is an important 
point to consider, for even successful surgical correction is no guarantee 
against complications related to hypertension, or even sudden death, 
years later. 

Ischemic Changes During Exercise. Early coronary heart disease has 
been found in adolescents and young adults who had undergone coarct
ectomy during childhood.74 There is an obvious need to identify those 
youngsters who may develop coronary heart disease later in life. Little 
information is so far available on the use of exercise in this context but 
its importance warrants some attention. Forty-seven post-coarctectomy 
patients, 6-27 years old, underwent maximal exercise ECG testing. 
Two-thirds of the females and more than one-third of the males had a 
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segmental ST depression of 1-4 mm. This rate was markedly greater 
than that found in a control group (17% for females and 7% for 
males).61 Whether those individuals who respond with ischemic changes 
have a greater risk for future coronary heart disease has yet to be shown. 
Neither is any comparison available between the sensitivity of exercise 
ECG and that of other methods in the detection of potential coronary 
heart disease in post-coarctectomy patients. 

Congenital Complete Heart Block (CCHB) 

In this lesion, ventricular rate is independent of the sino-atrial pace
maker. It is low and not always responsive to such stimuli as emotional 
stress, increased metabolic demand, or administration of adrenergic 
agents. Among symptomatic children the complaints relevant to exer
cise are fatigue and exertional dyspnea. Syncope of the Adams-Stokes 
type is rare and mayor may not be related to exertion. A summary 
of the physiologic responses to exercise in CCHB is presented in 
Table 4.3. 

Hemodynamic Response to Exercise 

Whereas atrial rate is normal at rest and during different levels of exer
cise, ventricular rate is low at rest and often rises very little with exertion. 
In some patients, this rise is proportional to the power load, or to the rise 
in atrial rate. In most patients, however, the degree of ventricular accel
eration is independent of atrial acceleration.55,1l2 Such interindividual 
variability in response is shown in Fig. 4.4. In most children ventricular 
rate does not rise beyond 100-120 beats/min, even during all-out exer
cise. With the same exercise, atrial rates of 180 and more are easily 

Table 4.3. Response to Exercise of Children with Complete 
Congenital Heart Block 

Variable 

Atrial rate 
Ventricular rate 
Stroke volume 
Cardiac output 
Arteriovenous O2 difference 
O2 uptake 
Premature ventricular 

contraction 

Submaximal 

Normal 
Low 
High 
Normalllow 
High 
Normal 
Often 

Maximal 

Normal 
Very low 
NormaVhigh 
Low 
NormaVhigh 
Low 
Often 
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Figure 4.4. Complete congenital heart block. Relationship between ventricular and atrial 
rate at rest, submaximal, and maximal exercise. Individual values of 11 children 7-15 
years old. Broken line denotes identity (Ventricular Rate = Atrial Rate). Data from Thoren 
et al,112 

reached.55,78,1I0,112,121 Unpaced adults with complete A-V block respond 
similarly.50,55,110 

Although stroke volume is usually higher than normal both at rest and 
during exercise,78,1I0 cardiac output is low and sometimes hardly rises 
with exertion. 1I0,121 Based on the Fick principle the ability of many pa
tients with CCHB to raise their O2 uptake is dependent, therefore, on an 
increased O2 extraction from the capillary blood, which results in low 
mixed-venous O2 content. IIO Those children who can raise neither 
arteriovenous O2 difference nor cardiac output become highly fatigued 
with the slightest exercise provocation and their effort tolerance is ex
tremely low. 

Ventricular Dysrhythmia During Exercise 

A puzzling finding in CCHB is the frequent occurrence during exercise 
of premature ventricular contractions and other types of ventricular 
ectopy. These are very infrequent in resting patients but appear in about 
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30-70% of patients who exercise. 12.55,llO,l12,121,125 In a study systemati
cally designed to analyze ventricular ectopy (Fig. 4.5), 57% of children 
and young adults with CCHB responded to maximal exercise with multi
focal, or paired, premature beats or with ventricular tachycardia. The 
prevalence of dysrhythmia was positively related to age and to exercise 
level, but not to the working capacity of the patients. Nor was it different 
between those with isolated A-V block and those who had multiple le
sions. 125 It is tempting to speculate that premature ventricular contrac
tions appear as a compensatory mechanism to enhance ventricular pace 
and cardiac output. 121 Continuous measurements of intra-arterial pres
sure in an exercising young adult patient,50 however, demonstrated a 
drop in blood pressure simultaneous with a bout of premature ventricu
lar contractions, suggesting inadequate ventricular filling prior to the 
premature contraction; and there was no correlation between the ap
pearance of premature contractions and a rise in cardiac output. 

Exercise-induced Syncope 

Exercise-induced syncope in CCHB is quite rare and occurs inconsis
tently in any given patient. Some with a history of Adams-Stokes syncope 
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Figure 4.5. Frequency of ventricular ectopy at rest (R) and during, or immediately after, 
maximal exercise (E) in 4-to 24-year-old patients with complete congenital heart block and 
in controls. One of the patients had exercise-induced ventricular tachycardia; the others, 
multifocal or paired premature ventricular contractions. (CCHB = Congenital Complete 
Heart Block.) Adapted by permission from Winkler et a!. 125 
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at rest do not have adverse reactions to exercise.1O Others l21 respond to 
exercise with dizziness, pallor, and exhaustion but without a loss of con
sciousness. In some cases syncope appears after the conclusion of exer
cise.75 An overshoot of vagal response has been implicated as the possi
ble mechanism. 

Physical Working Capacity 

While some patients with CCHB are extremely unfit and cannot per
form strenuous activities, others have a normal physical working capac
ity.86.llO,1l2,118,121,125 Children with a low fitness level cannot sufficiently 
raise their cardiac output or peripheral O2 extraction during exercise.37, 
50,112,121 Some may have additional cardiac defects. As a rule of thumb, 
doubling of ventricular rate from rest to maximal exercise is needed if 
the child is to participate successfully in normal daily activities. If such an 
increment is not reached, it is unlikely that the child will have a normal 
working capacity (unless his stroke volume or O2 extraction are excep
tionally high). Maximal O2 uptake as low as 15-20 mllkg x min has been 
reported for such patients, compared with 40-55 ml/kg x min in 
healthy individuals. 

At the other end of the spectrum are those patients with a normal 
working capacity who perform well as athletes. Ikkos and Hanson55 
describe a 16-year-old boy who regularly took part in ice-hockey train
ing. He could almost triple his ventricular rate with exercise (from 46 to 
120 beats/min). Four other patients in that study were described as 
capable of "usual athletics." One boy, 16 years of age, who had been 
diagnosed at the age of 4 to have CCHB, could run 5 miles daily. His 
cardiopulmonary and metabolic response to submaximal exercise was 
normal. 121 Maximal O2 uptake as high as 52 mIl kg x min has been 
reported for a patient who, since the age of 15, played league soccer with 
no functionallimitation.45 

Habitual Activity 

Due to their low working capacity, many young patients do not partici
pate in activities with their peers. There are, however, others whose 
sedentary life is objectively not justified but imposed by their parents or 
physicians. A case in point llO is a 23-year-old woman who, since the age 
of 6-when diagnosed as suffering from CCHB-was instructed "never 
to exert herself." As a result, she never played at school and always led a 
sedentary life. Detailed testing of this patient did not reveal any hemo
dynamic deficiency. It is quite likely that her low effort tolerance merely 
reflected detraining. Another example is that of a male patient, diag
nosed at 2 years of age to have CCHB. This boy was not allowed to play 
games at school due to an enlarged heart and a slight ventricular septal 
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defect. At the age of 20 he applied to the air force, participated in 
arduous training, and passed the tests for flying duties.9 

The compatibility of CCHB with a long and active life has been shown 
in several reports.9,IO,28 Of interest is the story of a man who had fre
quent syncopal attacks since the age of 2 years, continuing until his 
fourth decade. These, however, did not deter him from an active life. At 
25 he was engaged in hard manualjobs, including a voluntary role in the 
fire brigade. In addition, he took part in soccer, cycling, and cricket and 
felt well. At the age of 50 he was asymptomatic and still quite active 
although his resting ventricular rate was only 37 beats/min, rising to 55 
with moderate exercise. IO 

Exercise in the Assessment of CCHB 

A diagnostic exercise test can help answer the following: 

What is the degree of ventricular defect? 
Should the child be paced? given drugs? 
What is the likelihood of ventricular dysrhythmia? 
Is the functional ability of the child compatible with an active life? 

The degree of rise in ventricular rate determines the potential of the 
child to increase his cardiac output and to cope with the metabolic de
mands of daily activities. It is therefore of importance to identify those 
children who cannot sufficiently raise their ventricular rate. As shown in 
Fig. 4.6, there is a very low correlation between ventricular bradycardia 
at rest and the inability to raise ventricular rate during maximal exer
cise. It is, therefore, impossible to predict the response of the child 
to exertion by monitoring only his resting ventricular rate (see also 
Fig. 4.4). 

Advanced cases of incapacity, with or without episodes of syncope or 
of heart failure, will be artificially paced, with no need for exercise 
testing. An exercise test is warranted, however, for the child with only 
mild complaints of fatigue, dyspnea, or dizziness. In some medical cen
ters86 such patients are given a submaximal exercise task that, in healthy 
children, will raise heart rate to about 160-170 beats/min. Failure of the 
ventricular rate to rise to at least 50% above the resting value is an 
indication for adrenergic therapy. If the latter fails, exogenous pacing 
should be considered. 

An additional value of exercise testing is the chance of discovering 
individuals with ventricular ectopy.12,125 The appearance with exercise 
of multiple premature ventricular beats or ventricular tachycardia sug
gests risk for Adams-Stokes episodes and life-threatening- dysrhyth
mias. 125 Here, the protocol of choice is an all-out progressive (continu
ous or interrupted) test with ECG monitoring. 
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Figure 4.6. The deficit of ventricular rate [~(A-V)HRI during maximal exercise plotted 
against ~(A-V)HR at rest. Individual values of 7- to 15-year-old patients with complete 
congenital atrioventricular block. Based on data by Ikkos and Hanson,55 Mocellin and 
Bastanier,78 Taylor and Godfrey,l1O and Thoren et al. 112 

In assessing maximal aerobic power, the investigator must avoid a 
pitfall: he cannot use methods which depend on heart rate response to 
standardized exercise, such as W 170 or predicted maximal O2 uptake (see 
Appendix II). These methods assume a normal maximal ventricular rate 
and a linear response of heart rate to power load, neither of which 
occurs in CCHB. The use of a prediction equation in a child whose 
maximal heart rate is, for example, 100 instead of 200 beats/min, will 
lead to drastic overestimation of his maximal aerobic power.77 An alter
native approach can be the use of atrial rate for the calculation of 
WI70 .50,1I8 

A more appropriate criterion is one that does not depend on heart 
rate response, such as the actual peak mechanical power output, or the 
total time for which the child can sustain a progressive task (e.g., the 
Bruce treadmill test). In a well equipped exercise physiology laboratory, 
a direct measurement of maximal O2 uptake is the method of 
choice.55,112 
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Coronary Heart Disease 

Physical Exercise in Childhood: Does It Prevent 
Coronary Heart Disease? 

Coronary heart disease as a pediatric issue has been gaining recognition 
in recent years.36,88,1l9 The possible relationship between lifestyle in early 
years and . eventual development of coronary heart disease is of obvious 
public health importance. It is especially useful to know whether 
an intervention program at a young age will modify "tracking" of risk 
factors. 

Can an increase in activity during childhood help prevent coronary 
heart disease? A definitive study of this issue would require a prospective 
randomized follow-up from childhood to middle age. Such an ambitious 
project has yet to be launched. A compromise approach is to evaluate the 
short-term impact of conditioning on coronary risk factors. Conditioning 
programs of a few weeks' duration have shown the following changes in 
risk factors: 

1. Decrease in adiposity level. 
2. Mild decrease in resting blood pressure. 
3. Increase in serum high-density lipoprotein cholesterol (HDL-C) and 

a decrease in serum triglycerides (TG).34,82 In cross-sectional compar
isons, active children had higher HDL-C and lower TG than had less 
active children.98,1l3.117 

4. Increase in habitual physical activity (following an 8-month condi
tioning program).35 

Smoking is a major coronary risk factor. Surveys have shown6 that 
adolescents who belong to sports clubs smoke less than those who are not 
active in sports. While such comparisons cannot prove a causal relation
ship between smoking and habitual activity, it is likely that, during their 
formative years, youths who participate in sports adopt better health
related attitudes and habits than do nonathletes. 

Hypertension (HT) 

Hemodynamic Response to Rhythmic Exercise 

Children and adolescents with HT respond to rhythmic exercise with 
above normal systolic and diastolic arterial pressure at any given meta
bolic leveI.26,30,42,56,89,103 In most patients, however, the increments in arte
rial pressure from rest to maximal exercise are not out of line with the 
normal response. The above pattern is shown in Fig. 4.7. During recov
ery from maximal exertion, normotensives and adolescents with HT 
have a similar rate of decline in arterial pressure.26 
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In some juveniles with HT, the exercise-induced increase in blood 
pressure is abnormally high. To understand their hemodynamic charac
teristics one should bear in mind that the pressure gradient along a 
vessel is a product of blood flow and the vessel's resistance. A high 
systemic arterial pressure reflects, therefore, either a high cardiac out
put, a high total peripheral resistance, or a combination thereof. Healthy 
youths respond to exercise with a rise in cardiac output and a drop in 
peripheral resistance. Some hypertensive youngsters, on the other hand, 
have either an inappropriately high cardiac output during submaximal 
exercise or an insufficient decrease of total peripheral resistance.43.62.9o 
The latter type of response suggests an insufficient compliance of the 
"resistance vessels" (arterioles and capillaries) during exercise. 

Hemodynamic Response to Static Exercise 

Static exercise has been given special consideration in the analysis of 
blood pressure response in hypertension. As discussed in Chapter 1, 
static exercise induces in adults a blood pressure rise above and beyond 
the response expected from mere metabolic demands.7l On the other 
hand, in children-healthy or hypertensive-a blood pressure rise with 
static exercise is less dramatic than in adults.29.99.104 There are no studies, 
however, comparing arterial pressure response of hypertensive children 
to dynamic and static exercise at equal metabolic levels. As in dynamic 
exercise, the increments in arterial pressure between rest and static exer
cise are similar in children with HT and in healthy children. 

Physical Working Capacity and Habitual Activity 

To what extent does their high blood pressure affect the exercise ability 
of youngsters with hypertension? Although some reports29.43.90 suggest 
that maximal aerobic power of adolescents with hypertension is below 
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normal, control groups tested in these studies29,9o also had a low maxi
mal aerobic power. Nor was there a difference in the anaerobic thresh
old of the two groups.90 

The normal exercise performance in juvenile HT reflects a normal 
level of habitual activity. In one survey 41 % of 14- to 17-year-old mildly 
hypertensive girls and boys reported participation in organized competi
tive sports or in vigorous conditioning. The respective participation 
among controls was 43%. It is, most probably, the asymptomatic nature 
of the disease that helps the patients keep normally active. 

Exercise in the Assessment of Juvenile HT 

Specific abnormalities to watch for are: 

Inappropriate rise of systolic blood pressure (beyond 230 mm Hg in 
maximal power load). 

Ventricular dysrhythmia. 
"Ischemic" ST-T changes 

In addition to the above proven usefulness of exercise testing, there 
are several potential benefits, still under research. Exercise stressing, for 
example, has unmasked renal hemodynamic deficiency (exaggerated re
duction in renal plasma volume and glomerular filtration rate) in young 
adults with hypertension who showed no detectable renal damage at 
rest. 92 Whether this applies also to children has yet to be shown. It has 
been suggested that exercise tests might be useful to evaluate the effec
tiveness of antihypertensive drugs. 103 No data are available to substanti
ate this approach. 

Another promising use of exercise is the screening of healthy children 
or adolescents for eventual development of HT. Such early identifica
tion will become of immense public health importance once means are 
available for prevention of the disease. Ideally, to isolate a valid predic
tor of future hypertension, one should conduct a prolonged longitudi
nal follow-up, the "end point" of which is hypertension. An alternative, 
more feasible approach is to take matched groups of adults or adoles
cents with or without hypertension and retrospectively evaluate their 
documented response to exercise in early years. In a study completed in 
the author's laboratory,22 11 % of normotensive adolescents and young 
men who had an inappropriately high blood pressure response to exer
cise became hypertensive 3-14 years later. None of the matched individ
uals, with normal blood pressure response to exercise, developed HT. 
When normotensive children of hypertensive parents were studied,47 a 
relationship was found between the level of hypertension of the mothers 
and the blood pressure response to maximal rhythmic exercise of their 
children. There was no such relationship between the mother's hyper
tension and the resting blood pressure of her children. 
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It has been suggested5,104 that arterial pressure response to static exer
cise may be used as a predictor of future HT. This notion is based on the 
assumption that an arterial pressure response to mild static exercise 
primarily reflects changes in peripheral vascular resistance and, to a 
lesser degree, in cardiac output. While a healthy child responds to exer
cise by a dilatation of "resistance vessels" in the exercising muscle, a child 
with risk of future HT may have some early loss of vasodilatory capacity. 
This abnormality may not be manifested at rest, but only during exercise 
provocation-especially during static exercise. Other advantages of a 
static stress test are its simplicity and low cost, which make it more feasi
ble for mass screening than rhythmic ergometry. 

Meticulous evaluation is needed before exercise can be suggested as a 
screening test for future hypertension. Without a doubt, the vast impor
tance of such screening is a challenge for further research. 

Beneficial Effects of Chronic Exercise 

Endurance-type conditioning may induce a mild reduction in the resting 
systolic and diastolic arterial pressure of adults, whether normotensive 
or with HT.94 Similar results have been reported for adolescents with 
HT.43 Although the biologic benefit of such a mild decrease-less than 
10 mm Hg-is not clear, conditioning may be beneficial to borderline 
cases. Other effects of aerobic conditioning include a decrease in resting 
peripheral resistance, submaximal systolic arterial pressure, and heart 
rate and an increase in maximal O2 uptake.43 

Hypoactivity of children, on the other hand, may cause an increase in 
resting blood pressure. Such was the case among 12-year-old children 
who were immobilized in a cast or in traction. These patients had a four
fold greater incidence of above-normal blood pressure than had a con
trol group of hospitalized but not immobilized children.1I6 

Little information is available on the effects on HT of nonendurance 
conditioning. A 2-month weight-training program did not induce 
changes in blood pressure nor in the dimensions of the myocardium of 
15- to 16-year-old HT patients.68 

Is Exercise in Hypertension Detrimental to Health? 

Should children and adolescents with HT be allowed intense exertion? 
In 1977, a Task Force on Blood Pressure Control in Children106 con
cluded that: 

It seems appropriate to recommend supervised dynamic exercises, such as calis
thenics, swimming, running, baseball, or basketball playing which improve car
diovascular fitness. On the other hand, static exercise such as weight-lifting, 
wrestling and isometrics raises both systolic and diastolic pressure and markedly 
stresses the heart; it may, therefore, impose an unacceptable load on hyper
tensive subjects, particularly those with evidence ofleft ventricular hypertrophy. 
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This cautionary statement against static exercise was based on extrap
olation of findings from healthy adult individuals rather than direct 
evidence on juveniles with hypertension. Since then, more specific data 
have been gathered on the effects of static exercise on children and 
adolescents with HT. When 109 mildly hypertensive adolescents per
formed static hand grip (25% of maximal strength, sustained for 4 min), 
their diastolic arterial pressure increased by 12 mm Hg. In contrast, the 
same patients had a decrease of 21 mm Hg in diastolic pressure as a 
result of an all-out rhythmic exercise.29,30 These findings are summa
rized in Fig. 4.8. Clinically hypertensive youths who were exposed to 
moderate static29 or maximal rhythmic29,89,90 exercise had no chest pain, 
ST depression, ventricular dysrhythmia, or hemodynamic abnormali
ties. Nor did a 2-month weight-training program induce deleterious 
effects on the resting arterial pressure of adolescent hypertensives or 
on their cardiac dimensions, as assessed by echocardiography.68 

The above data pertain to mild and moderate HT only, and to specific 
types of static exercise. It seems justifiable not to restrict the physical 
activities of such patients, unless ST -T changes, left ventricular strain, or 
inappropriate blood pressure rise (maximal systolic pressure beyond 230 
mm Hg, as recommended by the American Academy of Pediatrics2) 
appear during exercise testing. Until proven otherwise, a prudent ap
proach should be taken regarding sports participation by severe hyper
tensives or those who respond with abnormal ECG or excessive blood 
pressure rise during exercise. For such patients precautions should be 
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Figure 4.8. Hypertension and blood pressure response to static (handgrip) and maximal 
dynamic (cycle) exercise. Subjects were 109 hypertensive and 74 normotensive 14- to 17-
year-old girls and boys. The handgrip was at 25% maximum voluntary force and lasted 4 
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denote 1 S .D. Data by Fixler et al. 29 



Neurocirculatory Asthenia (NCA) 147 

taken with sports such as wrestling, football line play, gymnastics, or 
some types of sailing, in which intense isometric muscle contraction is 
required. 

Neurocirculatory Asthenia (NeA) 

Response to Exercise and Physical 
Working Capacity 

This syndrome (also called vasoregulatory asthenia, irritable heart, Da 
Costa's syndrome, and soldier's heart) appears mostly in young adults 
but is also seen among adolescents. Affected individuals complain of 
palpitations, chest pain, breathlessness, and fatigue. In some patients 
these complaints are manifested mostly during exercise. In others they 
appear during rest and exercise alike. In both groups, especially the 
latter, there is evidence of neurosis, with no signs of organic heart 
disease. 

The main sign is a high heart rate at rest, during mild exercise, and 
following orthostatic changes. During strenuous activities (which the pa
tient is often reluctant to perform), heart rate is still high but not as 
excessively as in milder loads. Maximal heart rate is normal for age. 
Hemodynamic functions such as stroke volume and intracardiac pres
sures are all norma1.48 Characteristically, patients have high pulmonary 
ventilation and ventilatory equivalent, suggesting wasteful ventilation. 
Nonspecific ST-T changes and ventricular dysrhythmia may appear at 
rest and disappear with exercise. 100 

NCA patients often have a low physical working capacity, which is a 
combined manifestation of their anxiety, fear of exertion, and detrain
ing. Although the pathogenesis of this syndrome is not clear, it has been 
assumed to result from vasoregulatory instability and sympathetic ({3-
receptor) overactivity. 

Exercise as a Diagnostic Tool 

Testing in NCA is indicated primarily for assessment of working capac
ity. However, a diagnosis of this syndrome may sometimes be made 
through exercise. This occurs when a patient appears at the exercise 
laboratory for assessment of exertional chest pain or excessive dyspnea. 
A high heart rate at mild exercise levels without evidence of organic 
heart disease can yield the diagnosis. Further questioning will often 
reveal apprehension, reluctance to take part in sports, and, occasionally, 
anxiety. 

One should be cautious in interpreting the results of a submaximal 
test in which only heart rate is measured. If such a procedure is adopted 
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(e.g., the WI70 test or predicted maximal O2 uptake), high heart rate at 
mild power loads will lead to underestimation of maximal aerobic 
power. Such patients should therefore be given higher-intensity tasks, 
preferably all-out ones. It has been our experience that some NCA pa
tients who have exceedingly high heart rate at a low exercise level can 
still reach a close to normal peak power output. 

NCA should be differentiated from the "hyperkinetic heart syn
drome." Here, as in NCA, resting heart rate is high, reaching 100-120 
beats/min. Unlike NCA, however, it is high at all levels of exercise, with 
maximal values reaching 15-20 beats/min above the age-predicted max
imal heart rate. lOS Adolescents with this syndrome are often active ath
letes, with above normal maximal aerobic power. An example of heart 
rate response to exercise is shown in Fig. 4.9 for three adolescents-one 
with NCA, one with hyperkinetic heart syndrome, and one a healthy 
control. 

Beneficial Effects of Conditioning 

NCA patients can markedly benefit from physical conditioning. Regi
mens of various durations and intensities have been fO).lnd effective. 
They induce a relief in subjective complaints, disappearance of ECG 
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Figure 4.9. Comparison of heart rate response to exercise in three nonathletic 15-year-old 
boys, one with neurocirculatory asthenia, one with hyperkinetic heart syndrome, and one 
healthy child. 
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abnormalities, improvement in orthostatic response, and a decrease in 
resting and exercise heart rate. These are far beyond changes expected 
from mere improvement in cardiovascular dimensions or the O2 carry
ing capacity of the blood.49•67,loo The end result is a better subjective 
tolerance of exertion and an objective improvement in maximal aerobic 
power. 

Those NCA patients who can be persuaded to participate in exercise 
rehabilitation programs are primarily the non-neurotic. Patients who 
have a major neurotic component are harder to motivate. lOO The latter 
often have a home environment that is not conducive to such partici
pation. 

Pulmonary Stenosis (PS) 

The main hemodynamic abnormality in PS stems from an increased 
resistance at the right ventricular outflow tract, which results in a high 
pressure gradient across the stenotic site. The most common disabilities 
suffered by children with PS are exertional dypsnea and easy fatigability. 

Hemodynamic Abnormalities in the 
Preoperative Child 

Table 4.4 is a summary of hemodynamic responses to exercise in the 
child with PS. The most consistent pressure-related abnormality is an 
elevation at rest, and especially during exercise, of peak right ventricular 
systolic pressure. This pressure is high due to valvar narrowing and a 
compensatory ventricular hypertrophy. To date only a weak relation
ship has been found between the degree of narrowing and the exercise
induced rise in right ventricular systolic pressure. 

As in aortic stenosis, there is a post-stenotic decrease of pressure in PS. 
The result is a high right outflow pressure gradient. Values as high as 
50-80 mm Hg have been described during exercise, compared with 5-

Table 4.4. Abnormal Hemodynamic Responses to Exercise 
of the Child with Pulmonary Stenosis 

Variable 

Peak right ventricular systolic pressure 
Right outflow pressure gradient 
Right ventricular end-diastolic pressure 
Stroke volume 
Cardiac output 

Comparison with 
a Healthy Child 

High 
High 
High 
Low 
Low 
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30 mm Hg at rest. 19,27,Jl4 The gradient is related to, and reflects, the 
cross-sectional area of the pulmonary valve. 

Whereas the normal response to exercise is no change, or a slight 
drop, in right ventricular end-diastolic pressure,83,IOI this pressure rises 
with exercise in children with PS.83,87,IOI,Jl4 Furthermore, a relationship 
has been found between the degree of stenosis and the elevation with 
exercise of right ventricular end-diastolic pressure, as depicted in Fig. 
4.lO. 

Whereas the stroke volume of healthy children increases with exer
cise, the child with PS often does not elevate his stroke volume on transi
tion from rest to exercise. This is especially so when stenosis is se
vere.52,83 Figure 4.11 represents a relationship between the degree of 
valvar narrowing and the difference between resting and exercising 
stroke index. While the children with mild narrowing had a normal 
stroke index response to exercise, those with extreme stenosis (valve area 
less than 0.5 cm2/m2 ) did not raise their stroke index at all.51 ,83 

An insufficient rise of stroke volume during exercise results in sub
normal cardiac output, especially at high levels of exertion when heart 
rate can no longer rise. Elevation of right ventricular end-diastolic pres
sure with no concomitant increase in stroke volume reflects a reduced 
compliance of the myocardium which, in children with PS, could be due 
to right ventricular hypertrophy.83 

Hemodynamic Abnormalities Following 
Pulmonary Valvotomy 

From a hemodynamic point of view, successful pulmonary valvotomy 
should result in a markedly decreased pulmonary pressure gradient, in 
normal right ventricular systolic and end-diastolic pressures, and in an 
adequate increase in stroke volume and cardiac output during exercise. 
Such a return to normal has not always been demonstrated in those 
operated upon as adults. The mechanisms causing persistent subpar 
function in adults are not clear, but decreased right ventricular compli
ance due to myocardial fibrosis63 and long-standing peripheral vascular 
or left myocardial adaptation65 have been implicated. Surgical results 
with children are more encouraging: stroke volume rises with exer
cise,3,27,101 and right ventricular end-diastolic pressure assumes a normal 
pattern.27,IOI 

Physical Working Capacity 

The ability to exert strenuously is somewhat reduced in children with 
PS.3,17 Tested by the Bruce treadmill test, for example, very few children 
with mild or moderate stenosis scored above the 75th percentile. Some 
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Figure 4.10. Exercise minus resting 
right ventricular end-diastolic pres
sure (~RVEDP) as a function of pul
monary valve area in 64 children 
with pulmonary stenosis. Data from 
Moller et al.83 

70% of all patients scored below the 50th percentile. Those with severe 
stenosis had, as a group, the lowest scores. 17 

Perhaps most relevant to the low exercise performance of patients 
with PS are their subnormal stroke volume and cardiac output. In sub· 
maximal exercise, the child can compensate for low cardiac output by a 
greater extraction of oxygen from the blood, as manifested by an in
creased arterial mixed-venous O2 difference. Such compensation is not 
possible, however, during maximal exercise, when O2 extraction can no 
longer rise. Thus the low maximal cardiac output results in reduced 
maximal aerobic power. After valvotomy, the ability to raise stroke vol
ume determines the improved exercise performance, those children 
with subnormal stroke volume still having a deficient maximal O2 
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Figure 4.11 . Stroke index at rest and during moderate supine exercise as a function of 
pulmonary valve area in 64 children with pulmonary stenosis (adapted from Ref. 83). A 
comparison is made with 31 boys with no cardiac disease. 15 Mean ± 1 S.D. 



152 4: Cardiovascular Diseases 

Exercise as a Diagnostic Tool 

Although decisions regarding clinical management are based on evalua
tion of the resting patient, exercise testing has become a valuable auxil
iary diagnostic tool, for the following: 

Indications for pulmonary valvotomy. 
Functional evaluation of surgical repair. 

Right ventricular systolic pressure of 75 mm Hg or more at rest is a 
sufficient indication for surgical intervention. The exercise-related indi
cation is a rise in right ventricular end-diastolic pressure, especially when 
accompanied by a decline in stroke volume and a cardiac output of less 
than 6 liters/min at an O2 uptake of 600 ml/min (J.H. Miller, M.D. 
Freed, personal communication). 

Evaluation by exercise of surgical repair is based on changes in stroke 
volume. As shown in Fig. 4.12, the effects of the operation on stroke 
volume are hardly noticeable at rest. In contrast, it becomes distinctly 
higher during exercise. No rise in stroke volume would suggest residual 
myocardial damage. The use of stroke volume for diagnosis is especially 
important because it can be determined by noninva~ive techniques. 

Isoproterenol as a Substitute for Exercise Testing. The recognized 
value of exercise stress testing in PS has led pediatric cardiologists to 
seek alternative stressors that may simulate the chronotropic and inotro
pic effects of exercise.8•85 Such a substitute is often needed for the very 
young, the feeble, or the ill-motivated child who cannot perform a stan
dardized exercise test. Two studies87•114 directly compared the effects of 
exercise and isoproterenol on PS patients. Both stimuli caused an in
crease in heart rate to about 150 beats/min. However, exercise induced a 
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Figure 4.12. Pre- and postoperative stroke index at rest and during exercise in 20 children 
with pulmonary stenosis. Vertical lines denote 1 S.D. Data from Stone et al. 101 
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higher increase in cardiac output than did isoproterenol. The latter may 
cause an overestimation of the severity of the stenosis. For a complete 
hemodynamic evaluation of the pulmonary stenotic child, the use of 
exercise is therefore preferable. Whenever an exercise test is not feasi
ble, isoproterenol provocation can be used as a substitute. 

Septal Defect-Atrial (ASD) 

While most patients with this common defect are asymptomatic, some 
may complain of excessive fatigue during exercise and play. 

Hemodynamic Response to Exercise 

Two interdependent hemodynamic functions that change with exercise 
are of interest: one is the extent of the left-to-right shunt; and the other, 
an increase in pulmonary arterial pressure. There are conflicting data 
on the exercise-induced change in the shunt. In some studies 54 it has 
been shown to increase, while in others4 it has not changed, or has even 
decreased from rest to mild or moderate exercise. The main reason for 
such a variable response is the difficulty in obtaining accurate values of 
mixed-venous O2 content. These values are needed for the calculation of 
cardiac output by the Fick equation. Pulmonary arterial pressure 
increases with exercise, especially in older age-groups. In children, 
on the other hand, the rise is mild and systolic values seldom exceed 40-
50 mm Hg.4 

Physical Working Capacity 

The exercise performance of children with mild to moderate ASD of the 
secundum type is quite normal or mildly deficient. 17,24,40 In patients with 
more severe lesions the deficiency is more pronounced. For example, 
33% of children with severe ASD scored at the 10th percentile or lower 
in the Bruce treadmill test. 17 Especially handicapped are those children 
with pulmonary hypertension. However, the extent of the shunt per se 
does not seem to appreciably affect exercise tolerance.24,40 Successful 
operation will reverse the deficiency so that the patient may have normal 
working capacityY If surgical correction is postponed until adulthood, 
however, cardiac output remains abnormally low during exercise and 
the working capacity is deficient. Sparse data available76 indicate that 
some children with corrected ASD are trainable and can increase their 
maximal aerobic power in response to conditioning. The degree of 
trainability is not related to the extent of the preoperative shunt. 
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Exercise in the Assessment of the Child with ASD 

The main use of exercise testing is in post-surgical evaluation. Abnor
malities that may appear during exercise-but not at rest-are: 

Inappropriately low cardiac output. 
Rare dysrhythmias. 

When catheterization is not feasible, one can measure maximal aero
bic power, which, with successful surgical correction, should improve. If 
this is not reached, residual myocardial or pulmonary vascular defi
ciency should be suspected. 

Septal Defect-Ventricular (VSD) 

In this lesion, functional severity depends on the size of the septal defect 
and on the pressure developing in the pulmonary circulation. These two 
factors determine the extent of the left-to-right (or the less common 
right-to-Ieft) shunt. Whereas children with a small shunt and no pulmo
nary hypertension are virtually asymptomatic, those with a large shunt 
may fatigue easily and have excessive exercise dyspnea. 

Hemodynamic Response to Exercise 

Because most VSD children undergo corrective surgery before the age 
of 2 years, there is little information on the response to exercise of the 
preoperative patient or the one who is treated by pulmonary banding. In 
7- to I5-year-old children who had VSD with pulmonary hypertension 
(with or without pulmonary banding), the main hemodynamic abnor
mality during intense exercise was a marked rise in mean pulmonary 
arterial pressure. Values ranged between 65 and 148 mm Hg, which in 
some cases equaled or exceeded the systemic pressure. The end result 
was diminution of the left-to-right shunt and a marked increase in the 
ratio of pulmonary vascular resistance to systemic resistance. In some 
children, the shunt may even be reversed during intense exercise. so In 
contrast, VSD patients without pulmonary hypertension will respond to 
exercise with an increase of their left-to-right shunt. 54 

Surgical correction will improve the hemodynamic function of most 
children with VSD. There is an inverse relationship between age at 
operation and cardiovascular function: those operated on before the age 
of 10 have better myocardial function (as manifested by low cardiac 
output) and respond to intense exercise with less elevation of pulmonary 
arterial pressure than those operated on in later years.74 The mechanism 
for such an age-related response is not clear. 
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Physical Working Capacity 

The maximal aerobic power of the child with VSD can vary from normal 
to highly deficient. 17•40 It is directly related to the extent of the lesion: 
patients with a severe septal defect seldom score above the 25th percen
tileP Surgical correction, especially if performed before school age, can 
normalize the child's, working capacity. 

Exercise in the Assessment of the Child with VSD 

Indications for operation or signs of inoperability are based on the rest
ing values of pressures and blood flow. Exercise is valuable, however, in 
post-surgical evaluation. Abnormalities that appear with exercise-but 
not at rest-are: 

Inappropriately low cardiac output. 
High pulmonary blood pressure. 
Rare dysrhythmias. 

Tetralogy of Fallot (TF) 

There are two abnormal hemodynamic functions in TF that cause circu
latory and respiratory deficits at rest and, particularly, during exercise: 
high right ventricular outflow-tract resistance and a right-to-Ieft shunt. 
The first results in an elevated pressure gradient across the stenotic area 
(infundibulum, pulmonary valve, or major pulmonary artery), reduced 
pulmonary blood flow, and, eventually, right ventricular hypertrophy. 
The shunt results in venous admixture and peripheral hypoxia. Subjec
tively, many of these patients complain of excessive fatigability and exer
tional dyspnea. The major hemodynamic and pulmonary changes that 
occur with exercise are summarized in Table 4.5. 

Hemodynamic Characteristics
The Preoperative Child 

As in isolated pulmonary stenosis, exercise induces an increase in the 
pressure gradient across the stenotic area in right ventricular systolic 
and end-diastolic pressures. A typical response is the reversal of a left-to
right shunt (or a small right-to-Ieft shunt) in a noncyanotic child with TF 
into a considerable right-to-Ieft shunt with cyanosis.37.108 Such a reversal 
occurs when the pulmonary stenosis is mild and, at rest, does not cause 
much obstruction to flow. With exercise, myocardial contraction rises 
and the narrowed pulmonary valve can no longer accommodate the 
increased flow of blood. The end result is back-pressure in the right 
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Table 4.5. Hemodynamic and Pulmonary Response to Exercise of 
Children with Uncorrected Tetralogy of Fallot 

Variable 

Peak right ventricular systolic pressure 
Right outflow pressure gradient 
Right ventricular end-diastolic pressure 
Pulmonary blood flow 
Right-to-Ieft shunt 
Right "forward" cardiac output 
Arterial O2 saturation 
Minute ventilation 
Physiologic dead space 

Response to Exercise 
(compared with normal) 

High 
High 
High 
Low 
High 
Low 
Low 
High 
High 

ventricle, which reverses the trans-septal shunt. Exercise can induce up 
to a four-fold increase in the right-to-Ieft shunt, with a marked venous 
admixture and cyanosis.37 In some children the very first occurrence of 
cyanosis may be related to a bout of exercise. 

Respiratory Characteristics-The Preoperative Child 

A diminished ventilatory response to hypoxia has been described for the 
resting child with TF. In contrast, most exercising patients show marked 
hyperventilation, the degree of which is related to arterial O2 desatura
tion,109 as depicted in Fig. 4.13. In extreme cases, exercise can induce a 
fall of 40% in arterial O2 saturation and a concomitant increase in pul
monary ventilation of 150% above the expected value for a given meta
bolic level. The reduced pulmonary blood flow and increased ventilation 
result in a large physiologic dead space. 

Response to Exercise after Surgical Repair 

When only a palliative operation is performed (i.e., aorto-pulmonary 
shunting), the hemodynamic and ventilatory responses to exercise re
main abnormal,38 despite some improvement in lung perfusion. 

Following total surgical correction, some 90% of patients will survive 
to adulthood and 80% of these will lead a normal, active life.33 The most 
obvious hemodynamic improvements are the lower pulmonary pressure 
gradient and right ventricular systolic pressure, the higher pulmonary 
blood flow, and the diminution or disappearance of the right-to-Ieft 
shunt. In many children there is also a decrease in right ventricular end
diastolic pressure. 
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Figure 4.13. Ventilatory response to exercise in cyanotic congenital heart disease. Venti
latory index (observed ventilation as percentage of expected ventilation, VE) as a function 
of resting arterial O2 saturation in 17 patients, 6- to 14.5-years old. Dotted lines are :t2 
S.E. E. Data from Taylor. 109 

There may be residual deficiencies, however, which are more appar
ent during exercise than at rest. These include high right ventricular 
systolic pressure,16,18,25 with values exceeding 100 mm Hg during maxi
mal exercise; elevated right ventricular end-diastolic pressure,7,18,25,46,66 
with values reaching 20 mm Hg; arterial desaturation and increased 
physiologic dead space; 102 appearance of ventricular dysrhythmia;32 and 
reduced stroke volume and cardiac output during submaximal and max
imal exercise.7,18,66,79 During submaximal exercise, such a "hypokinetic" 
circulatory response can be compensated for by an increase in arterial 
mixed-venous O2 difference. In maximal exercise, however, the low 
stroke volume and cardiac output result in a reduced maximal aerobic 
power. 79 

The mechanisms for the deficient right ventricular function after sur
gery are not clear. They could result from the ventricular incision, resid
ual outflow-tract obstruction, pulmonary valve insufficiency, an increase 
in right ventricular systolic work, or reduced myocardial compliance 
due to hypertrophy and scarring. 18,79 The residual O2 desaturation may 
reflect pulmonary vascular disease, especially in those individuals who 
have undergone palliative aorto-pulmonary shunting. \02 

The degree of hemodynamic improvement following total correction 
depends on the residual right outflow-tract resistance and the closure of 
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the septal defect. In Fig. 4.14 are shown right ventricular functions of 
two groups of children with TF, both having undergone total correc
tion. 18 One group had a residual high pulmonary pressure gradient, 
with or without a residual septal defect. The other had neither a high 
gradient nor a residual septal defect. As seen in Fig. 4.14, the right 
ventricular function is distinctly better in the group without residual 
obstruction, at rest and, especially, during exercise. 

Habitual Activity 

The sparse data available on the activity of children with TF refer only to 
those patients who have undergone total surgical repair. Using a 6-
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Figure 4.14. Right ventricular 
function in tetralogy of Fallot. fol
lowing surgical correction. Pa
tients were 5- to 14-year-old girls 
and boys who had undergone 
surgical correction 1-5 years 
prior to testing. In one group 
("Repaired," n = 10) the septal 
defect was fully repaired and 
there was a resting right outflow 
gradient of 20 or less mm Hg. The 
other group ("Pulmonary steno
sis," n = 12) had a right outflow 
gradient of more than 22 mm Hg, 
with or without a residual septal 
defect. Values at rest and follow
ing maximal supine exercise are 
shown for right ventricular end
diastolic pressure (RVEDP), right 
ventricular systolic pressure 
(RVSP). and pressure gradient 
between the right ventricle and 
the pulmonary artery (RV-PA gra
dient). Shaded areas denote nor
mal range. Vertical lines = 1 S.D. 
Adapted by permission from 
Cumming.18 
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month recall questionnaire, Lambert et al69 did not find any difference 
between the habitual activity of male adolescents with TF and that of 
healthy controls. Among the girls, however, TF patients attended fewer 
physical education classes than did the controls. A significant correlation 
between maximal O2 uptake and level of activity was found among the 
females. In another study, only 50% of postoperative patients with TF 
took part in physical activities at school. 79 An overprotective attitude of 
the parents, which may persist for years after the operation, has been 
cited as the major cause of hypoactivity in these patients.69,79 

Physical Working Capacity 

Unlike most other congenital heart defects, TF is accompanied by a 
distinctly low maximal aerobic power. Successful surgical correction 
causes an improvement in maximal aerobic power of most patients such 
that performance approaches normal levels. 17,18,21,32,46,69,79,84,102,123 One 
example is a study by Cumming17: performing the Bruce treadmill test, 
some 90% of unoperated children with TF scored below the 25th per
centile. Palliative surgery did not seem to improve the score, but total 
correction induced a near normalization of performance. 

Why do some patients still have a low maximal aerobic power after 
total correction? Possible causes of such a residual abnormality are out
lined in Table 4.6. Among these, the most important are residual pulmo
nary stenosis or insufficiency, disturbed myocardial contractility, and a 
sedentary lifestyle. Disturbed contractility is manifested by low maximal 
stroke volume, which is strongly related to the decreased maximal O2 

uptake. An inverse relationship has been found between maximal aero
bic power and the age at which surgical correction took place. As shown 
schematically in Fig. 4.15, a patient who undergoes correction at the age 

Table 4.6. Possible Causes of Low Physical Working 
Capacity in Tetralogy of Fallot Patients Who Have 
Undergone Total Surgical Correction 

Hemodynamic Pulmonary valve insufficiency 
Residual pulmonary valve stenosis 
Low stroke volume and cardiac output 
Right outflow aneurism 
Residual right-to-Ieft shunt 

Pulmonary Pulmonary vascular disease 
Deficient gas exchange 

History and habits Operation performed late in life 
Sedentary lifestyle 
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of 6 years will have a good chance of reaching normal maximal aerobic 
power. Any delay in surgical intervention may result in reduced fit
ness. 18,79,84,102 

Exercise as a Diagnostic Tool 

Preoperative assessment by exercise is useful in all patients because it r.:an 
serve as a baseline for postoperative comparisons. Specifically, one 
would like to answer the following questions: 

Has operation improved hemodynamic function? 
Has operation improved physical working capacity? 
Is there a post-surgical ventricular dysrhythmia? 

Postoperative changes in hemodynamic and respiratory function and 
in physical working capacity have been described in previous sections. 
Exercise-induced ventricular dysrhythmia may appear after surgical 
correction and is of prognostic value. Any child who responds to exer
cise with ventricular dysrhythmia, especially if multifocal, is at some risk 
of sudden death. 32,60 We therefore strongly recommend that an exercise 
ECG be periodically determined (e.g., twice yearly) in any child with TF 
who has undergone total surgical correction. Moreover, a fairly strong 
relationship has been shown between exercise-induced ventricular ec
topy and abnormal hemodynamic status.32 An exercise ECG can there
fore be used as a simple noninvasive tool to screen those patients with a 
residual hemodynamic deficiency. 

Permissible Activities 

The preoperative child will spontaneously limit his or her activity due to 
dyspnea and fatigue. Restrictions need not be imposed, therefore, at 
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that stage. With functional improvement following surgery, the child 
may wish to engage in more strenuous activity. As a rule, he or she may 
enjoy normal participation in physical education classes 6 months after 
the operation (G.R. Cumming, personal communication). Participation 
in competitive sports should be permitted on a gradual basis, barring 
any appearance of dysrhythmia or pulmonary hypertension. 

The main concern for the postoperative child is ventricular dys
rhythmia. This conduction defect (single premature ventricular beat or 
more severe dysrhythmia) may be elicited by strenuous exercise in 20-
30% of patients.32 

Sudden death may occur in patients with TF soon after, or even many 
years following, "successful" surgical correction. Although no cause
and-effect relationship has been proven between sudden death and ex
ertion, some patients die while exerting.60 Such a possibility must be 
borne in mind whenever advising a child with TF about permissible 
physical activity. A prudent policy is to determine periodically the ECG 
of each patient both at rest and during exercise. Those who respond 
with ventricular ectopy should be instructed to avoid strenuous exertion 
and should be given antidysrhythmic therapy. 
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5 
Endocrine Diseases 

Diabetes Mellitus 

Metabolic Response to Acute Exercise 

The biochemical response to acute exercise of the patient with diabetes 
depends on his or her metabolic state prior to exercise; food intake; 
type, time, and site of insulin injection; the intensity and duration of 
exertion; and the type of diabetes. In this section we shall concentrate on 
insulin-dependent diabetes mellitus (IDDM), which is the type com
monly found in the juvenile patient. 

Blood Glucose Lowering Effect of Exercise. In a reasonably con
trolled patient with IDDM, prolonged exercise will induce a gradual 
decline in blood glucose levep,63,83.89 A case in point is that of a 13-year
old boy with a 3-year history of IDDM, whose blood glucose response to 
prolonged exercise is shown in Fig. 5.1. This boy came to our clinic with 
a vague story of attacks of weakness and hunger during long-distance 
cycling-his favorite sport. He denied the possibility that these might 
reflect hypoglycemia. A simulation of a gO-min road ride was performed 
on a cycle ergometer, resistance and pedaling rate being chosen by the 
patient. Exercise intensity was moderate, raising his heart rate to 140-
150 beats/min. Ninety minutes prior to the ride he ate breakfast and 
injected into the thigh his dose of medium-acting insulin. 

As seen in Fig. 5.1, blood glucose markedly declined, reaching 58 
mg% (3.2 mmoliliter) by the end of the ride. Seventy minutes after the 
start, he began to complain of heat, followed by hunger, fatigue, and 
sore thighs. Five minutes before the conclusion of the ride, he developed 
a fine tremor in various muscle groups. These complaints disappeared 
within 10-15 min post-exercise. 
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Figure 5.1 . Hypoglycemia during prolonged moderate exercise in a juvenile diabetic. 
Blood samples were taken through an indwelling antecubital venous catheter. For details 
see text. Data from MacMillan and Bar-Or, unpublished. 

Intravenous glucose tolerance during l5 and afterl6 exercise is in
creased in insulin-treated IDDM adolescents and adults but not in insu
lin-deprived adolescents." Fig. 5.2 demonstrates the exercise-induced 
increase in glucose clearance from the blood in the adolescent with 
IDDM. 

The declining blood sugar level reflects an imbalance between in
creased glucose utilization by the exercising muscle on the one hand69 

and an insufficient increase in its production by the liver on the other.89 

The degree of such an imbalance in the IDDM patient depends on the 
availability of exogenous insulin and on the sensitivity of insulin recep
tors in the exercising muscle. When circulating insulin level is high, 
there is a greater suppression of hepatic glucose production, a greater 
uptake by the muscle, and a faster decline in blood glucose level. Factors 
that can modify the level of circulating insulin during exercise include: 
the elapsed time between insulin administration and exercise; the type 
of insulin; the presence of insulin antibodies; the site of injection; and 
route of administration. Among these, the route and site of insulin injec
tion seem to be of major importance. 
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Figure 5.2. Exercise and intra
venous glucose tolerance. Max
imal disappearance rate of glu
cose from the blood at rest, and 
during 35 min cycling at 50% of 
maximal O2 uptake. Subjects 
were eight 12-to 18-year-old di
abetic nonobese males who 
were given IV infusion of insulin 
and 50% glucose. Individual 
values are expressed as a per
centage of maximal glucose 
disappearance at rest. Data 
from Dorchy et ailS 

Route and Site of Insulin Injection. In Table 5.1 are summarized the ef
fects of these on blood glucose level and on related variables. When 
insulin is injected subcutaneously (SC) to the exercising limb, there is a 
faster release of insulin from the depot during exercise than at rest.4 

Likewise, release is faster than from a nonexercising site.43 ,89 This results 
in increased plasma immunoreactive insulin levels, reduced glucose pro-

Table 5.1. Effects of Route and Site of Insulin Injection on Blood Glucose 
Level and Related Variables of an Exercising Child with Insulin-Dependent 
Diabetes Mellitus 

Route Site 
Plasma 

Glucose Glucose Blood 
of of Production Utilization Glucose 

Injection Injection IRI* by Liver by Muscle Level 

IV Any net tt tt nc 

SC N onexercising nc tt tt nct: 
limb 

SC Exercising t t tt ! 
limb 

* = Immune-reactive insulin 
t nc = No change 
:j: = A mild reduction in blood glucose level may take place 
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duction by the liver, and a drop in blood glucose level. In contrast, SC 
injection into a nonexercising site, or a continuous IV infusion, does not 
impede glucose production by the liver and does not result in reduction 
of blood glucose level (some reduction may take place but to a lesser 
extent than following SC injection to the exercising limb). The faster 
release of insulin from a depot that overlies an exercising muscle could 
be due to a local increase in temperature, hyperemia, or enhanced 
lymph flow. The exact mechanism is not known. 

Insulin Binding to Receptors. A bout of exercise causes an increase in 
insulin binding to receptors, located on monocytes or erythrocytes, in 
sedentary healthy individuals73 and in patients with IDDM.59,6o Under 
some conditions a correlation exists between in vivo insulin sensitivity 
and insulin binding to monocytes. One may therefore speculate that an 
exercise-induced rise in insulin binding to monocytes reflects a similar 
increased binding to receptors in exercising muscle cells. This could be 
another mechanism for the glucose-lowering effect of exercise and for 
the improved glucose tolerance after exercise. 

Exercise-induced Hyperglycemia. Exercise does not always cause 
hypoglycemia. Diabetics who are hyperglycemic, ketotic, or deprived of 
insulin often respond to exercise with an elevation of glucose level,2,3,24,55, 
64,69,283 even with ketoacidosis.3,83 Fig. 5.3 is an example of this phenome
non in adolescent diabetics who omitted their morning insulin dose and 
then exercised. The cause of exercise-induced hyperglycemia in the in
sulin-deprived patient with IDDM is an increased hepatic production of 
glucose in excess of its uptake by the muscle.69 Such production is nor
mally inhibited by the presence of insulin. The patient who is ketotic at 
rest has a greater than normal production of ketone bodies during exer
cise.24 Even though uptake of ketone bodies in the muscle is high in such 
a patient,83 there is a net increase in blood level of these substances, 
especially during strenuous exercise.3,83 Another possible cause for exer
cise ketosis in the insulin-deprived patient with IDDM is a rise in plasma 
glucagon and cortisol. 3 

Metabolic Response to Chronic Exercise 

A great deal has been written about the beneficial effects to the diabetic 
of regular physical exercise. In the pre-insulin era, exertion was consid
ered a major mode of treatment. The following statements, for example, 
appeared in a medical journal in 1915: 

"[Diabetic] dogs which for months had regularly shown glycosuria 
whenever they were given 100 grams of bread, on exercise became able 
to take 200 grams of bread as a regular daily ration without glycosuria." 
And, as to humans: "In a patient free from glycosuria with persistent 
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Figure 5.3. Insulin deprivation and exercise-induced elevation of blood glucose concen
tration. Three 13.1- to 13.8-year-old boys were tested on two mornings following omission 
of their insulin dose since the preced ing evening. Each line represents individual changes 
in concentration (.:1 blood glucose) during the experiment. The empty symbols are values 
at rest. Values represented by solid symbols were recorded on another morning when the 
child performed two or three bouts of a 5-min stair-cl imbing exercise. Adapted from Marble 
and SmithS5 

hyperglycemia, one fast day with exercise may reduce the blood sugar as 
much as several fast days without exercise." 2 

Exercise and Insulin-The Synergistic Effect. The synergistic effects 
on blood glucose level of insulin and exercise were first reported in 
1926: exercise practiced for some weeks helped diabetics double their 
daily carbohydrate consumption without any concomitant increase in 
their insulin dose. Some patients could even reduce their insulin dosage 
despite a greater carbohydrate intake.48 Such observations have since 
been reproduced in many studies. 1,5,2 1,38,40,46,47 

The reduction in insulin requirement is sometimes quite dramatic: we 
have been seeing young diabetics who require 40-60 units daily during 
fall and winter but only 5-10 units during spring and summer (see also 
Ref. 38). A similar trend is seen in Fig. 5.4 for a child who almost halved 
his insulin intake during three consecutive summer seasons.36 



Diabetes Mellitus 173 

IJ) ... 80 'c 
::I 

w-
loI: 60 
<t 
~ z 
z 40 
::::i 
~ 
IJ) 
Z 

> 
...I 

Ci 
0 

a 3 

TIME. years 

Figure 5.4. Insulin intake and habitual activity. Record of a boy with insulin-dependent 
diabetes mellitus. Adapted from Jackson and Kelly.36 

The mechanism that enables the active child with IDDM to use less 
insulin is not clear. There is strong evidence that in vivo sensitivity to 
insulin and in vitro binding to monocytes are higher among trained 
individuals and can increase in sedentary people who undergo a condi
tioning program.44.5 1.72 The validity of these data for the diabetic child 
has yet to be shown. Moreover, the greater sensitivity to insulin in the 
trained individual is short-lived and may disappear within 1-2 days 
following the last training session. I I Thus, it may reflect increased glu
cose tolerance following a single exercise bout, rather than a trait of the 
trained person. If this assumption is correct, a diabetic can expect to 
enjoy the insulin-sparing effect of exercise only as long as he is regularly 
active. 

Exercise and Control of Diabetes. A relationship has been suggested 
between control at a young age and the future risk of diabetic complica
tions, such as neuropathy, nephropathy, and retinopathy. The assump
tion is that strict daily control is important for the reduction of such a 
risk. It is therefore pertinent to ask whether physical activity can affect 
the control of diabetes. 

Taking the frequency of glycosuria as an indicator, regular physical 
activity seems to increase contro1.5,21.40,47.48 An example often quoted is 
that of special camps for diabetics, in which children who become more 
active retain or even improve their metabolic control in spite of a lower 
insulin dosage and higher calorie intake. I ,47 Fig. 5.5 is a summary of 
observations from such a training camp: daily calorie intake increased by 
50-100% and yet the rate of glycosuria decreased from some 65% to less 
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Figure 5.5. Physical activity and daily control of diabetes. Occurrence of glycosuria in 
diabetic girls and boys before, during, and following a train ing camp. Data from Sterky as 
quoted by Larsson et al. 47 

than 30% of tests. A statistical correlation has been reported between the 
extent of activity and an "index of control" based on two to four daily 
urinalyses.52 The common variance, however, between the two variables 
was low, suggesting that even if the role of regular activity is important, 
other factors strongly affect control of diabetes. 

Another index of control is the concentration of hemoglobin AJc 
(HbA1) in the blood. HbA I dropped in children who took part in exer
cise-intervention programs.5,13,29 In one study, HbA I in patients who 
underwent a 5-month conditioning program dropped from 15.1 to 
13.8%.13 In another, it changed from 7.5 to about 6.0%.29 Although 
statistically significant, such a reduction is small biologically and its actual 
benefit hard to assess. 

In conclusion, regular physical activity is probably of benefit in the 
daily control of diabetes. Such benefit might, however, be indirect be
cause children who become physically active may be changing other 
daily habits which themselves affect metabolic control. When an in
creased activity is irregular, control may, in fact, be disrupted due to varia
tions in day-to-day metabolism. 

Habitual Activity and Diabetes Mellitus 

Perhaps more than in any other disease, in the control of juvenile diabe
tes physical activity is of the utmost importance. In addition to its direct 
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effect on control of the disease, a change in physical activity may affect 
the other two components of diabetes management-insulin dosage and 
calorie intake. A physician should therefore become thoroughly familiar 
with the activity pattern and intensity of each of his diabetic patients: 
participation in physical education classes and extracurricular activities 
at school; out-of-school activities during weekdays and weekends; and 
seasonal variations such as the summer holidays or other extended vaca
tions, when activity is bound to intensify.36 Most diabetic children and 
prepubertal adolescents pursue normal activity habits. In contrast, pu
bertal and postpubertal diabetics are less active than their healthy peers. 
Fig. 5.6 summarizes the frequency of participation in physical education 
classes of diabetic boys and girls and of controls.75 While the 7- to 14-
year-old diabetics were quite compliant, the older ones had an extremely 
high level of absenteeism. As for leisure time sports, the 15- to 20-year
old diabetic boys were considerably less active than their healthy coun
terparts. Among the girls, both postpubertal groups, healthy and dia
betic, reported a rather low level of voluntary activity. 

Why would the older diabetics be reluctant to exert? One possibility is 
their fear of hypoglycemic crisis.36 They have come to realize that, by 
keeping their activity level consistently low, they remove one uncertainty 
regarding diabetic control. Unfortunately some physicians, to whom ex
ercise is a "black box," concur with and encourage a policy of physical 

100 

Z 80 o 
~ 
Q. 
(3 
i= 
cr 60 
ct 
Q. 

if. 

40 

cf CONTROLS ,~-----x- ------lr --- -/~ ::.-:.-:.~ 
,............... .", , .... ..... " , .......... ..... ..... ;-cI><:/ 

" .... '0...._ ",'" ..... - .... _ 

\ -7-.... -" 
\ /' ~ \ .. \ \ 

\ \ 
\ \ 
\ \ 
\ \ 

\ \ 
\ \ 
\ \ 

\ \ 
\ \ 
\ \ 
\ \ 

~--. \, c! 
.... -. DIABETICS 

-'-o~ 

::( , I I 

LfJ 7-10 11 -12 13-14 15-16 17-20 

AGE GROUP, years 

Figure 5.6. PhYSical activity in diabetes. Frequency of participation in physical education 
classes of 136 diabetic school children and of 123 age-matched controls. Data from 
Sterky.75 
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passivity for the young diabetic. Adolescent patients, especially girls, 
often gain weight2o,75 in excess of height gain. If obesity develops in such 
individuals, it could be another cause-and effect-of hypoactivity. In a 
survey from Sweden,52 patients down-played the fear that too much 
exercise may disrupt their diabetic control. While almost all recognized 
the importance and fun of exercise and sports, 30-50% admitted that 
they did not push themselves to be active on a regular basis. 

The above findings are culture-specific and cannot be deduced for all 
diabetic populations. Even so, this survey points out the gap between 
knowing about the importance of exercise on the one hand and being 
involved in regular activities on the other. This is true for many adoles
cents with diabetes. 

Physical Working Capacity 

A number of fitness components have been found deficient among dia
betic children and, especially, adolescents. These include maximal aero
bic power20,46,47,67,75 and a battery of performance items designed by the 
American Association of Health, Physical Education and Recreation 
such as strength, speed, and muscle endurance.23 No relationship seems 
to exist between the age of onset, severity, control, or duration of diabe
tes and the working capacity of the affected child.2o,67 However, the 
combined effects of early onset and long duration of the disease do seem 
to contribute to the low maximal aerobic power of diabetics.75 

To establish a sound strategy toward exercise prescription, one should 
know whether lower fitness is an inherent characteristic of the disease. 
Apparently, this is not the case here. The deficient motor performance 
of some diabetics can be explained, in part, by their lower body stature, 
as compared with age-matched children or adolescents. IS,75 Indeed, 
when corrected for body size, differences in maximal aerobic power 
between diabetics and healthy controls diminish75 or disappear alto
gether. 13,3l,67 

Another indication that low fitness is not due to the disease per se is 
that only some age-groups are unfit, notably the pubertal and post
pubertal patients. In contrast, the younger adolescents and children are 
as fit as their healthy peers.20,47,75 The lower exercise performance of 
pubertal or postpubertal diabetics could be due to the lower level of their 
habitual activity,75 as described above. Indeed, when such patients are 
exposed to a conditioning program, their maximal aerobic power and 
other functions improve and can equal those of healthy youthS. 12,47 
Large numbers of elite athletes in various sports are diabetic,6 which 
further indicates that low physical fitness is not inherent to the disease. 

There are several differences in exercise-related physiologic functions 
between diabetic and healthy youths, but these do not seem to induce 
any appreciable functional handicap. Some34 but not a1l62 adolescents 
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with IDDM respond to exercise with a greater degree of albuminuria 
than do healthy controls. In young adults with IDDM, muscle tissue 
capillarization is lower than normal, as is the activity of their muscle 
oxidative enzymes. Muscle glycogen concentration and glycogen utiliza
tion during exercise are normal,68 and so is their ability to resynthesize 
muscle glycogen following depletion by prolonged exercise.54 The impli
cation of such normal resynthesis is that patients with good control 
can train hard and recover well following prolonged intense bouts of 
exercise. 

Exercise in Daily Management 

The Triad-Food, Insulin, Exercise. In no other disease are food, exer
cise, and medication so closely linked as in DM. A change in anyone 
automatically calls for adjustment in the other two. Many diabetics who 
exercise habitually can tailor their insulin and food intake to their antici
pated exercise calorie expenditure on any given day.6 An example is the 
postman quoted by joslin.40 This man used to ride 25 km daily on his 
bicycle. "Before he starts out in the morning he sticks his head out of the 
window and if the wind is blowing against him then he lowers the insulin 
20 units." Others are known to anticipate the amount of walking, swim
ming, or physical work done on a given day and modify their food intake 
accordingly. 

This practice is suitable not only for the adult or adolescent patient 
who, through the years, has gained experience by trial and error. It can 
also be applied for the young, less experienced patient, who can be 
taught to adjust insulin and food according to anticipated activities. Em
phasis must be given to days when especially strenuous or prolonged 
activity is anticipated (e.g., a hike, a field day at school, or an athletic 
event). Experience has shown that on such days one should increase 
food intake, rather than decrease the insulin dose, and do so before the 
anticipated exercise session14,30,36,47,66,74 Food items to be added can be 
calculated as fruit exchanges and starch exchanges. For examples see 
Table 5.2. 

On a day of competition or major practice session, meals should be 
eaten not less than three hours before warm-up time14 and should in
clude a higher than normal carbohydrate content.66 For a regular prac
tice session, a 60-80 min interval is sufficient. During prolonged activi
ties, sugar-containing fluids (sucrose or fructose) must be taken at least 
once per hour (and supplemented by fluids to maintain water balance as 
per Chapter 9, section entitled Water and Electrolyte Replenishment). 

Another useful precaution against exercise-induced hypoglycemia is a 
change in the site of insulin injection. For instance, when an activity is to 
be performed primarily by the lower limbs (e.g., in running), the patient 
should, on that day, inject insulin into his arm. When both upper and 
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lower limbs are expected to exercise (e.g., cross-country skiing), the ab
domen will be the site of choice. An alternative approach may be the use 
of continuous subcutaneous infusion by an "insulin pump," which pre
vents uncontrolled release from the site of injection.35 The feasibility of 
this approach for the exercising diabetic child has not yet been ascer
tained. 

Danger of exercise-induced hyperglycemia and ketoacidosis is limited to 
those insulin-dependent patients who have omitted to take their insulin, 
or to the metabolically uncontrolled patient. It will not occur in a patient 
who is in good control and who has received at least some insulin. 17,64 At 
special risk are those children who suffer from "brittle IDDM" and 
become, unpredictably, out of control. The safest approach for prevent
ing hyperglycemia and ketoacidosis in these patients is to avoid exercise 
under such conditions and to take appropriate amounts of insulin. 

Exercise Exchange Menu. To be able to adjust calorie and insulin in
take according to changes in activity, one must know the calorie equiva
lent of various activities. This value depends on the type, intensity, and 
duration of the activity, as well as on the body weight of the child. In 
Table III. 1 (Appendix III) are listed calorie equivalents of common 
activities, each performed for 10 min, The table is subdivided into body 
weight groups to show how many calories a given activity is worth for a 
particular child. 

Based on our experience, the concept of the exercise exchange menu can 
be used in analogy to the "food exchange". menu. Each exercise ex
change is equivalent to an expenditure of 100 kcal (420 kJ). Taking the 
carbohydrate contribution as 60% of total energy fuel, one exchange is 
equivalent to 60 kcal or 15 g of carbohydrate. Thus, in terms of carbohy
drate balance, one exercise exchange equals one food exchange. 

A list of exercise exchanges is given in Table 5.3 for children of differ
ent body weights. Such a list can be used for educational purposes with 
parents and patients. The child can create his own "exercise-exchange 
menu," combining games and other activities of his choice. Within the 
setting of an outpatient clinic or a diabetic day-care center, it is the nurse 
or the dietitian who will be thoroughly familiar with the exercise ex
change concept. However, the physician must also understand this con
cept and be able to prescribe activities accordingly. 

The above may be the optimal approach, but it may not be effective 
for all children, especially the younger age-groups. By nature, a young 
child is spontaneous and unpredictable and may not abide by overly 
regimented instructions. Pushing such a child to adhere to the exercise 
exchange concept may be counterproductive. It is for the therapist and 
the parents to sense how far, and how fast, they should introduce this 
approach with any given child. Success will be achieved once the child 
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Table 5.3. "Exercise Exchanges" of 100 kcal (420 kJ) 
in Children of Various Body Weights.* 

Body Weight 
Activity 

20 kg 40 kg 60 kg 

Basketball (game) 30 15 10 
Calisthenics 75 40 25 
Cross-country ski 40 20 15 

(leisure) 
Cycling-l0 km/hr 65 40 25 

-15 km/hr 45 25 15 
Field hockey 35 20 15 
Figure skating 25 15 10 
Horseback riding 

canter 110 60 40 
trot 45 25 15 
gallop 35 20 10 

Ice hockey (ice time) 20 10 5 
Judo 25 15 10 
Running 

8 km/hr 25 15 10 
10 km/hr 20 15 10 
12 km/hr 10 10 
14 km/hr 5 

Sitting-complete rest 125 100 85 
-quiet play 90 65 55 

Snow shoeing 30 15 10 
Soccer 30 15 10 
Squash 10 10 
Swimming-30 m/min 

breast stroke 55 25 15 
front crawl 40 20 15 
back stroke 60 30 20 

Table tennis 70 35 25 
Tennis 45 25 15 
Volleyball (game) 50 25 15 
Walking-4 km/hr 60 40 30 

-6 km/hr 40 30 25 

* Values are the number of minutes that a certain activity 
should be sustained. 
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exercises daily within the framework of exercise exchange and still en
joys the fun of sports. 

Growth Hormone (GH) Deficiency 

Using Exercise in the Diagnosis 

Rationale for Provocation Testing. The definitive diagnosis ofGH defi
ciency depends on the serum level of the hormone. During most hours 
ofthe day this level is low in both the healthy and the GH-deficient child, 
and a random blood test will not reveal a difference between the two. To 
overcome this, a number of provocation procedures have been devel
oped, by which the pituitary acidophils are stimulated to produce and 
release GH in increased amounts.25,41 A child whose hypothalamic
pituitary function is adequate will usually respond with an elevation of 
serum GH, while one with hypopituitarism will have little or no re
sponse. Post-stimulus concentrations of 5-8 ng/ml or more have been 
considered indicative of normality.25,41,56 

Provocation Tests at Rest. The provocation tests in use are: insulin
induced hypoglycemia, intravenous administration of arginine, intra
muscular glucagon, oral I-dopa or propranolol, a combination of I-dopa 
and propranolol, sleep, and exercise. Whereas the last two are consid
ered physiologic stimuli, the others involve pharmacologic intervention 
in doses that exceed physiologic levels. It is therefore unclear whether 
the response of a child to any of the above pharmacologic stimuli indeed 
reflects physiologic processes within the hypothalamic-pituitary axis. 
Furthermore, insulin provocation, which is considered the most reliable 
and potent stimulus,25,41,50,78 causes discomfort and is not without risk 
due to the hazards of hypoglycemia and of its treatment. Especially at 
risk are those children with pituitary insufficiency, who may respond 
with blood glucose levels of 20 mg% (1.1 mmollliter) or less. Insulin 
provocation cannot readily be performed in the physician'S office. The 
other pharmacologic stimuli, while better tolerated by the child, are less 
reliable and potent than insulin and, as a result, 10-30% of healthy 
children respond to them without an increase in GH.25 A properly con
ducted sleep test requires simultaneous EEG monitoring to synchronize 
blood sampling with specific stages of sleep. It is therefore logistically 
demanding and is not widely used for clinical purposes. 

Exercise as a Provocation Test. It was first shown by Roth et al65 that 
increased physical activity induces a rise in serum GH. Possible mecha
nisms for such a rise have been reviewed elsewhere.7I Since the early 
1970s, various pediatric laboratories have adopted exercise as a screen
ing test of GH deficiency.7,9,10,19,27,37,42,53,56,61,82,86,87,88 Figure 5.7 depicts 
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the range of GH rise, as a function of the time elapsed since the start of 
exercise. In some protocols exercise is used in combination with a phar
macologic stimulus.49,53,7o Figure 5.8 shows an example in which chil
dren were given propranolol prior to the exercise test. 

The purpose of a screening test is to filter out those children who are 
not GH deficient, thus obtaining a smaller number of children who need 
a more definitive evaluation. A good screening test should be highly 
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sensitive (few false negative results) but also specific (few false positive 
results). In Table 5.4 are summarized the protocols and findings of 12 
studies in which short-statured children were exercise-tested. Altogether 
there were 544 children and adolescents with no GH deficiency and 57 
who had proven hypopituitarism based on history, physical characteris
tics, hormonal evaluation (mostly by the use of an insulin test), and 
therapeutic trials. Occurrence of false negative results (i.e., post-exercise 
increase in GH in spite of proven GH deficiency) was zero in all but one 
study, which indicates that exercise is a highly sensitive provocation. Out 
of 544 patients who had no hypopituitarism, exercise induced a normal 
rise of GH in 84.4% with only 15.6% false positive responses. Such 
specificity compares favorably with any of the other pharmacologic or 
physiologic tests, excluding insulin hypoglycemia, which has higher spe
cificity. 

The major reasons for a false positive result are: 1) the exercise stress 
is too short, 2) its intensity is too low or too high, 3) blood is sampled too 
early or too late, and 4) the test is done at a time when the pituitary is 
refractory to further stimuli. In addition, it may be that the pathways by 
which exercise triggers release of GH are different from those following 
non physiologic stimuli. If so, then some deficiencies may be manifested 
by one response to a physiologic stimulus and a different response to a 
pharmacologic one. A case in point is a boy whose serum GH concentra
tion rose normally (19 ng/ml) following a combined arginine-insulin test, 
but remained low (5-6 ng/ml) following exercise. Nevertheless, GH 
therapy was initiated and growth rate accelerated to 7.5 cm/yr, com
pared with 2.5 cm/yr before therapy. The implication was that the child 
had suffered from partial GH deficiency, which could be shown by a 
physiologic but not by a pharmacologic test.87 A similar response has 
been described by others.56,78,81 

Optimizing the Exercise Protocol. A major reason for variation in the 
response to testing is the lack of standardization of exercise intensity. 
Loads of 75-90% of maximal aerobic power yield a greater GH rise than 
do milder or all-out loads.7,33,76,77,78 It is not clear whether the low release 
of GH during all-out exercise is due to factors inherent to intense mus
cular activity, or whether the duration of such tasks is too short to trigger 
GH release. As shown in Table 5.4, some laboratories have been using 
stairway-running, skipping, or "walking with a parent." 10,19,42,61,70 Such 
protocols are not recommended because exercise intensity is hard to 
control. 

GH response is also dependent on the fitness level of the patient. 
When an identical task is given to individuals who differ in fitness, the 
less fit will show a greater GH rise than the fit. 7,79 The relative exercise 
intensity should therefore be equated among individuals. This can be 
achieved by exercising all children at a heart rate of 170-185 beats/min 
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(the better conditioned children will require higher exercise intensity to 
reach such heart rate). 

Obese children respond to exercise (and to pharmacologic stimuli) 
with less elevation of GH than do nonobese children.28,85 Juvenile dia
betics, on the other hand, have a normal, or even enhanced GH re
sponse to exercise.28,32,8o Neither the mechanisms nor the implications of 
such responses are clear. 

The concept of the "refractory period" has been introduced to denote 
the time during which a normal pituitary gland will not respond suffi
ciently to a stimulus for GH release. Such refractoriness can occur fol
lowing a previous exercise stimulus.22 The duration of the post-exer
tional refractory period has not been determined. It would be prudent, 
however, to ascertain that no strenuous activity has been performed by 
the child 4-6 hr prior to testing and that he be rested physically and 
emotionally for 45-60 min before such testing starts. 

It has been stated that one post-exercise blood sample is sufficient for 
screening, with no need for a pre-exercise determination.39,84 Such a 
practice is not advisable because some children have a high pre-exercise 
GH level and a paradoxic lowering of the serum level following exercise. 
If only the latter is determined, a false positive result may be obtained. 

High ambient temperature is in itself a stimulus for a rise in serum 
GH.26,57 A summative effect on GH of high ambient temperature and of 
exercise has been observed experimentally,26 and lowering of environ
mental temperature caused attenuation of GH release.8 One should 
therefore attempt to control climatic conditions when standardizing a 
clinical test. 

An additional point in standardization is the timing of blood sampling. 
Ideally, one should obtain a sample when serum GH concentration is at 
its peak-apparently, about 25-35 min after the start of the exercise, 
irrespective of its duration7 (unpublished data also from Bar-Or et al). 
Thus, when the task is very brief, a peak may be reached after its cessa
tion. On the other hand, when the exercise lasts more than 40 min, the 
peak may be reached while the individual is still exercising.7,86 

Based on the above, the following protocol is recommended: 

1. Have the child rest and avoid emotional stress for at least 45-60 min 
before exercise. Draw blood for a baseline value at the end of this 
period. 

2. Use an ergometer (cycle, treadmill, step) for which the load can accu
rately be determined. 

3. Apply a "single stage with adjustments" protocol. (See Fig. II.l (f) and 
section entitled Examples of Exercise Protocols in Appendix II.) Aim 
for an intensity of 80-90% of the individual maximal aerobic power 
(HR = 170-185 beats/min). 
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4. Duration of exercise should be 15 mm, or shorter if the child is 
exhausted, but not less than 10 min. 

5. Room air temperature should be 23-25°C. 
6. A post-exercise blood sample should be drawn 25-30 min from the 

start of the test. 

Whenever feasible, insert a venous catheter and take a number of 
post-exercise blood samples, to account for individual differences in 
peaking time. 
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6 
Nutritional Diseases 

Anorexia Nervosa (AN) 

Physical Working Capacity 

The self-inflicted undernutrition of AN is accompanied by physiologic 
and performance characteristics similar to those found during imposed 
undernutrition, even though patients with AN are often physically 
hyperactive and only in advanced stages may have iron-deficiency ane
mia and become hypoactive. 

A summary of physiologic characteristics at rest and during exercise is 
given in Table 6.1 to show that it is not only body adiposity that is 
reduced. Other dimensions such as lean body mass, heart volume, and 
blood volume are also reduced,36 as are the resting metabolic rate, respi
ratory rate, heart rate, blood pressure, and cardiac output.42 

Although reduction in dimensions has a direct bearing on perfor
mance, it cannot fully explain the impairment in physical working capac
ity in AN. Peak power output and maximal O2 output are low, even 
when expressed per body weight.36,45,46 For example, a maximal O2 up
take of 35.0 and 34.3 mIl kg X min was found in boys and girls with AN, 
respectively. These values are about 2 S.D. below the expected mean for 
the boys and 1 S.D. below mean for the girls. The deficit of maximal O2 
uptake in AN is more extreme than expected from the small heart 
volume43,45: on the average, a healthy adolescent with a heart volume of 
500 ml will have a maximal O2 uptake of nearly 2 liters/min, compared 
with only 1.3 liters/min in a patient with the same heart volume.45 There 
is no valid explanation why maximal heart rate of these patients seldom 
exceeds 180 beats/min (compared with 195-200 among healthy adoles
cents).106 It may be due to the smaller than normal muscle mass that 
takes part in exercise, or due to a high vagal activity. Whatever the cause, 
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Table 6.1. Some Physiologic Characteristics of 
the Adolescent with Anorexia Nervosa 

At Rest 
Percent fatness 
Lean body mass 
Heart volume 
Blood volume 
Core temperature 
O2 uptake 
Respiratory rate 
Heart rate 
Blood pressure 
Cardiac output 
ECG voltage 
Blood lactate 

During exercise 
Peak power output 
O2 uptake-submax and max 
Heart rate-submax and max 
Blood pressure-submax and max 
Cardiac output-max 
Cardiac output per O2 uptake 
Blood (muscle?) lactate-max 

Low 
Low 
Low 
Low 
Low 
Low 
Low 
Low 
Low 
Low 
Low 
High 

Low 
Low 
Low 
Low 
Low 

Normal 
Normal 

the end result is a subnormal maximal cardiac output and a reduced O2 

transporting capacity. The thermoregulatory capability of the exercis
ing patient with AN is deficient, as discussed in Chapter 9. 

Longitudinal data are unavailable to compare maximal aerobic power 
during the premorbid phase with that during undernutrition. However, 
girls and boys with AN were followed up during a period of nutritional 
repletion43 and, as shown in Fig. 6.1, markedly improved their peak 
power output and maximal aerobic power. These changes accompanied 
the return to normal of body weight, lean body mass, and other dimen
sions. One can therefore assume that the low working capacity of the 
patient with AN is a direct result of undernutrition and that it was 
normal at the premorbid phase. 

Exercise Perception 

Patients with AN often engage in strenuous and prolonged physical 
activities which, to a bystander, may seem incompatible with their mal
nutrition and low working capacity. It has been suggested22 that, in 
analogy to their distorted body image and denial of feeling tired, these 
patients also deny being overly active. A possibility has therefore been 
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Figure 6.1. Effect of nutritional rehabilitation after anorexia nervosa on performance. Eight 
adolescent patients (5 boys. 3 girls) were tested on a cycle ergometer before and after 
nutritional repletion . Values are presented as percent of expected mean (taken from Figs. 
1.1-1.4 in Appendix I). Based on data by Fohlin .44 

raised that these patients may lose their perceptual "acuity" regarding 
exercise intensity. This has been examined experimentally34 and found 
to be unjustified. The adolescent with AN does have the ability to dis
criminate well among various exertional intensities. 

Habitual Activity 

Unlike the involuntarily malnourished adolescent, the patient with AN is 
often more active than the healthy adolescent. Only in extreme inanition 
will the patient be debilitated and rendered inactive. 

Excessive engagement in exercise and sports is part and parcel of an 
overall calorie-expending "strategy" of many patients with AN. Concom
itantly with their food-rejecting obsession they may develop subtle, and 
often clandestine, techniques for energy expenditure. While some run 
long distances, others may volunteer for house chores such as working in 
the garden or walking the dog. Some practice in their bedrooms, 
whereas others prefer to work out away from family and friends, so that 
they will not be accountable for such "forbidden" behavior. The devo
tion to and dependence on exercise and sports can be used by the thera
pist as the basis for behavior-modification therapy, in which exercise is 
allowed as a reward whenever weight gains have been made. 
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Malnutrition 

Growth and Exercise Performance 

Malnutrition, especially the protein-calorie type, is a very prevalent 
childhood disorder in various geographic areas and by far the most 
common cause of growth failure during infancy and childhood. The 
relationship between malnutrition in early life and eventual growth fail
ure is so distinct that anthropometric indices have been used as the sole 
criteria for malnutrition.89 In addition to stunted growth, the severely 
malnourished child may display flabby muscles and postural abnormal
ities. 

Will subpar growth and muscle development affect the physical work
ing capacity of a malnourished child? Based on simple physical princi
ples, a small body size should be a handicap for those fitness components 
that depend on height or absolute muscle mass: when a small and a large 
child are to push an equal resistance (e.g., a wheelbarrow), to throw an 
object (e.g., pitch a baseball or shot-put), or to reach heights (e.g., high
jump, volleyball), the small child will be at a disadvantage. The same 
goes for more prolonged activities, where a given task (e.g., rowing) will 
be sustained longer by a larger individual. 

As might be expected, data on this important topic are derived from 
populations of underdeveloped countries. Such studies indeed indicate 
that, merely because of their stunted growth, malnourished children (or 
older individuals who were malnourished earlier in life) have a deficient 
capacity for some, but not all, physical tasks. 2.32,89.97 Among Ethiopian 
boys who varied in nutritional state, W170 was related to body size or to 
the nutritional state.2 Among other East African malnourished teen
agers, the maximal aerobic power was subnormal, but when calculated 
per body mass, or per lean leg volume, it was within the East African 
norm.32 Only in one study97 was maximal O2 uptake, relative to body 
weight, lower in malnourished children (6-year-olds) than in well-nour
ished ones. The same investigators7 have shown that, in severely mal
nourished adults (serum albumin <2.5 gldl, creatinine excretion <450 
mglliterlhrlsquare meter skin area), deficiency in maximal aerobic 
power is greater than can be explained merely by body mass or muscle
cell mass. 

One may conclude, in general, that the low exercise performance of 
the malnourished child is directly related to the reduced body mass and, 
specifically, the lean mass. 32 In especially severe levels of malnutrition, 
low maximal aerobic power may be related also to a deficiency in the O2 

transport system. Iron-deficiency anemia is another cause of deficient 
exercise performance in the malnourished child. This aspect is discussed 
in Chapter 8. 

There are limited data from developed countries on the effects of 
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undernutrition on working capacity. A study performed in the author's 
laboratory compared fitness of male Israeli high school graduates who 
differed in adiposity. When the 50 leanest boys (3-7% fat), out of a 
population of 2000 graduates, were compared to those 50 with average 
adiposity (10-14% fat), the former had as good a performance in 100 
and 2000 m runs, and an even better performance in pull-ups and 
"dips." As expected, the absolute maximal O2 uptake of the thin boys 
was lower, but not when expressed per kilogram of body weight. A 
similar trend was observed in a study comparing the physical perfor
mance of Italian preschool children from the south with the better nour
ished ones from the center of the country.41 
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Figure 6.2. Nutrition and working capacity. Body height and maximal aerobic power 
capacity ('V02 max) of 6-year-old Colombian children. Group A had been found malnour
ished at age 3 and had not been given nutritional supplement since then. Group B had 
been found malnourished at age 3 and had been given a nutritional supplement, health 
care. and psycho-educational stimulation in a special school. Group C had been well
nourished throughout their childhood. Data from Spurr et al. 97 
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These data suggest that low body weight and marked leanness among 
children and adolescents who are generally well nourished is per se not 
detrimental to working capacity. Furthermore, adolescents with average 
adiposity within a well-nourished population are probably overnourished, 
when physical working capacity is the criterion. 

The question of whether nutritional rehabilitation in later years can 
improve the physical working capacity of the previously malnourished 
child is of clinical and public health importance. Fig. 6.2 summarizes 
data on 6-year-old Colombian children. Group A had been malnour
ished at age 3 and ever since. Group B had been malnourished at age 3 
and since then were nutritionally rehabilitated. Group C were well nour
ished throughout their life. In spite of nutritional rehabilitation, Group 
B still had stunted growth and a reduced maximal aerobic power (W\7o). 
Other studies89 also indicate that the eventual maximal aerobic power of 
the previously malnourished child depends on whether his body size can 
reach normal standards. Studies on rats83•84 show that in spite of nutri
tional rehabilitation, the animal that was malnourished in the first weeks 
of life will have a deficient muscle endurance and glycolytic activity (see 
Fig. 6.3), as well as a reduced endurance time for swimming. 
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Figure 6.3. Muscle fatigability and nutritional history. Reduction in the amplitude of con
traction of the in vitro gastrocnemius of mature rats. One group ("undernourished") had 
been given a reduced diet for the first 13 weeks of life, and then was nutritionally rehabili
tated for 15-20 weeks. The other group ("control") had been given a normal diet. Values 
are expressed as percent of the initial contraction amplitude. Mean ± 1 S .E.M. Data from 
Raju.83 
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Which malnutrition is most detrimental to physical working capacity? 
Due to their retrospective nature, studies on humans cannot easily be 
designed where specific entities of malnutrition are compared. It seems, 
though, that the major type of malnutrition that induces stunted growth 
and reduced working capacity is a combined protein-calorie malnutri
tion. In a study on mature rats,53 endurance time of swimming was 
found higher in those given a low protein diet for 10 weeks than in those 
given a normal diet. This seemingly paradoxical result can be explained 
by the greater starch consumption in the protein-deficient animals, 
which may have increased the glycogen content of their muscle, thus 
improving endurance time. A similar phenomenon has been suggested 
for humans.7 

Habitual Activity 

Based on starvation-related data for adults,60 one would assume that a 
child debilitated by a marked protein-calorie deficiency will not be as 
active as his well-nourished peers. Not enough data are available to 
confirm such a notion. 

In a pilot study55 the cumulative number of heartbeats of mal
nourished Colombian children was lower than that of well-nourished 
controls during a comparable period, suggesting less activity among the 
former. In a longitudinal study two groups of Mexican infants were 
followed from birth till 2 years. In one group both mother and child 
were getting a supplement to their food, while the other had the regular 
diet consumed by low socioeconomic families in a typically poor rural 
area. The supplemented babies increased their activity level with age, 
while the less nourished ones had a consistently lower activity level. The 
difference between the groups grew with time so that, by the age of 24 
months, the well-nourished children were six times as active as the mal
nourished ones.27 Figure 6.4 represents the relationship between infant 
activity and the state of nutrition. Both obese and malnourished children 
are less active than the well nourished but lean ones. 

An hypothesis has been put forth55 that the subpar intellectual perfor
mance of malnourished, or previously malnourished, children is in
duced by restricted activity and, as a result, limited stimuli and learning 
opportunities. Because of the immense numbers of malnourished chil
dren worldwide, such an hypothesis deserves a thorough test and should 
be a challenge to anthropologists, nutritionists, and exercise physiolo
gists. 

Effect of Conditioning 

To what extent can physical working capacity of nutritionally deficient 
children be improved by physical conditioning? No intervention studies 
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Figure 6.4. Habitual activity in relationship to the level of nutrition in children and infants. 
A schematic representation. 

are available in which malnourished children underwent a conditioning 
regimen. There is, however, evidence that malnourished boys who are 
physically active have a better exercise performance than their less active 
malnourished peers.2•89 Malnourished rats, when given a swimming con
ditioning program, had a distinct improvement in muscle endurance 
and in swimming-endurance time.84 No concomitant increase was ob
served in their body weight. 

From the practical point of view, the above data suggest that exercise 
performance of previously malnourished children can be improved by 
conditioning, even if body dimensions remain small. 

Obesity 

Response to Acute Exercise 

An obese child can seldom perform physical activities at par with his 
leaner peers. One reason for his deficient performance is a greater meta
bolic cost of exercise. In physiologic terms, obese children require a 
higher O2 uptake to perform a given task. Their maximal O2 uptake, in 
contrast, is often lower than that ofleaner children.35•8o Thus, at a given 
level of exercise the obese operate at a higher percentage of their maxi
mal aerobic power and their "metabolic reserve" is lower. For elabora
tion of the metabolic reserve concept see Chapter 1, section entitled 
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Mechanical Efficiency and Economy of Movement. The high metabolic 
cost of exercise to the obese individual is not limited to weight-bearing 
tasks such as walking, running, or climbing. It also appears during cy
cling, where the body is in large part supported by the seat. 3.33 

A high submaximal O2 uptake might reflect either reduced mechanical 
efficiency at the muscle subcellular level or mechanical "wastefulness" 
due to the carrying of excessive weight and to their clumsy execution of 
movement. Based on current knowledge, the latter seems to be true.40 

Maximal O2 uptake is closely related to the mass of the muscle that 
performs the activity, as has been shown for healthy children during 
cycling.33 Maximal O2 uptake of obese children, however, is lower than 
expected from their muscle mass.35 It is not clear whether such a defi
ciency represents a specific trait of body-fat excess or is merely an indica
tion of detraining. 

In line with the high metabolic cost of their activities, obese children 
also exercise at a higher percentage of their maximal heart rate,ll·70.86 
suggesting a low cardiac reserve. It has been estimated that, among 
adults, each 10% increase in body fat is accompanied by a 10 beat/min 
rise in heart rate.9 Whether the same is true for children has not yet been 
established. Nor are there data on the effects of childhood obesity on 
exercise cardiac output or stroke volume. Systolic arterial blood pressure 
is excessively elevated during exercise in the obese child, more so than at 
rest.5,8 

Respiratory function in the exercising obese child seems adequate, 
even though some have a low ventilatory response to CO2 at rest. 26 
Obese adults have a somewhat reduced tidal volume, excessive ventila
tion and respiratory rate, as well as increased alveolar-arterial O2 differ
ences during submaximal exercise.37 

The combined stresses of exercise 'and heat induce a high physiologic 
strain on the obese child. For a full discussion see Chapter 9, section 
entitled Obesity. 

Habitual Activity 

The relationship between childhood obesity and physical hypo activity is 
of unique importance: unlike the case with other diseases, hypoactivity 
may play a role in the etiology, as well as be an outcome, of childhood 
obesity. In this section we shall first present descriptive reports on the 
habitual activity of children who differ in adiposity. This will be followed 
by an analysis of the possible causal relationships between hypoactivity 
and obesity. 

Adiposity, Activity, and Calorie Intake. The idea that physical hypo
activity is typical of obese people and may play a role in the etiology of 
obesity was first suggested in 1907.108 Various authors have since dis-
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cussed this relationship,51 but the first who evaluated the activity pat
terns of overweight children was Bruch in 194021 : in a study of 140 
overweight girls and boys, 2-14 years old, she assessed their activities 
through case histories, reports of parents, and direct observations in the 
clinic. Sixty-eight percent of the girls and 76% of the boys were classified 
as inactive. These were subject to greater parental protectiveness and 
had considerably fewer social contacts than had the more active ones. 
Most studies since 1940 have confirmed the low activity level among 
obese children and adolescents, compared with their leaner peers, be it 
at school,3o,58 out of school,66 in summer camp,24 or at home. lo4,111 

Even when obese youths do participate in sports, the intensity of their 
activity is low.24 This is especially so in nonregimented play,3o,66 when the 
individual child, rather than the teacher or instructor, determines his or 
her own level of involvement. Hypoactivity is found in both sexes of 
obese youngsters but is more prevalent among girls.38,i09 

Contrary to common belief, obese children often eat less and have a 
lower daily calorie turnover than do lean children. 19,3o,58,88,iOo An exam
ple of such low turnover is presented in Fig. 6.5 for adolescent girls. 
Sixty-eight percent of the overweight group expended and ate less than 
2000 kcal/day (8400 kj/day), compared with 11% among the lean. In 
contrast, 53% of the lean and only 11 % of the overweight spent more 
than 2500 kcal/day (10,500 kj/day). 

Although the great majority of published reports confirm a low calorie 
turnover in the obese child, there are some that find no relationship 
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Figure 6.5. Frequency distribution of 29 overweight and 28 control adolescent girls ac
cording to their daily calorie turnover. Based on interviewer-administered recall question
naires. Schematic adaptation from Johnson et al. 58 
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between activity level and the degree of adiposity.IOO,103,llO,l14 Such a 
discrepancy may result from the variety of methods used to determine 
activity and dietary habits. In addition, activity patterns differ when a 
child is exposed to different stimuli. For example, obese children were 
found to be less active than their leaner siblings at home, but not at 
school. lll 

Is Hypoactivity a Cause of Childhood Obesity? To assess a possibly 
causal relationship between obesity, eating habits and hypoactivity, ide
ally one should gather data during the earliest stages of life, preferably 
before an individual becomes obese. When eating patterns of 288 Cana
dian babies were observed during their first year of life, neither calorie 
intake nor the type of feeding, frequency of meals, or age at which solids 
were introduced was a predictor of skinfold thickness at age one.47 The 
authors concluded that monitoring of physical activity during the first 
year of life is indispensable in any future study on the etiology of infan
tile obesity, 

With new developments in measuring techniques, information is 
gradually becoming available on the activity pattern of infants, new
borns, and even fetuses. Among infants, as in schoolchildren and adoles
cents, there is an inverse relationship between adiposity and activity. 
When 4- to 6-month-old babies were subdivided according to adiposity, 
the most obese had the fewest limb motions, as assessed by actometers 
(Fig. 6.6). They expended less than 20% of their total energy on physical 
activity, compared with 35-40% among the leanest infants, Total calorie 
intake, as well as "extra" intake (i.e., calories consumed above mainte
nance requirements) were also inversely related to the level of adipos
ity.87 In another study, five newborns of obese mothers were observed 
during the first 8 weeks of their life. Weight gain in these formula-fed 
babies was inversely related to their activity, as assessed by actometers. 
Gain in length, on the other hand, was positively correlated with activ
ity.65 

The above studies indicate that hypo activity in obese children starts 
very early in life. One still needs the perspective of time to determine 
which comes first-the large body weight and adiposity or the low level 
activity. Of relevance is a carefully designed study by Griffiths and 
Payne,52 who chose their 4- to 5-year-old subjects according to their 
parents' adiposity rather than their own. The offspring of obese parents 
were distinctly less active and ate less than those of leaner parents (Fig. 
6,7). These findings are important because, at the time of testing, the 
children of both parental groups had similar anthropometric and body 
composition characteristics. Bearing in mind that the offspring of obese 
parents have a high probability of becoming obese later in life,48 we 
may speculate that-in this particular sample-hypoactivity preceded 
obesity. 
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Figure 6.6. Physical activity and calorie intake in relationship to adiposity (triceps skin
fold) in 4- to 6-month-old infants. Activity is represented by actometer units. Actometers 
were attached to wrist and ankle. Data from Rose and Mayer. 87 

Causes of Hypoactivity. Why are obese youngsters insufficiently active? 
While there may be still unexplained hereditary or other physiologic 
mechanisms that determine level of activity early in life, there are also 
well-documented psychosocial and fitness-related factors that may influ
ence the willingness of obese children to pursue an active life, Parental 
attitude toward physical activity is paramount: parents of obese children 
and adolescents were found to discourage social contacts and any physi
cal activities that connoted "risk." Furthermore, a relationship was found 
between such parental overprotection and the lack of activity among the 
children. Families of obese adolescent girls pursued fewer common rec-
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reational activities than those of lean girls. The latter seemed also to have 
more intersibling ties and friendships and to report a more unified 
family.2l 

Projective and other tests indicated that obese girls were preoccupied 
with the thought that they were overweight; they showed "passivity" and 
"withdrawal," and reacted in a way typical to minority ethnic groups, 
perceiving themselves as "victims of prejudice."7l Obese girls were aware 
of their low levels of activity but had no perception of their degree of 
inactivity.23 Direct observations and questionnaires revealed that obese 
youths and adolescents perceived that their non-obese peers considered 
them "too awkward" and "physically limited." I And, indeed, obese chil
dren and adolescents are not appreciated by their peers,11 who will not 
invite them to take part in games and will often ridicule them. 

Obese schoolchildren perceive a given exercise level as harder than do 
their lean counterparts (unpublished data from the author's laboratory). 
This greater perceived strain renders the obese individual reluctant to 
pursue strenuous or prolonged activities. 

In conclusion, hypoactivity is prevalent among most groups of obese 
infants, children, and adolescents of both sexes,67 as shown also for 
female adults. Animal stu,dies, as well as information on infants and on 
pre-obese children, suggest that inactivity may be a major etiologic factor 
in the genesis of childhood obesity. We still lack definitive confirmation 
of such a causal relationship and no clear-cut explanation is available as 
to why babies, or fetuses, vary in their activity. Is it maternal behavior, the 
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availability of food, a subtle interaction between baby and mother, or 
perhaps genetic disposition? In later childhood, and in adolescence, 
hypoactivity could be a cause-but also a result-of obesity. Whatever 
the initial stage, hypoactivity and obesity create an unhappy symbiosis 
through which the afflicted child may enter a vicious circle of inactivity
positive calorie balance-obesity-reduced fitness-further inactivity. 

Physical Working Capacity 

The exercise performance of children, whether measured in the labora
tory or in the field, is strongly related to their level of adiposity. Maximal 
aerobic power, determined in the laboratory15,70,72,85 or as performance 
in long-distance running, 50 is inversely related to percentage of body 
fatness. The top half of Fig. 6.8 is an example of such a relationship. 
From Fig. 6.9a it is apparent that maximal aerobic power (WI70 ) among 
grossly overweight children and adolescents is below the expected levels. 
This subnormal maximal aerobic power is evident even when data are 
normalized for lean body mass (Fig. 6.9b)85 or for heart volume.I5 

Fitness components other than maximal aerobic power are also defi
cient in obese children. Even though taller and, in absolute terms, 
stronger than their peers, they are weaker per kilogram body weight. As 
a result, when performing a task that requires lifting of their own body, 
they are at a disadvantage. An example is given in Fig. 6.10, which 
summarizes performance of three groups of 50 adolescents each who 
were tested in the author's laboratory. One group comprised very lean 
individuals (mean fatness = 5.0%), another, those of average adiposity 
(11.5%), and the third, mildly obese subjects (22.8%). Whereas the lean 
and the average group had similar scores in strength-related events, the 
performance of the obese was dramatically inferior. Some 70% of the 
latter could not pull themselves up on the horizontal bar even once and 
could not complete a single "dip" on the parallel bars ("dip" = the 
change of position from straight-arm support to bent-elbow support and 
back). Among obese college students (30.9% fat), the combined strength 
of four muscle groups, expressed per kilogram lean body mass, was only 
85% that of an average adiposity group (13.5% fat).61 Since muscle mass 
is closely related to lean body mass, it is not clear why one kilogram of 
muscle of an obese person will generate less force than a kilogram of 
muscle of a lean person. No information is available on the infrastruc
ture of muscles, or the recruitment of motor units, of children who vary 
in adiposity. We therefore cannot state whether the above difference in 
strength results from morphologic, physiologic, or motivational differ
ences. 

Motor skills of obese schoolchildren differ little from controls. How
ever, their improvement in skills following a training program seems to 
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Figure 6.B. Maximal O2 uptake measured during a t readmill test (A), and the score in a 
modified Harvard Step Test (B), in relationship to body fatness. Individual performance of 
19 nonathletic adolescent boys who ranged in adiposity from very thin to moderately 
obese. (Bar-Or and Zwiren, unpublished report). 

be lower. ll Obese schoolchildren tend to achieve low grades in physical 
education classes,66,85 as shown in Fig. 6.11. Among the leanest of 518 
schoolchildren, more than 80% were high achievers. The pattern for the 
most overweight group was practically reversed: the low achievers out
numbered the high achievers by more than three to one. 

Is there any linear relationship between the level of adiposity and the 
impaired performance? As seen from Fig. 6.8, maximal O2 uptake de
clines linearly with the increase in percentage of fat. Other fitness com
ponents, however, do not have a linear relationship with percent fatness. 
The lower half of Fig. 6.8 is a case in point: the "fitness index," as 
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calculated from the step test (this index is positively related to the num
ber of steps that the individual manages to complete and is inversely 
related to the post-exercise heart rate), was a little lower in mildly obese 
adolescents than in lean ones. For those boys who had more than 23% 
fat, however, the score became markedly low. Thus the more obese 
adolescents were "penalized" twice: their maximal aerobic power was 
low and they also had to lift a heavier body, which caused a clumsy up
and-down motion and early fatigue in their legs. In other fitness items 
where body weight has to be supported, we also find that the decline in 
performance is more dramatic from mild to moderate obesity than it is 
from normal adiposity to mild obesity. 

It has been suggested 107 that mild obesity is not necessarily accompa
nied by decreased performance because the extra weight carried by the 
child serves as a training stimulus. Such a rationale may hold only if the 
child is active enough. If, on the other hand, he is hypoactive (as shown 



208 6: Nutritional Diseases 

200 
Pull-Ups "Oips" 

180 DObese 

Q. ~Thin 
::l 160 e 
" .~ 140 I/) 

&. 
=c V02 max. w« 120 U: per kg B.W. Z- long-«III 2000m Jump ~E Speed 

ero 100 
O~ 
u..' er ... 
w.f 80 Q. CD 

::l 
iii 
> 60 (5 
"I-

40 

20 

Figure 6.10. Maximal aerobic power (\;02 max), speed, muscle strength, and power of 
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for most obese children) then his extra weight is only detrimental to 
performance. 

Beneficial Effects of Conditioning 

One of the most tangible effects of long-term physical conditioning is 
upon body composition. Conditioning induces in most individuals an 
increase in lean body mass and a concomitant decrease in fat. Over
all body mass may be reduced whenever the decrease in adipose mass 
exceeds the increase in fat-free mass. 

In this section emphasis will be given to the following questions: How 
effective is conditioning as a reducing regimen? How does the condition
ing effect compare with restriction of calorie intake? Does an increase in 
energy expenditure affect appetite? What is the long-term effect of fat 
reduction by conditioning? What are the recommended physical activi
ties for the obese child? 
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DEGREE OF OVERWEIGHT 

Figure 6.11. Relationship between grades obtained in physical education classes and the 
level of overweight among 518 six- to 18-year-old girls and boys. Schematic adaptation 
from Rehs et al.85 

Effectiveness of Conditioning as a Reducing Regimen. Exercise is by 
far the single most flexible component of energy expenditure in the 
energy balance equation. With a mild activity such as walking or jogging 
for 45-60 min, one can raise the daily calorie expenditure by as much as 
20-25% (see also Appendix IV for calorie equivalent of various activi
ties). More intense or prolonged exertion, as practiced by athletes, can 
raise daily expenditure by 100% and more. 

Are such increases sufficient to affect body weight and fatness? One 
often hears parents and, occasionally, health practitioners rationalize 
that a reducing regimen by exercise "isn't worth it" because of the low 
calorie equivalent of various activities. Indeed, to lose 1 kg of adipose 
tissue (or 7000 kcal), a 40-kg child may have to run 140 km or play tennis 
for 26 hours. If these tasks were to be completed in one week, such an 
objection might be valid. However, calorie expenditure has a cumulative 
effect. By walking or running, for example, 4 km a day (equivalent to 
200 kcal in a 40-kg child), the child can lose 1 kg within 35 days, or 5 kg 
in half a year, even without a reducing diet. In Table 6.2 are summa
rized studies in which obese children and adolescents participated in a 
conditioning program of 3-29 weeks' duration. Although these studies 
differ in subject selection and in conditioning dosage, they show some 5-
10% decrease in body weight and, more importantly, a 15-30% decrease 
in adiposity. The rate of fat reduction markedly varies among studies, 
ranging between 1 and 5% of the initial fat mass per week. This rate 
depends neither on the intensity nor on the type of exercise. It is the 
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overall calorie expenditure that really matters. Following a strenuous, pro
longed exercise bout, there may be a rise in basal metabolic rate for as 
much as 15 hours.39 Such a rise is probably due to stimulation of the rate 
of carbohydrate substrate cycles.74 Therefore, the calorie equivalent of 
an exercise bout will be an underestimation of the actual additional energy 
expenditure. 

For reasons unknown, boys seem to benefit more than girls from 
weight-reducing conditioning programs.79,91,94 Such a sex-related differ
ence has also been shown for rats.56 Nevertheless, weight and fat reduc
tion are feasible also for adolescent girls who undergo short-term condi
tioning regimens. 73,79,80,91,113 

In adults, obesity of the hypercellular type (hyperplastic obesity) is 
more retractable to exercise treatment than the hypertrophic type, in 
which the size rather than the number of cells is increased. 12,62 There is 
no evidence for such a trend among children. 

The effectiveness of an exercise reducing regimen may be enhanced 
by exposure to a cold climate. This has been suggested for young adults 
who had been exposed to a 10-day mission in the Arctic,75 and con
firmed by a study in a climatic chamber cooled to -40°C.92 The long
term effects of this phenomenon are not known, nor has its potential as a 
reducing regimen been studied. 

Dietary Restriction vs. Exercise Therapy. Low calorie intake and in
creased activity can, separately or in tandem, induce loss of weight and 
fat. The use of diet per se as a reducing regimen will not be discussed 
here. This topic has been amply covered elsewhere. Our purpose is to 
compare the merits and disadvantages of diet and exercise as modes of 
treatment of childhood obesity. These are summarized in Table 6.3. 

A major concern in any reducing regimen is that it might interfere 
with normal growth. Ideally, one would like to achieve a reduction in 

Table 6.3. A Comparison Between Dietary Restriction and Physical Exercise 
as Reducing Regimens in Childhood Obesity 

Effect 

Weight loss 
Fat loss 
Fat-free mass 
Growth retardation 
Increased fitness 
Reduction of adipocyte size 
Feeling of hunger 
Rate of weight loss 
Carry-over effect 

Yes 
Yes 
Loss 

Diet 

Possibly (extreme diets) 
None or some 
Yes 
Yes 
Fast or slow 
No 

Yes 
Yes 
Gain 
No 
Yes 

Exercise 

More than in diet(?) 
No 
Slow 
No 
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body fat without a concomitant loss of protein, water, minerals, or vita
mins. A very low calorie regimen (e.g., 1000 kcal/day in an II-year-old 
child), although effective for short-term weight reduction, may impede 
growth velocity.2o,79 A low-calorie diet, even when not extreme, has cata
bolic effects manifested, under some circumstances, by a negative nitro
gen balance and by the loss of fat-free mass. These effects can be re
duced, or even reversed, when exercise is incorporated.9o,95,1l7 Such an 
anabolic effect of exercise is especially of relevance to the growing child 
and adolescent. 

As discussed under Conditioning Effects Other than Fat Reduction, 
below, weight loss through exercise increases fitness level. Weight loss by 
diet may also improve fitness, but an extremely low calorie intake, such 
as in prolonged semistarvation,60 may induce weakness and a reduction 
in exercise performance. Obese children subjected to marked calorie 
restriction as the sole method of treatment may complain of lethargy 
and show a distinct reduction in their spontaneous habitual activity. 

Either a low-calorie diet or conditioning may cause a decrease in adi
pocyte size. Exercise treatment may induce a greater reduction in adipo
cyte size than does diet alone. 12 The practical implications of this differ
ence are not clear. 

N either exercise nor a dietary regimen is effective if the child does not 
pursue them on a long-range basis. To some obese children and adults 
the hunger that accompanies dietary restriction is unbearable, so that 
even a well-motivated patient may not be able to comply with the treat
ment: in this respect exercise has the advantage of not being accompa
nied by hunger. On the other hand, obese children may be reluctant to 
take part in conditioning programs where they are exposed to the watch
ful eye and sharp tongue of their peers. 

Perhaps the most important advantage of diet is that some effect can 
be shown within a few days. The overall rate of weight loss is faster with 
diet than it is with exercise therapy alone. To avoid disappointment, the 
slow effect of exercise must be explained to the, parents and child prior 
to the start of a program. 

The moral of the above is that a low-calorie diet and exercise should 
be combined in a reducing regimen. Such a combination will maximize the 
dividends and counteract the deficiencies of either treatment. 

Exercise Therapy and Changes in Appetite. A question commonly 
asked by parents is whether the effects of increased activity will not be 
nullified by a concomitant increase in appetite. It is true that appetite 
often increases with a rise in energy expenditure57: athletic children who 
train extensively consume more calories than nonathletic children.4,10 

However, the positive relationship between the level of activity and ap
petite does not hold throughout the activity spectrum. Studies with 
rats,31,69,102 a dog,SI and monkeys6 have indicated that when a highly 
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sedentary animal increases its level of physical activity, appetite may 
decrease rather than increase. In adult humans, cross-sectional69 and lon
gitudinal63 data confirm this pattern. 

The same phenomenon has also been described for children. Over
weight 8- to lO-year-old boys attended a 4-month program of one or two 
extra physical education periods weekly. By the end of the program 
their daily calorie intake had decreased by 12% (from 2129 to 1874 kcall 
day). Those who had two extra periods weekly had a greater decrease in 
calorie intake than did those having only one extra period. 15 

The mechanism for such an apparent paradox is not clear. A thresh
old activity level may exist (see Fig. 6.12), below which appetite is not well 
regulated and the individual eats more than is justified by his calorie 
expenditure. Only when this threshold is surpassed does appetite com
pensate for changes in activity. It has been speculated68 that from the 
perspective of evolution, a sedentary lifestyle in humans and in some 
animals is below the physiologic range for adequate appetite regulation. 

Whatever the mechanism, it is evident that changes in appetite do not 
compensate for increased activity of the sedentary obese. Even for indi
viduals whose food intake does increase with exercise therapy, the end 
result is a negative calorie balance. 12•25 

Conditioning Effects Other than Fat Reduction. In addition to its ef
fects on adiposity, a conditioning regimen induces other changes, as 
listed in Table 6.4. While some are specific to the obese individual, 
others apply to anyone who undergoes conditioning. 

Biochemical changes are evident in carbohydrate, lipid, and protein me
tabolism alike. Plasma insulin concentration is reduced with condition
ing: it can be as low as half that found in the inactive individual. This 
drop, coupled with better glucose tolerance, reflects a greater cell sensi
tivity to insulin in various tissues. 12,13,93,lol The improved sensitivity to 
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Figure 6.12. Appetite and physi
cal activity. A schematic presenta
tion of a concept. See text for de
tails. 
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Table 6.4. Conditioning Effects in the Obese 
Child, Other than on Body Composition 

Function 

Biochemical 
Plasma insulin 

Effect* 

Cell sensitivity to insulin + 
Glucose tolerance + 
FF A mobilization + 
Lipolysis in tissues + 
Serum triglyceride 
Total serum cholesterol -/0 
Low-density lipoproteins 
High-density lipoproteins 0 

Nitrogen sparing + 
Anabolic steroids + 

Cardiorespiratory 
Heart rate-rest and submax 
Systolic blood pressure-rest 
Ventilatory equivalent-submax 
O2 uptake-submax 
O2 uptake-max + 

Psychologic 
Self-image; body image + 
Rating of perceived exertion 
Self-confidence + 
Sociability + 

* - = decrease; 0 = no change; + = increase. 

insulin can result from weight loss per se. But it is also a result of the 
actual increase in fitness, irrespective of body weight changes,14 and is 
highly correlated to the improvement in maximal aerobic power.93 

Changes in lipid metabolism include an enhanced lipolysis, free fatty 
acid mobilization from adipose tissue, and a decrease in plasma low
density lipoprotein cholesterol. An increase in high-density lipoprotein 
cholesterol and a decrease in total cholesterol and in triglycerides have 
been found in some studies, but not in others.49,1l3,1l5 No information is 
available as to the long-range carry-over effects of conditioning on the 
lipid profile of obese children. In the light of the relationship between 
lipid profile and the risk for coronary heart disease, this question is of 
paramount importance. 

The nitrogen-sparing effect of exercise in juvenile obesity has been 
discussed above. From biochemical analyses and assessment of lean body 
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mass, it seems obvious that conditioning is accompanied by anabolic 
processes-specifically, protein synthesis. 16,59,62,90,94,95,1 17 

Cardiorespiratory changes that occur with conditioning and weight loss 
are compatible with a decreased physiologic strain during exercise. 
Heart rate at rest and at submaximal exercise drops,80.101,112,115 as does 
the resting systolic blood pressure. 112 No data are available on changes in 
stroke volume and cardiac output. Ventilation at submaximal exercise 
drops,80,112 especially at power loads beyond the anaerobic threshold. 112 
The work of breathing decreases with reduction in thoracic and 
abdominal wall mass, which further contributes to the lower O2 cost of 
exercise. 

Psychosocial changes that occur with weight reduction have been studied 
mostly in conjunction with dietary restriction. Conditioning-related 
changes include improvement of self-image and body image,99 self-confi
dence, and ability to adjust to peer society.82 Hitherto withdrawn chil
dren develop social awareness and an ability to integrate in, and enjoy, 
group activities. We have seen obese adolescent females who, prior to 
weight loss, limited their social activities to playing with children much 
younger than themselves-the adolescent assuming a motherly role. Af
ter successfully losing weight, they actively sought company of their own 
age. Such individuals often take up sports and recreational activities in 
which they were previously reluctant to participate. They also seem to 
take better care of their appearance, motivated by their new (smaller 
size!) clothing and perception of their improved physical appearance. 

In an experiment performed in our laboratory in Israel, 10- to 12-
year-old obese girls and boys underwent a 6-week program in which two 
physical education periods were added to the regular two physical edu
cation periods at school. Rating of perceived exertion, using the Borg 
scale,'7 decreased by some 2 scale units, at power loads of 50 and 100 
watts. The inference was that a given task seemed easier to the now 
conditioned subjects. 

A rewarding turn of events is when a child's success in losing weight 
draws other family members, notably overweight parents, to similar ac
tivity programs. Such a development indicates a good prognosis for 
further, more prolonged weight loss by the child. 

Functional changes that result from conditioning of the obese child are 
similar to those found in any child who improves his or her fitness level. 
Observations made specifically on obese youngsters show an improve
ment in their maximal aerobic power. 15,78,80,96,105,115 O2 uptake for a 
given task drops80 in proportion to weight loss.112 With such an im
proved economy of work, endurance time in a prolonged activity (30 
min or more) increases. The ability of the child to lift his own weight, as 
in pull-ups,28 improves due to reduction of body weight and increase of 
muscle strength. 
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Conditioning and Adipose Tissue Cellularity. The total mass of adi
pose tissue is a product of the number of adipocytes (fat cells) and their 
average mass. Understanding the growth and replication of adipocytes 
may shed light on the genesis of childhood obesity and aid in its pre
vention. 

There are no data on the effect of physical conditioning on the adipo
cytes of obese children. There is, however, an elegant study on the long
term effect of conditioning on the adipocytes of rats: starting on their 
fifth day of life, groups of rats were exposed to daily swimming or a diet 
regimen, until week 28 of their life. All animals then remained sedentary 
until week 62. Measurements taken at that stage conclusively show, as 
summarized in Fig. 6.13, that those who had swum during their growth 
retained a lower body weight, fat weight, and number of adipocytes than 
control animals. The adipocyte count was also lower than that of the rats 
who had dieted.76,77 This study demonstrates that exercise during 
growth is effective in reducing the rate of replication of adipocytes in the 
mature rat and the effect is long-lasting. While such results cannot be 
extrapolated for humans, they pose a definite challenge for a similar 
intervention study in children. 
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Figure 6.13. Long-term effect of exercise or low-calorie diet during growth on body 
weight, body fatness, adipocyte size, and adipocyte number in the mature rat. Values were 
obtained at week 62 of life and are expressed as percentage of values obtained in rats that 
neither exercised nor dieted during growth. Data from Oscai et al .76 
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Lasting Effects of Conditioning. As with diet, an increase in physical 
activity requires changes in habits. Many obese children can be moti
vated to join, and adhere to, activity programs as long as they are brief 
and closely supervised. Such conditions prevail, for example, in summer 
camps or in hospital. It is unrealistic, however, to expect compliance 
once the child is back at home, without the guidance and support of an 
instructor. It is therefore pertinent to question whether conditioning 
programs have a carry-over effect on the obese child beyond their du
ration. 

Unfortunately, available information is not encouraging. Investigators 
from Czechoslovakia, for example, have reported fat loss and increased 
work performance in obese children during a 7-week diet and exercise 
summer camp. The benefits virtually disappeared when the children 
returned to their home routine.79 A similar school-based program was 
found effective for weight control of obese boys. However, during a 
break in the program (a 3-month vacation), the experimental group 
gained more weight than obese controls who had not taken part in the 
program.28 Another successful reducing regimen was carried out in a 
public school for 4 years.91 In a follow-up survey, conducted 3 years 
later, the beneficial effects of the program had all but disappeared.67 

We may conclude that, in spite of some few exceptions,79,\o1 the effects 
of exercise and diet do not carry over beyond the duration of the pro
grams.29 There are some indications that, in adults, behavior modifica
tion techniques can prolong exercise therapy effects for up to a year 
beyond the duration of the treatment.54•98 Whether this approach will 
succeed with children has not yet been established. This is a highly 
promising area for future research. Finally, we must emphasize that any 
long-term effect of a reducing program is contingent upon the full 
cooperation, including change of habits, of the parents. 

Recommended Activities. Three principles should guide the selection 
of activities for the obese child. They should be effective for fat reduction, 
feasible of performance, and enjoyable. 

Effectiveness. Activities for fat reduction should emphasize calorie ex
penditure, which is a function of work rather than power. As large a body 
mass as possible, preferably the whole body, should be transported from 
one place to another as in walking, running, dancing, cross-country 
skiing, or swimming. 

Activities that are less suitable for weight control are, for example, 
strength training, gymnastics, or downhill skiing. These involve a high 
power output but the overall calorie expenditure is not high because the 
actual period of exercise is short. 

In walking or running, it is distance rather than speed that determines 
overall calorie expenditure. Thus, one should emphasize to the child 
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and parents that walking 1 km is as effective as running 1 km, the only 
difference being that walking takes more time. As with diet, activities can 
be exchanged for one another, based on their calorie equivalents. Table 
6.5 shows eight recommended activities that require 200 kcal when per
formed by a 40-kg child. The heavier the child, the greater is the calorie 
expenditure in a given task. This is especially true for tasks that involve 
transporting the whole body. Appendix III presents a more detailed list 
of activities and their calorie equivalent for children whose body weight 
ranges between 20 and 60 kg. Such a list can be used by the practitioner 
for exercise prescription (see example in Chapter 2, section entitled 
Exercise Prescription). 

It has been claimed that strength training of a muscle group can 
induce a local reduction of adipose tissue (skin fold overlying the muscle). 
Careful analysis indicates that this is not the case.62 

To maximize weight reduction by exercise one would like to achieve 
the highest possible energy expenditure for any given task. An interest
ing question is whether a particular exercise yields the same calorie 
expenditure at different times of the day. Circadian rhythms of energy 
expenditure have been reported for adult obese women, who expended 
some 20% more energy in afternoons and evenings than in mornings, 
while performing an identical cycling task. These differences were above 
and beyond those found in their resting metabolic rate. 1l6 If similar cir
cadian rhythms exist in children and adolescents, one may be able to 
plan reducing programs accordingly. 

Table 6.5. Equicaloric Activities, Recommended 
for Obese Children* 

Activity 

Cross-country skiing (leisure) 
Cycling-1O km/hr 
Ice hockey (on ice) 
Running- 8 km/hr 

-10 km/hr 
Soccer (game) 
Swimming (breast stroke) 

30 mlmin 
Tennis 
Walking-4 km/hr 
Walking-6 km/hr 

Duration 
(min) 

50 
80 
20 
30 
25 
30 

50 
45 
80 
60 

* Each activity consumes 200 kcal (840 kJ) when per
formed for stated duration by a 40-kg child. 
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Feasibility. Not all sports are equally feasible for the obese child. Some 
activities will "penalize" him because of his physique, and a priori put 
him at a disadvantage. For example, in jumping, rope-climbing, or ma
neuvers on the parallel bars, excess body weight is a distinct handicap 
(see also Figs. 6.8 and 6.10). Such activities should not be prescribed. 

Recommended activities for the obese child should exploit certain 
physical advantages: his high stature, large lean body mass (thus high 
absolute strength), buoyancy, and high subcutaneous thermal insulation. 
These may enhance the child's performance in such activities as shot
put, discus, some positions in football and basketball, and, especially, 
swimming and water polo. 

Many obese adolescents choose to swim not only because of their high 
buoyancy and thermal comfort, but also because their body is sub
merged and not exposed to view. We have seen, for example, an obese 
I3-year-old boy who refused to take part in physical education classes 
because his "large breasts" could be seen when he wore a T-shirt. This 
boy happily joined a swimming program. A year later, following weight 
reduction, he joined in other sports. 

Recreational Aspects. To increase motivation and compliance, activIties 
must be enjoyable. Those which are preferred by obese children and 
adolescents include: sailing, dancing, horseback riding, archery, cross
country skiing, ice skating, cycling, and, particularly, swimming. Such 
sports share a number of common denominators: 1) they involve the 
individual rather than a team, thus avoiding peer disapproval; 2) they 
are recreational rather than competitive: this aspect was found especially 
important among adolescent females;82 3) in each of these sports, inten
sity and overall amount can be individually tailored according to inclina
tion and ability: this aspect is especially critical at the start of a new 
program, when the emphasis should be put on gradual progression. 
Dance-oriented exercise has been found to be highly successful with 
obese people of all ages. If performed correctly it can induce high levels 
of energy expenditure, combined with pleasant recreation. It can be 
done within a group, but also in the privacy of the home.54 

Within what framework should an activity program for obese children 
be conducted? Ideally, one would want them to integrate with nonobese 
children at school or at the sports club. This approach, unfortunately, 
has not been found successful. An obese child, like other children with 
an "abnormal" appearance, is more often than not rejected by his 
healthy peers. More success has been shown in programs where all the 
participants were obese. It seems that, as with adults, obese children or 
adolescents accept each other quite readily and are less inhibited than 
when in the company of the nonobese.82,91 Programs exclusively for 
obese children were tried in special summer camps;80,82,95,112,1l3 in hospi-



220 6: Nutritional Diseases 

tal;98 and at school. 15,18,28,73,91,iOi Such programs often combine exercise 
with nutrition education18,28 or with a low-calorie diet. 80,96,99,ll2.l13 

School-based intervention programs have a number of advantages 
over other frameworks: they can cater to large numbers of patients; can 
operate over most of the year; the large number of participants makes 
recruitment of specialized personnel, such as psychologists, nutritionists, 
or adapted physical educators, economically feasible; and there is less 
reliance on the initiative of parents. 28,29,91 Summer camp- or hospital
based programs have the advantage of affording combined intensive regi
mens of diet and exercise which are indicated for the extremely obese 
youngster. Home-based programs offer the least direct professional 
control, and their success is greatly dependent on cooperation and ac
ceptance by parents. Their advantage is that the whole family can be 
induced to change its habits, with long-standing dividends. Home-based 
programs are also suitable for behavior modification techniques.98 

In our newly developed Children's Therapeutic Exercise and Health 
Centre, we have been trying to spur obese patients to perform a pre
scribed activity at home or to join a two or three periods per week dance
exercise program, in combination with dietary changes. Each child is 
seen by a nurse-practitioner, a nutritionist, and a physician every 2-3 
weeks. We encourage parents to accompany the child. Measurement of 
weight, height, skin fold thickness, and aerobic and anaerobic perfor
mance are taken periodically for follow-up, and to motivate the child 
and the parents. In cases where parental cooperation is inadequate, a 
social worker joins the team. The skill, enthusiasm, and ability of the 
paramedical staff to motivate and reinforce success is paramount to the 
success of the program. 
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7 
Neuromuscular Diseases 

Cerebral Palsy (CP) 

Physical Working Capacity 

Whether spastic, athetotic, or ataxic, the child with CP is limited in his 
physical abilities. The spastic child may not be able to generate much 
muscle force or endure effort for a long time but can perform fine 
movements better than the athetotic child. The latter can better perform 
activities that require strength and will have a greater walking ability. 33 

Children with mixed spastic-athetotic manifestations will be the most 
limited. 

Directly measured maximal aerobic power of children and adolescents 
with CP is 10-30% lower than in controls.8,45,46 If maximal aerobic 
power is indirectly assessed from submaximal heart rate, the perfor
mance of children with CP is only some 50% of normal.42 Apparently, 
submaximal heart rate is disproportionately high in CP children due to 
their low mechanical efficiency. The use of submaximal heart rate to 
predict maximal aerobic power is, therefore, not recommended. 

Mechanical Efficiency and Economy of Movement 

Mechanical efficiency of patients with CP is low, particularly among the 
spastic ones, as shown in Fig. 7.1. This is true whether ergometry is done 
with the legs ll ,43,44 or with the arms.8 Assuming that ATP yield per mole 
of metabolic fuel is not different between patients and healthy children, 
the low efficiency must be due to "wasteful" contraction of the spastic or 
dyskinetic muscles. Whereas the healthy child, in performing a rhythmic 
task (e.g., walking, running, pedaling, or swimming), alternately relaxes 
the agonist and antagonist muscles, the spastic child keeps a high muscle 
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Figure 7.1. Mechanical efficiency in cerebral palsy. Comparison between spastic, athe
totic, and healthy adolescents and young adults, all performing a leg cycling task. Data 
from Lundberg.44 

tone at all times. We have observed patients who exert force by both 
arms in two opposite directions, while cranking the pedals, causing a dis
ruption in the continuous flow of cranking. Furthermore, the postural 
trunk muscles exert excessive force in the child with CPo Such effort 
does not contribute to overcoming the pedal resistance and will not be 
included in the calculation of mechanical power output. The O2 cost 
may vary considerably from one test to another. ll Such variability fur
ther shows that low efficiency among patients with CP is not due to 
intrinsic biochemical characteristics but, rather, to less economical move
ment. An interesting observation was made using light tracing? for gait 
analysis: the patient with CP, in an attempt to compensate for the defi
cient components of his gait, exaggerates the use of those movements 
that are easier to perform. The end result is wasteful locomotion. 

Habitual Activity 

"One of the criteria for success in the rehabilitation of the physically 
handicapped child is the achievement of verticalization and walking."64 
In the child with CP, a great deal of surgical, physiotherapeutic, and 
educational effort is invested in the early years to achieve these goals. 
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The end result is that, with or without the aid of crutches or braces, the 
child can often be made to walk and perform other useful motor activi
ties. It has therefore been a frustrating experience to note that such 
success is only short-lived: when these children reach adolescence many 
of them become progressively reluctant to walk, and they eventually 
regress to wheelchair status. A deteriorating working capacity seems to 
be the culprit: body weight and adiposity increase without a concomitant 
increase in muscle strength; maximal aerobic power decreases due to de
training, and a given task becomes progressively harder. A case in point 
is a group of adolescents who were followed up for 1-2 years. Their 
heart rate at a given power load became higher with age, at a rate of 10 
beats/min/year.42 This suggests a progressive detraining and deteriora
tion of cardiovascular adaptation to exercise. When these are super
imposed on the high metabolic cost of ambulation,49 deterioration in 
mobility soon follows. While such assistive devices as electric wheelchairs, 
hydraulic beds, and ramps are a convenience, they reduce the patient's 
reliance on muscle work and induce further detraining. A similar re
gression in ambulation occurs in adolescents with other motor disabili
ties, such as post-poliomyelitis.5 

A quantitative analysis of activity among patients with CP has been 
made by heart rate telemetry. Calorie expenditure ranged from 950 to 
3,500 kcal/24 hr, obese and spastic patients being considerably less active 
(and eating less) than the leaner and dyskinetic ones. 12 Systematic com
parison with healthy controls is not available, but clinical experience 
shows that the severely affected child with CP is considerably less active 
than his healthy peers. It is also clear that habitual activities (including 
regular physical education classes) which are not administered within 
special supervised programs are seldom intense enough to induce condi
tioning changes.9,62 

Exercise Testing 

In the Laboratory. Laboratory testing of children with CP requires spe
cial protocols and equipment, as well as highly skilled and devoted per
sonnel. Many patients cannot use their legs and must be tested by arm 
cranking ergometry.8,ll,25,64 Those who can use their legs should have 
their feet strapped to the pedals. This is especially indicated for the dys
kinetic child. Uncoordinated patients find it hard to pedal at a constant 
pace and, when a mechanically braked ergometer is used, one should 
continuously count the actual number of revolutions. Some young pa
tients have an extremely short concentration span. Others may find it 
impossible to tolerate a mouthpiece and a nose clip while exercising. As a 
result, it is sometimes impossible to obtain direct measurements of O2 
uptake, especially at high exercise intensities. A submaximal protocol 
may have to be resorted to in such cases. 
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In the Field. The relative complexity of laboratory exercise testing of 
children with CP warrants the use of fitness tests that can be adminis
tered at school or at the sports club. The use of simple and familiar 
motor tasks will also have a strong motivational effect. In a study of post
poliomyelitic and severely affected patients with CP,64 some simple field 
tasks were performed and the results were compared with those ob
tained in the laboratory. The tasks included: 

1. A 2S-m walk on the level at a comfortable speed 
2. A 2S-m walk on the level at maximal speed 
3. Walking up a ramp-S m long, IS degrees incline 
4. Walking down the same ramp 

The subjects used their regular assistive devices (crutches or braces), and 
there was no attempt to make them modify their habitual gait. 

Neither the walk at normal speed nor climbing up or down the ramp 
had any relationship to maximal O2 uptake. Walking at maximal speed 
did show significant correlation with maximal O2 uptake, but only 25-
30% of the walking speed variance could be explained by maximal aero
bic power. Thus success in such walking tasks apparently is not limited 
by the maximal aerobic power of the severely affected patient. It may be 
related more to walking skill and perhaps to local muscular strength and 
endurance. 

Even though the physiologic correlates of field tests are not yet fully 
established, such tests are recommended for their simplicity and motiva
tional impact. 

Conditioning 

As described above, children and adolescents with CP become progres
sively immobile and detrained. The rationale for their rehabilitation by 
conditioning is to slow down and, it is hoped, reverse such deterioration. 
An increase in working capacity may improve physical well-being, social 
integration, and occupational potential. 

The Physiologic Effect. The hemodynamic, respiratory, and metabolic 
responses to conditioning of the child with CP are similar to those of 
healthy youngsters. 8,9,25,46,47,53,64 One conditioning response found 
among patients with CP, but not in healthy subjects, is an increase in 
blood flow to the exercising muscles as compared with preconditioning 
levelsY The mechanism for such an increase is not clear. Spastic muscles 
have subnormal blood flow during exercise,36 and the postconditioning 
increase in blood flow could reflect a decrease in spasticity. However, 
such a decrease has yet to be clinically and objectively confirmed. 

One objective measurement assumed to reflect the degree of muscle 
spasticity is the ratio between the electromyogram (EMG) manifesta-
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tion of the Hoffman reflex (H-reflex) and the direct motor action poten
tial (M). Both are detected by a skin electrode placed over the belly of the 
triceps surae muscle, in response to electrical stimulation of the posterior 
tibial nerve. The maximal amplitude of the H-reflex wave supposedly 
reflects only those motor neurons that respond to reflex excitation and 
corresponds to spasticity, whereas maximal M wave amplitude repre
sents all the motor neurons.6 In a follow-up of seven spastic patients who 
were taking part in a twice-per-week activity program,63 the H : M ratio 
decreased within a 6-8 month period. The corresponding ratio of three 
sedentary controls increased (Fig. 7.2). This finding could have been 
interpreted as objective evidence for the beneficial effect of conditioning 
on spasticity. However, when the group of patients was enlarged (n = 
19) and the follow-up extended to 12-30 months,64 the results became 
equivocal. Based on the H : M ratio, no definitive conclusion can yet be 
drawn on the reduction of spasticity by physical conditioning. 

Another approach to objective evaluation of spasticity is by the inte
grated EMG, where a greater average amplitude indicates greater mus
cle tone. This method was used to evaluate the effects of a one-year 
rehabilitation program on 15 6- to 8-year-old children with spastic CPo 
The program included vertical jumps on the trampoline and neuro
muscular activation by the Bobath method.55 Despite an improvement in 
gait and other skills, there was no corresponding clear-cut reduction in 
the integrated EMG potential. 

In conclusion, the possible beneficial effect of exercise on muscle spas
ticity in CP has been suggested clinically but not proven objectively. 
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Figure 7.2. The H: M amplitude ratio before (pre) and after (post) a 6-8 month condition
ing program of cerebral palsied adolescents. A comparison between individual response 
of active and sedentary patients. Readings were obtained from the triceps surae muscle. 
Adapted from Spira. 53 



232 7: Neuromuscular Diseases 

The Functional Effect. Physical educators or physiotherapists who use 
sports as a means of rehabilitation do not need scientific tools to discern 
improvement in the mobility of children with CPo The ability of these 
youths to train and compete in running, swimming, volleyball, hockey, 
and many other sports is testimony to their potential for improvement in 
mobility and other motor tasks. 

Functional improvement along with physiologic adaptation to condi
tioning has been widely documented.9,55,62,64 Even the very severely dis
abled individual may enjoy functional improvement. Figure 7.3 summa
rizes the walking performance of 19 severely disabled spastic and mixed 
spastic-athetotic adolescents who took part in a 2-year sports rehabilita
tion program.64 The improvement in walking speed at a comfortable 
and at maximal pace was evident. Even more impressive was the 45-
55% improvement in their speed of walking up or down a 5-m ramp (15 
degree slope). The patients were subdivided into those who at the start 
of the program could perform short distance walks for daily needs 
("functional walkers") and those who could not take more than a few 
steps, which were insufficient to serve their functional needs ("physio
logic walkers"). As seen in Fig. 7.4, the latter group derived the greater 
functional benefit from the program, with a dramatic improvement in 
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Figure 7.3. Effect of a 2-year conditioning program on the walking speed of cerebral 
palsied adolescents. A comparison between active participants and sedentary controls. 
Values are percentage of preconditioning performance. Adapted from Spira and Bar-Or.64 
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Figure 7.4. Effect of a 2-year conditioning program on the walking speed of cerebral 
palsied adolescents. A comparison between "functional " and "physiologic" walkers (see 
text for definition). Values are percentage of preconditioning performance. Adapted from 
Spira and Bar-Or.64 

walking ability. When given a questionnaire to evaluate the program, 
70% of the participants reported some "relief of their spasm" and of 
muscle clonus while walking. 

Recommended Activities. Neither activities administered at regular or 
special schools nor habitual activities at home seem sufficient to induce 
an optimal fitness level in patients with CPo Reinforcement of these 
activities is needed to induce an increase in physical working capacity. 
Activities that are found effective in eliciting higher maximal aerobic 
power among mildly or moderately affected patients include: jogging, 
running, exercising with medicine balls and pulleys, pedaling or arm 
cranking a cycle ergometer, riding a tricycle, wheelchair sprinting, 
wheelchair slalom, and swimming. The more severely affected can be 
given mat exercises (individualized according to ability) , floating, duck
ing and moving in the water, crawling, and pedaling a cycle ergometer 
in the supine position-all tailored to the residual ability of the patient. 

Unless highly motivated, children with CP will not adhere to pro
longed, intense activities. It is important to intersperse the above activi-
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Figure 7.5. Individual changes in maximal aerobic power (peak O2 uptake) following a 
31/2-month activity program at school and after a summer vacation. Subjects were 10- to 
18-year-old patients with CPo Adapted from Berg.9 

ties with games that emphasize recreation and fun. Due to their short 
concentration span, such patients should frequently change from one 
game to another. 

Concentrated intense activities need not last more than 15-20 min. 
Activities that are less intense and include a recreational element can last 
up to 90 min. Two sessions per week are sufficient to induce a noticeable 
conditioning effect within a few weeks. 

Figure 7.5 demonstrates changes in maximal aerobic power among 
school children with CP who had stopped their intervention program 
for the summer vacation. 9.62 Following the vacation, five out of the eight 
subjects had a deterioration in peak O2 uptake that almost nullified the 
effects of the preceding activities. This further emphasizes the inability 
of the youngster with CP to retain his fitness unless taking part in special 
programs throughout the year. 

Epilepsy 

"Should my epileptic child be allowed to take part in sports?" This is a 
question often asked by concerned parents. The physician's answer 
should take into account the following three considerations: 
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Will fatigue, or hyperventilation that accompanies an intense activity, 
trigger a seizure? 

Will repeated head trauma incurred during collision or contact sports 
aggravate the state of epilepsy? 

Will an epileptic seizure (of any kind) during participation in sports 
endanger the child or people around him? 

There are no definitive epidemiologic studies on the connection between 
sports and epilepsy, nor are there enough data on the pathophysiologic 
relationship. The following comments are based on the cumulative ex
perience of clinicians and on very few laboratory observations. 

Fatigue 

There is no documented evidence that fatigue per se will induce a sei
zure. On the contrary, most seizures occur during sleep or rest, as shown 
clinically and by continuous electroencephalographic (EEG) monitor
ing.3o,35,38 Nor is there any reason for an epileptic child to sleep or rest 
longer hours than his healthy peers. As aptly summarized by Lennox in 
1941 (cited in Ref. 38): "Physical and mental activity seems to be an 
antagonist of seizures. Enemy epilepsy prefers to attack when the patient 
is off-guard, sleeping, resting or idling." 

Hyperventilation and Exercise 

In any person, but mostly in children with epilepsy, hyperventilation 
may cause a decrease in frequency and an increase in amplitude of the 
EEG activity, lowering the threshold for seizures. Indeed, hyper
ventilation can trigger an epileptic seizure in a susceptible individual. 

Since intense exertion is accompanied by hyperventilation, it is perti
nent to ask whether or not it will induce a seizure. Thirty adolescents 
with epilepsy were followed by use of telemetry EEG.30 They first hyper
ventilated at rest, then exercised (20-50 deep knee bends) and again 
hyperventilated. While the initial hyperventilation induced an increase 
of EEG abnormalities in all patients, exercise caused diminution of slow
frequency waves and of seizure discharge and a decrease in wave ampli
tude. Such normalization of the EEG pattern lasted 1-2 min after exer
cise. Furthermore, deliberate hyperventilation lO-15 sec following 
exercise did not induce as much wave abnormality as that caused by the 
initial hyperventilation. The above, as yet unconfirmed, study suggests 
that exercise has a suppressive effect on hyperventilation-induced wave 
abnormality and seizures. The mechanism for raising the seizure thresh
old by exercise is not clear. It could be related to the metabolic acidosis of 
exercise, which counteracts the alkalotic effect of hyperventilation. 
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Head Trauma 

An objection often raised against the participation of epileptics in colli
sion or contact sports is that repeated mechanical blows to the head may 
aggravate the state of epilepsy. While head trauma, especially penetrat
ing injury, may exacerbate epilepsy, there are no epidemiologic data that 
evaluate the risk of collision or contact sports. Livingston38 reported that 
out of 15,000 young patients under his supervision during 34 years, 
there was not a single case of seizures due to athletics-related head 
trauma. The American Academy of Pediatrics, Committee on Children 
with Handicaps2 recommended that participation in contact sports 
should be determined individually for each epileptic child. A trial period 
should be initiated, during which the response of the child to specific 
sports can be evaluated. The Committee on Medical Aspects of Sports 
within the American Medical Association has issued a number of state
ments since 1968, having reversed its stand a number of times. The 
Committee now does not bar youngsters with epilepsy from participation 
in contact sports.3,4,41 

Accidents to the Child and Others 

A potential hazard exists when a child with epilepsy has a seizure while 
performing such activities as cycling, horseback riding, rope- or tree
climbing, skin-diving, and swimming. Similarly, if a seizure occurs while 
the patient is doing sports that involve throwing objects or shooting (e.g., 
javelin, discus, archery), there is a definite danger to people around 
him.41 Precautions should be taken to reduce the likelihood of such 
accidents. Patients who are not well controlled by drugs should be 
barred temporarily from engaging in such sports. 

A Physician's Dilemma 

As discussed above, intense exertion per se should not pose a danger to 
the epileptic child and, in fact, may reduce the risk of seizures. Yet there 
are young patients who do convulse during exercise and not while at 
rest.35 Should the physician then "play it safe" by instructing all children 
with epilepsy to refrain from intense activities or from collision or con
tact sports? Before such a simplistic and "safe" conclusion is reached, 
physicians and parents must realize that, to any child, activity can be a 
primary avenue for self-expression and social acceptability. Epileptics 
are not inherently inferior in their physical potential and should there
fore be allowed to cultivate this means of physical and psychosocial ex
pression. A striking case is that of a 13-year-old girl with a history of 
psychomotor seizures who took up long-distance running as a hobby. 
This girl, to show her ability to overcome her handicap, successfully 
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completed some 2,OOO-km during a 40-day run and took part in other 
ultra-marathon races.20 As pointed out repeatedly,2,15,16,19,31,35,38,39,40,54 
the damage caused by inactivity due to overprotection often outweighs 
the remote risk of a sport injury or a sport-induced seizure. 

Final decisions should, therefore, be made for each individual case, 
taking into consideration the level of epilepsy control, the ambitions of 
the child, the availability of other (nonexertional) means of expression, 
and the likelihood of compliance with an imposed regimen. 

Recommendations for Physical Activity 

Based on the above considerations, it is impossible to set forth rules that 
will be binding on all children with epilepsy. The following recommen
dations should be treated as general guidelines, based on clinical experi
ence and certain physiologic reasoning. 

1. A child with medically controlled epilepsy should be encouraged to 
do as much physical activity as he or she desires. 

2. Strenuous activity (long-distance running, a prolonged tennis match) 
is not contraindicated, even if it causes marked fatigue. 

3. Activities such as horseback riding, mountain climbing, swimming, or 
diving should not be practiced without supervision. 

4. Bicycle riding should be limited only if the state of epilepsy is not well 
controlled by medication. 

5. Collision (football, ice hockey, lacrosse, rugby) and contact (baseball, 
basketball, soccer, wrestling) sports can be practiced in the medically 
balanced patient. Like any other athlete, he should be coached on the 
prevention of trauma. 

6. Boxing, involving repeated mechanical impact on the head, should 
be avoided. 

7. For unexplained reasons, certain activities may be more epilepto
genic than others to a given child. If a certain activity repeatedly trig
gers a seizure of any kind, it should be forbidden. 

8. Activities that may cause damage to spectators should not be allowed 
an uncontrolled epileptic. 

9. Give individualized consideration to the child. Final policy should be 
determined with the cooperation and consent of parents and, prefer
ably, the child. 

McArdle's Syndrome 

In this rare myopathy, skeletal muscle phosphorylase is absent or defi
cient. As a result, glycogen is not split down to glucose-I-phosphate and 
the ability to exercise is dependent upon the blood supply of free fatty 
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acids and glucose. Patients fatigue early during exercise and often suffer 
muscle cramps, tenderness, and swelling.48 Their work performance is 
extremely low. If mild exercise can be sustained for a few minutes, the 
patient can sometimes increase the intensity without undue fatigue, 
probably due to hyperemia-induced reinforcement of free fatty acids. 
This phenomenon has been termed "second wind."51 Local cooling has 
also been found effective in delaying fatigue and muscle cramps.52 

A case has been described of a girl who, since the age of 9, suffered 
exertion-induced pain and swelling, especially of the deltoid and triceps 
muscles. These symptoms improved with rest but took a whole day to 
abate fully. Repeated exercise tests showed a reduction in lactate pro
duction, although only during some of the tests. It may be that her phos
phorylase activity was intermittently deficient.26 

Progressive Muscular Dystrophy (PMD) 

Exercise Limitations 

Three fitness components are deficient in the child with PMD: muscle 
strength, muscle endurance, and maximal aerobic power. 

Muscle Strength. This fitness component is crucial to the child's ability 
to rise, to walk, and to perform other daily functions. Assessment by 
clinical rating69 and measurement by objective methods27.32.61 show a 
continuous regression in muscle strength. This is exemplified in Fig. 7.6, 
where the height-related strength of children with Duchenne dystrophy 
is compared with that of controls. While the latter had a continuous 
increase in strength, the dystrophic children had only minimal strength 
changes, so that their absolute values at the age of 16 were similar to or 
lower than those at 5 years.27 Such non progression in absolute muscle 
strength during growth is equivalent to a marked drop in function. 

The extent of such regression may be appreciated if we compare the 
strength of children with PMD to that of the 5th percentile of size
matched controls. Such a comparison is shown in Fig. 7.7 for six muscle 
groups. Almost invariably, patients taller than 120 cm score below the 
5th percentile. Thus, strength norms established for healthy children 
are of little use for the evaluation of a child with PMD. 

Muscle Endurance. Muscle strength is the maximal force produced for 
a short period of time (less than 5 sec). Muscle endurance reflects the 
ability to sustain static or rhythmic contraction for longer periods. 

Clinical observations show that children with PMD have a low muscle 
endurance. This can be judged from their easy fatigability when walking 
or climbing stairs. An attempt has been made to assess muscle endurance 
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Figure 7.6. Isometric muscle strength vs. body height in muscle dystrophic patients (n = 
43) and healthy boys (n = 45), 5-16 years old. Measurements were taken by cable tensi
ometry. Mean cross-sectional data on knee and elbow extensors (Ex!.) from Fowler and 
Gardner.27 

objectively by measuring the time for which a supine child can hold his 
neck or leg at 45° from the ground.32 Ninety-two percent of the patients 
scored below the 5th percentile of healthy children. The drawback of 
such a measurement is its low reproducibility and questionable standard
ization. 

We have begun to use the 30-sec Wingate anaerobic test (see Appen
dix II) to assess the muscle endurance of children with PMD. The score 
of leg pedaling of a boy with Becker's dystrophy who performed the test 
is shown in Fig. 7.8. While the peak and mean power outputs are much 
lower in this patient than in a healthy control, the rate of fatigue (the 
decrease in power as a percentage of peak power) is similar in both boys 
(i.e., about 40% of peak power). Similar results were obtained for arm 
cranking. 

Maximal Aerobic Power. Peak power output and maximal O2 uptake 
are markedly low in patients with PMD61 and other myopathies. 18 This is 
due to the small functional muscle mass of these patients as well as to 
their compromised pulmonary34 and cardiac29 function. Mechanical effi-
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Figure 7.7. Muscle strength of children with Duchenne muscular dystrophy (shaded area) 
compared with lower limits of normal in healthy children. Measurements were made with 
the Hammersmith myometer. Regression lines are "near fit" 5th percentile of 215 healthy 
children. Adapted with permission from Hosking et al.32 

ciency and anaerobic threshold are not different for patients with myop
athies and healthy controls. IS 

Habitual Activity 

The physical activity of patients with PMD parallels the natural history 
of their disease. Duchenne muscular dystrophy, which almost invariably 
is first manifested in early childhood, is a rapidly progressing disease. 
Although mobile at first, the dystrophic child will be bedridden or 
wheelchair-bound by the early teens and often even earlier. During a 
transitional phase, the child can still retain a certain degree of ambula
tion, but only with the support of leg braces. With more slowly develop
ing diseases, such as Becker's muscular dystrophy, the pattern is similar, 
although loss of function occurs more slowly. 

The activity level of the ambulatory PMD patient can be divided into 
four stages69; 
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1. Normal ambulation pattern, with only a slight functional deficit. 
2. Definite decrease in ability to perform strenuous tasks and a concomi

tant reduction in habitual activity. 
3. Decrease in all types of physical activity; daily duration of walking 

and standing, less than 2 hours. 
4. Daily duration of walking and standing, less than 30 minutes. 

Such a division is clinically important. Admittedly, one would also like to 
obtain an objective rating of muscle strength and fatigability. But it is the 
overall ability of the child to ambulate, rather than the characteristics of 
a discrete muscle group, which determines the stage of the disease. 

The decline to wheelchair status is a result of such factors as residual 
muscle strength (especially the knee and hip extensors); extent of con
tractures in the lower limb joints (especially the knee); injury and bed 
rest; development of obesity, which causes an excessive load on the 
residual muscles; psychic factors such as anxiety due to fear of falling, or 
withdrawal from the outside world; and the decision by well-meaning 
relatives or teachers to "make it easy" for the child by providing him with 
a wheelchair. Additional factors that enhance the loss of walking ability 
include: prolonged sitting with bent knees; plantar flexion contracture, 
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Figure 7.S. Muscle endurance in muscular dystrophy. A 14-year-old boy with Becker's 
muscular dystrophy and a 13-year-old weight-matched healthy boy performed the Wingate 
anaerobic cycling test. 
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which forces the child to walk on his toes; asymmetry of lower limb 
deficit, which induces "favoring" of one side and unilateral contractures. 
Whatever the reason for nonambulation, a child with muscular dystro
phy who is put to bed for a few weeks may never be able to walk again. 
Contractu res and atrophy of residual muscle develop so fast during bed 
rest that even surgery or braces may not reambulate such a childP 

In conclusion, although transition from an ambulatory to a more sed
entary life is inevitable, a premature decline in activity status may well 
reflect some failure of management. 

Exercise in Management of the Child 

Residual, unaffected muscle tissue is trainable. If the strength and en
durance of the residual muscle can be improved, one can also expect 
some arrest of functional deterioration and even functional improvement. 
The end result may be a prolongation of the period in which the child 
can still maintain an upright position and be ambulatory. The effects of 
conditioning have been evaluated in various studies. 1,22,28,5o,7o 

An example of the benefits of physical muscle strength training is 
shown in Fig. 7.9. Six- to lO-year-old ambulatory boys with Duchenne 
dystrophy underwent a one-year program that included resistive and 
assistive exercise of the hip abductors, hip extensors, knee extensors, 
arm flexors, and abdominal muscles. 70 As seen in Fig. 7.9, there was a 
decrease in the strength index of about 15% during the year preceding 
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Figure 7.9. Changes in muscle strength of Duchenne dystrophic children (n = 14) before 
and during a one-year strength conditioning program (.). Comparison with a sedentary 
group of dystrophic children (n = 14) (0). "Muscle strength" represents a composite 
index, based on the strength of each muscle group weighted according to its assumed 
mass. Vertical lines denote 1 S.E.M. Adapted from Vignos and Watkins'?o 
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the program. But there was no further decline in strength during the 
year of conditioning. This is in contrast to age-matched patients who did 
not train and whose strength kept declining. It thus seems that the 
residual muscle is indeed trainable and the progressive loss of strength 
can be slowed down. An interesting, as yet unexplained, finding is the 
improvement in short-term associative learning of boys with PMD fol
lowing a bout of exercise.22•24 

More information is needed on the optimal training methods for chil
dren with PMD. Special attention must be given to the improvement of 
muscle endurance. Based on current knowledge, one can draw the follow
ing conclusions: 

1. Muscle strength in children with Duchenne dystrophy, and especially 
in more slowly progressing muscular dystrophies, can be increased by 
strength training of a few months' duration. 

2. The degree of improvement is a function of residual muscle mass. 
Therefore, the more advanced the disease, the less apparent the 
improvement in strength. 

3. Strength training per se is ineffective in slowing down the loss of 
ambulation. There is a need for additional activities that specifically 
make the patient rise, stand, and walk, even if helped by assistive 
devices or by others. 

4. Specific attention should be given to the prevention and management 
of contractures. A muscle that is strong enough to move a limb may 
prove too weak when a contracture is superimposed. 

5. One should guard against obesity. The weak muscles may not be able 
to carry an overweight individual. 

Even though wheelchair status is inevitable for most patients, it always 
represents a major setback to child and parents alike. In giving himself 
up to physical passivity, the patient is inviting obesity, cardiorespiratory 
dysfunction, scoliosis, lower extremity edema, accelerated muscular at
rophy, weakness, contractures, and emotional crises.60 It is therefore the 
duty of the therapist to turn such a change of status into an opportunity 
for enhanced activities, rather than to let the patient resign himself to a 
passive lifestyle. Examples of specific wheelchair-based exercises are 
available in textbooks of physiotherapy or adapted physical education.21 

Scoliosis 

Functional and Physiologic Deficiencies 

Children and adolescents with minor or moderate scoliosis have virtually 
no exercise-related complaints nor functional deficit. When scoliosis is 
advanced, however, exertional dyspnea is common and the patients have 
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a low maximal aerobic power. l4,5S,59 Maximal O2 uptake as low as 11 
mllkg X min and usually not exceeding 25 mllkg X min has been found 
among severely affected patients (compared with 40-55 ml/kg X min in 
healthy children). 

The low maximal aerobic power is related to the chest deformity, 
undersized lung, hypoactivity, and generalized detraining. The main 
pulmonary functional abnormalities at rest and exercise are summarized 
in Table 7.1. Chest deformity of the child with scoliosis results in: re
duced total lung and vital capacities at rest (even when allowance is made 
for the reduced body stature); increased work of the respiratory mus
cles, which contract at a mechanical disadvantage due to distorted posi
tion of the ribs; 13,14 ventilation-perfusion imbalance in some lung re
gions, which is manifested by a widened alveolar-arterial P02 gradient, 
particularly during exercise (gradients as high as 35-40 mm Hg have 
been reported); high physiologic dead space during exercise; and a high 
pulmonary artery blood pressure (but not pulmonary wedge pressure) 
during rest and exercise.57 The O2 cost of walking is high among pa
tients with advanced scoliosis,37 probably due to mechanically distorted 
gait but also because of the high O2 cost of breathing. 

The child with severe scoliosis is often reluctant to take part in games 
and other physical activities because of his unesthetic appearance and 

Table 7.1. Pulmonary Function During Rest and 
Exercise in Moderate or Severe Scoliotics 
(Compared with Healthy Individuals) 

Function 

Rest 
Total lung capacity 
Vital capacity 
Work of breathing 
Alveolar ventilation 
Pulmonary artery pressure 

Submaximal Exercise 
Minute ventilation 
(A-a) P02 gradient 
Pulmonary artery pressure 

Maximal Exercise 
O2 uptake 
Minute ventilation 
Pulmonary artery pressure 

Compared with 
Healthy Individuals 

Lower 
Lower 
Higher 
Lower 
Higher 

Higher 
Higher 
Higher 

Lower 
Lower 
Higher 
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exercise-induced dyspnea. A vicious circle of further detraining and 
functional deterioration may ensue. Such detraining may be more of a 
limiting factor than are the direct respiratory deficiencies, which become 
limiting only when the deformity has reached an advanced stage-quite 
uncommon in children or young adolescents with idiopathic scoliosis. 14 

According to another opinion, 56 ventilation is the limiting factor for the 
majority of exercising children and adolescents with scoliosis. 

The exercise-related physiologic benefit of spinal fusion is marginal. 
Only a slight increase in maximal ventilation66 and a small decrease in 
submaximal ventilation58 have been noted. There has also been some 
decrease in O2 cost per kilogram body weight during a treadmill walk.37 

Such changes (or their absence, in other functions) are hard to interpret 
as there are differences in body dimensions, level of maturity, activity 
patterns, and fitness status between pre- and postsurgical patients. 

Is Conditioning Beneficial? 

Exercise therapy is recommended in scoliosis for two reasons. First is the 
mobilization and strengthening of those trunk and leg muscles that are 
related to posture. Training is expected, in conjunction with other 
modes of therapy, to slow down and possibly reverse the progress of the 
spinal curvature. Second, it is hoped that through exercise some pulmo
nary functions and physical working capacity will be improved. 

It is not within the scope of this book to discuss in detail those "reme
dial exercises" that are meant to arrest the postural deterioration of the 
spine. This topic is covered in textbooks of physiotherapy and adapted 
physical education. Suffice it to say that the results are equivocal, espe
cially when a control group is also observed.67 

An increase in maximal aerobic power and in ventilatory efficiency 
(determined by the ratio pulmonary ventilation: O2 uptake) can be ob
tained by conditioning. This has been shown for patients with various 
degrees of scoliosis. 14,65,66,68 As is true for other conditioning programs, 
compliance is better when the sessions are supervised. When the pro
gram is home-based there may be no appreciable conditioning effect. 59 

Do some children with scoliosis respond physiologically better than 
others to a conditioning regimen? There is no definitive study compar
ing large enough groups of patients, selected according to the severity of 
their lesion. It does seem, though, that the least trainable are those with 
very advanced scoliosis (e.g., 130-150° curvature). Some of these pa
tients also develop high pulmonary arterial blood pressure during exer
cise, and for these intense exertion is not advisable. 57 Among the less 
severely affected patients there has been no correlation between the 
improvement in maximal aerobic power and the initial spinal curva
ture. 14,65 
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8 
Hematologic Diseases 

Anemia 

The 02-carrying capacity of blood and the blood flow to any tissue 
determine the capability of this tissue to raise its aerobic metabolism. 
The same principle applies to the body as a whole. Changes in hemoglo
bin (Hb) concentration, unless accompanied by a variation in blood vol
ume or in an affinity of Hb to O2, closely reflect changes in the O2-
carrying capacity of the blood. For practical purposes, therefore, we 
shall use the reduction of Hb concentration as an index of the severity of 
anemia and of a decrease in 02-carrying capacity. 

Compensatory Mechanisms 

One gram of Hb can carry 1.36 ml of O2. Low Hb concentration results 
in a low O2 content of arterial blood and a low arterio-venous O2 differ
ence at all levels of exercise. Two compensatory mechanisms serve to 
increase the availability of O2 to the tissues: an increase in cardiac output 
and a "shift to the right" in the O2 dissociation curve. 

Cardiac output is higher in anemic patients than in healthy individ
uals, both at rest5 and during exercise.26 This is facilitated by an increase 
in heart rate and, to a lesser extent, in stroke volume. The increase in 
exercise heart rate is proportional to the degree of anemia. In a child 
with severe anemia (e.g., 6 g Hb/IOO ml blood) it can be some 30-40 
beats/min higher than in a healthy child. Such a difference occurs at 
various exercise intensities, as shown in Fig. 8.1. While compensation 
through high cardiac output is adequate to provide O2 to body tissues 
during low and moderate exercise intensities, it becomes insufficient 
once cardiac output has reached maximum. 

Another compensatory mechanism in the anemic patient is a "shift to 
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Figure 8.1. Anemia and the heart rate response to exercise. Effect of blood hemoglobin 
concentration on heart rate at four metabolic levels. Schematic adaptation for a 25 kg child. 
Based on data by Gandra and Bradfield. 15 

the right" in the O2 dissociation curve.26 This facilitates a greater release 
of O2 to the tissue at a given P02 . The exact causes of such a shift are not 
clear. It could result from an increase in PC02, a decrease in pH, or an 
increase in the erythrocyte 2,3 DPG content.3 These, however, have not 
been evaluated in anemic children during exercise. 

Physical Working Capacity 

Thanks to the above compensatory mechanisms, an anemic child can 
perform well at low and moderate exercise intensities. His maximal aer
obic power, however, is low, in proportion to the degree of anemia.23•27 

It also depends on the maximal cardiac output of each child. These 
relationships are shown in Fig. 8.2, which is based on theoretical consid
erations (see also Ref. 29). One should realize, however, that anemia is 
seldom found as an isolated entity. For example, it is just one manifesta
tion of undernutrition, which itself can reduce the physical working 
capacity.s In some children, severe anemia accompanies chronic renal 
failure, which contributes to deficiency in exercise performance. 27 

Hypoactivity is another potential cause of reduced exercise performance 
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Figure B.2. Maximal O2 uptake as a function of hemoglobin concentration and maximal 
cardiac output (0 max). Regression lines were constructed based on the following as
sumptions: 1 g hemoglobin carries 1.36 ml O2 ; arterial Hb is 90% saturated at maximal 
exercise; O2 extraction at maximal exercise is 80% of arterial O2 content. 

in anemia. Only scant information is available, though, on the habitual 
activity of children with anemia. In a study from Brazip5 there was no 
difference in the activity patterns of anemic and nonanemic school chil
dren. Adult anemics, on the other hand, tend to adopt a sedentary life
style so that they can function well even though their maximal aerobic 
power is reduced.29 

Conditioning-Induced Iron Deficiency 

Even though conditioning is accompanied by some increase in total Hb, 
endurance athletes sometimes suffer from iron deficiency, which has 
been termed "sports anemia." For a review of this topic see Pate.22 In a 
carefully conducted study, adolescent swimmers who trained extensively 
(14-20 hours/week) without an iron supplement were followed for 2-4 
months. ll Their Hb, hematocrit, and serum iron levels were normal. 
However, the bone marrow was depleted of iron. While these young 
swimmers had normal bone marrow cellularity, a group of older endur
ance runners, who had been practicing for some years, had hypocellular 
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bone marrow. In addition to subnormal production, endurance athletes 
also have an above normal rate of elimination of iron from the body. One 
avenue for such elimination is sweat.28 Another mechanism of excessive 
elimination of iron is by intravascular hemolysis31 (see also Hemo
globinuria-Exertional, below). The above data suggest a need for die
tary iron supplementation for young endurance athletes. This, however, 
should be limited only to those who pursue a vigorous regimen on a 
continuous basis, for months or years. 

Hemoglobinuria-Exertional 

The Phenomenon 

Exercise-induced hemoglobinuria, also called "march hemoglobinuria," 
was first documented in 1881 12 and has since been described among 
long-distance runners and others who perform prolonged, intense activ
ity. It is manifested by red or dark urine, hemoglobinuria, and high 
levels of plasma Hb concentration. It is a benign, reversible disorder that 
does not lead to renal or other complications. 

Although rare among the general population, exercise-induced 
hemoglobinuria is common among athletes. In one survey, 10% of those 
who completed a long-distance race (10-42 km) had exercise-induced 
hemoglobinuria. 16 Exertional hemoglobinemia, without spillage into the 
urine, appears in the majority of long-distance runners. This is particu
larly prevalent among young adults but has been described also in ado
lescents.2.4.6.21 

Possible Mechanism 

Intravascular hemolysis is an obligatory stage for exercise-induced 
hemoglobinuria. The Hb released into the plasma is first bound by 
haptoglobin. The newly formed haptoglobin-Hb complex is removed by 
the reticuloendothelial system, which results in a decrease in plasma Hb
binding capacity and accumulation of free plasma Hb. Hemoglobinuria 
will ensue if the renal "tubular maximum" (i.e., the maximal amount of 
Hb that can be reabsorbed in one minute by the tubuli) has been ex
ceeded. 

The cause of intravascular hemolysis during exercise is not clear. The 
accepted theory is that repeated pounding of the feet or other parts of 
the body causes mechanical damage to red blood cells in the area of 
impact, with eventual hemolysis. The disappearance of hemoglobinuria 
once the runner uses padded shoes or substitutes soft running surfaces 
for hard ones speaks in favor of this "mechanical" theory.2.6.7 A mechani
cally caused hemolysis has been confirmed by in vitro experiments.6 An 
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interesting case is that of a 14-year-old boy with exercise-induced he
moglobinuria and ventricular septal defect. The authors4 suggest that, 
during exercise, the increase in turbulent flow through the defect may 
have caused mechanical damage to the red blood cells and eventual 
hemolysis. 

An alternative explanation12,2o,21 assumes some transitory red cell 
abnormality in susceptible individuals-for example, an increase in 
autohemolysis, increased mechanical fragility, or presence of heat
labile Hb. 

Management 

An individual who complains of red or dark urine following exercise 
should be examined to differentiate exercise-induced hemoglobinuria 
from hematuria, paroxysmal cold hemoglobinuria, paroxysmal noctur
nal hemoglobinuria, and myoglobinuria. Upon diagnosis of exercise
induced hemoglobinuria, the patient should be reassured that this is a 
benign, reversible phenomenon. The most effective treatment is a re
duction of mechanical impact, for instance, padding of soles or choosing 
soft running surfaces. Some athletes may have to change their running 
style to reduce impact. Often, remission is spontaneous. 

Hemophilia 

Rationale for Conditioning 

The main role of conditioning in the hemophiliac child is the prevention 
or reduction of muscle atrophy. Such atrophy is often secondary to joint 
bleeds, pain, guarding, and limited mobility. It can also result from 
direct bleeds into the muscle. 

A recent approach has recognized that exercise may be useful for the 
prevention of bleeds. l4,18 This notion is based upon the assumption that a 
joint supported by strong musculature and ligaments (which also serve 
as shock absorbers) is more stable and less liable to bleeds. Furthermore, 
a supple, fit child can better avoid accidents during daily activities than 
can a clumsy, unfit one. Although the preventive value of conditioning 
in hemophilia is plausible, studies that support it14 are based on uncon
trolled clinical trials. 

One should not overlook the psychologic impact of conditioning. The 
inclusion of sports in the daily life of a child afflicted by an incurable 
disease, like hemophilia, is a major boost to his morale and self-esteem. 
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This may be the only component of therapy that will bring him closer to 
his peers rather than label him as different. 

Recommended Activities 

When commencing rehabilitation of an affected limb, the key principle 
is a gradual increase of resistance and range of movement. Beyond physi
otherapeutic exercises, the best sport to start with is swimming. Water 
resistance helps develop strength at various ranges of motion and pro
vides cushioning to protect a tender site. Movements in this sport are 
relatively slow and therefore easily controllable. 

Swimming does not effectively strengthen the quadriceps, a muscle 
often affected in hemophilia, which requires knee extension against re
sistance for its rehabilitation. Isokinetic devices (e.g., a Cybex machine) 
have been found most useful as the patient can determine the force he 
will exert at a fixed speed. This device, however, is expensive and not 
easily accessible. Pedaling on a cycle ergometer, in which seat height has 
been adjusted to ensure an almost full knee extension, is an alternative. 
A regular bicycle can also be used, providing the child is a proficient 
rider. At a more advanced stage, when the leg can tolerate greater im
pact, running can be undertaken. The same principles apply for muscles 
that are in proximity to other "target joints." In general, any noncollision 
activity is allowable to the patient with hemophilia. 

Risk of Bleeds and Their Prevention 

An ambivalent approach has been taken by clinicians toward physical 
exercise in hemophilia.30 On the one hand, conditioning is an important 
element in rehabilitation; on the other, exertion has been considered 
conducive to injury and bleeding. 

There are no randomized prospective studies that evaluate the risk of 
intense exertion to the hemophiliac. Our own experience and that of 
others9•18 has been that even extremely strenuous noncollision activity 
does not induce any increase in the incidence of bleeds. Not one of 20 
young patients with hemophilia, even at severe levels, had any immedi
ate or delayed bleeding following an all-out progressive continuous test 
on the cycle ergometer, or a 30-sec exhausting pedaling task. We do not, 
however, recommend participation in such collision sports as boxing, ice 
hockey, American football, or rugby, in which intense impact and contu
sion are integral to the activity. 

Adolescents and young adults with hemophilia seem to have a greater 
sense of daring than do younger patients.24 Indeed, we have seen hemo
philiac adolescents and young adults who insisted on taking part in ice 
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hockey or boxing. It will take a great deal of tact to dissuade a youngster 
from participating in a sport of his choice. A knowledgeable and com
passionate physician should be able to suggest alternatives that are chal
lenging but less trauma-inducing. 

With the advent of home-based management, where replacement 
therapy is given by a family member, the objections against participation 
in sports of the child with hemophilia are no longer justified. Parents 
and children should be taught that bleeds due to minor traumata can be 
easily prevented by use of cryoprecipitate or Factor VIII prior to the 
activity. When pain or tightness appear following the activity, a bleed can 
still be aborted by the immediate infusion of replacement therapy. The 
above precautions have been found successful among patients with mild, 
moderate, and severe hemophilia. 

Sickle-cell Anemia 

In addition to their anemia, sickle-cell homozygotes have other patho
logic changes that may adversely affect their response to exercise. These 
include cardiomyopathy, microscopic pulmonary infarctions and shunt
ing, and isosthenuria (inability to concentrate urine by the kidney), 
which may lead to hypohydration. O2 saturation of blood at rest and 
during exercise is subnormal in these patients, even when compared 
with other anemic individuals with an identical Hb concentration.25 In 
addition, patients with sickle-cell anemia have exceedingly high blood 
viscosity, which may increase resistance to blood flow. 

Few data are available to show that children with sickle-cell disease1,!7 
or with sickle-cell trait!3 have a deficient work performance. Peak me
chanical power in such patients is about 30-40% lower than among 
healthy (black) controls. 

Ischemic ECG response is common during exercise among children 
with sickle-cell anemia. In one study among 5- to I8-year-old patients, 
15% had ischemic changes and another 34% responded with "question
able" ischemic changes.! These ST abnormalities do not denote perma
nent myocardial damage, as confirmed by post-mortem studies. The 
exercise-induced ischemic changes are usually not accompanied by chest 
pain, dysrhythmia, or a vaso-occlusive crisis. It is possible, however, that 
some of the chest- or abdominal-pain typical to this disease does result 
from exercise-induced myocardial ischemia.!7 

Based on the reversible nature of exercise-induced changes in sickle
cell anemia, we recommend that the patients be allowed to exercise at 
will. Their advanced anemia and low maximal aerobic power will serve 
as a "natural brake" on their activities. Those who complain of exercise
induced chest or abdominal pain should be given an exercise test with 
ECG monitoring. 
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Thalassemia Major 

Exercise performance of patients suffering from this genetic disease is 
subnormal, possibly due to the following reasons: 

1. Low hemoglobin concentration. 
2. Myocardial involvement due to multiple blood transfusions. 
3. Skeletal abnormalities typical to the disease. 
4. A sedentary lifestyle. 

Not enough data are available to determine which of the above causes is 
paramount in the low working capacity of patients with thalassemia. 
Their low motivation to exert lO has made it hard to interpret the results 
of all-out stress tests. An attempt to use isometric hand-grip as a 
stressor l9 did not elicit a high enough stress on the cardiovascular system 
to obtain sufficient information on its response to exercise. Preliminary 
data (Mansell, personal communication) show that the "anaerobic 
threshold" of adolescents with thalassemia is low, suggesting that they 
must resort to anaerobic metabolic pathways at low levels of exercise. 
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9 
Climate and the Exercising 
Child 

Introduction 

In the preceding chapters, physical exertion has been discussed in isola
tion from other stressors. For the sake of simplicity, we analyzed chil
dren's responses to exercise in a "neutral" climate: neither too cold nor 
too warm, neither very humid nor very dry. Yet such conditions are 
quite hypothetical. In many geographic regions climate is not neutral 
and may impose upon the child an added environmental stress, espe
cially during outdoor exercise. 

Climate can playa major, even crucial, role in performance, subjective 
comfort, and health. Abundant data are available on the combined ef
fects of exercise and climate on adults, with relevance to industry, sports, 
and the military. Even though children are habitually more active than 
adults and perform many of their recreational activities out of doors, 
their response to exercise in hostile climates has not been thoroughly 
studied. 

In this chapter we shall first introduce basic physical and physiologic 
concepts of thermoregulation and acquaint the reader with the nomen
clature used by the environmental physiologist. 

Theoretically-according to geometric and functional principles
children are less efficient thermoregulators than are adults, especially in 
extreme climatic conditions. An analysis of this topic follows, with data 
on heat acclimatization, heat and cold tolerance, and water and electro
lyte balance in exercising children. 

Certain children are at special risk of acquiring such heat-related ill
nesses as heat stroke or heat exhaustion. The problems encountered by 
such high-risk groups are discussed, as well as the precautions to be 
taken for their prevention. The chapter concludes with recommenda
tions for the conduct of athletics in a hot climate. 
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Some Concepts in Thermoregulation 

Heat Stress and Heat Strain 

Climatic "heat stress" denotes a combination of environmental condi
tions that stress the thermoregulatory system. "Heat strain," on the other 
hand, is the physiologic and mental response to heat stress. Two individ
uals exposed to an identical peat stress may respond with a different 
heat strain. 

Ambient temperature is just one component of climatic heat stress, 
and not necessarily the most important. Other components are air hu
midity, air movement (wind), and radiant heat. The main source of the 
latter is solar radiation, but such heated objects as artificial turf can also 
generate marked radiant heat. 

Various heat stress indices have been constructed that include one or 
more of the above components. A popular index, originally designed for 
the military but also utilized in industry and sports, is the Wet Bulb 
Globe Temperature (WBGT). This incorporates air temperature, hu
midity, and radiation as measured by three thermometers: a dry bulb 
(DB), a wet bulb (WB), and a black globe (G): 

WBGT = 0.7 WB + 0.2 G + 0.1 DB 

In this index, air temperature accounts for only 10% of heat stress, while 
humidity is taken as 70%! The implication is that a highly humid and 
mildly warm day can be more stressful than a very hot but dry one. For 
indoor use, when radiant heat is less important, the index is called WBT, 
taken as 0.7 WB + 0.3 DB. Psychrometers that monitor WB, DB, and G 
can be operated in the field by the coach, teacher, or team physician. 

Another index, the "effective temperature," combines humidity, am
bient temperature, and air velocity and is especially suitable for indoor 
use. Others take into account the type of clothing (which may interfere 
with sweat evaporation and heat dissipation) and the type and intensity 
of physical activity. A detailed description of these indices is available.64 

Heat strain components include sweating rate, rectal and skin temper
atures, and heart rate. Other functions such as skin blood flow, cardiac 
output, or ventilation playa role in thermoregulation but are less often 
measured. Mental functions considered to reflect heat strain are mental 
acuity and perception of heat intensity. 

Heat Production and Heat Exchange 

Living cells continuously generate heat. A major component of this 
metabolic heat (M) is generated by muscle, in proportion to the intensity 
and duration of muscular activity. Some 75-80% of the chemical energy 
used for muscle contraction is converted into heat. Dissipation of this 
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heat (which may exceed 10 times the resting metabolic rate) is a major 
challenge to the thermoregulatory system during exercise. 

Heat can penetrate the body from the environment through conduc
tion (Cn), convection (Cv), and radiation (R). It can also be dissipated 
from the body by these three avenues. The direction and intensity of 
such heat transfer depends on the temperature gradient between skin 
temperature and ambient temperature (for Cn and Cv) and on the gradi
ent between skin temperature and the surrounding objects (for R). An
other avenue for heat dissipation is evaporation (E) of sweat, or of water 
from the epidermis and from the respiratory mucosa. Evaporation of 
one liter of water requires 580 kcal (2430 kJ) at 33°C. It is especially 
important during intense exertion or whenever ambient temperature is 
high and dissipation by Cn, Cv, or R becomes ineffective. The efficiency 
of evaporative cooling depends largely on sweating rate, but also on 
water vapor pressure in the air (high humidity attenuates evaporation), 
wind velocity, and air temperature (stronger wind and warmer air both 
enhance evaporation). Because of the insulative quality of air, heat trans
fer by Cn between air and skin is negligible. During water immersion, 
however, Cn is a major avenue for heat exchange: thermal conductivity 
of water is 25 times that of air. 

The above components of heat generation and transfer can be put 
into a "heat balance" equation: 

M ± Cn ± Cv ± R - E = S 

in which S denotes heat storage within the body. When S is zero, heat 
generation and penetration equal heat dissipation and the body is in 
thermal balance. A negative S indicates heat loss. Ordinarily, this will not 
occur during exercise (even on a cold day) unless it is performed in 
water. 

Physiologic and Behavioral Means of 
Thermoregulation 

There is a narrow range of climatic conditions, termed "neutral zone," in 
which metabolic heat is passively dissipated to the surroundings. The 
body is then kept in thermal balance without active participation of the 
thermoregulatory apparatus. This zone is not constant. It will vary 
among and within individuals depending on their activity level, clothing, 
body surface area, and amount of subcutaneous insulating fat. In a 
resting naked individual of average adiposity, the neutral zone is 25-27° 
C, 50-60% relative humidity. Any deviation from this neutral zone will 
induce, via hypothalamic centers, a physiologic response. When heat 
stress rises mildly, vasodilatation takes place in the skin, thus increasing 
convection from body core to the periphery. Skin temperature then 
rises, facilitating better heat dissipation by convection, conduction, and 
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radiation. When heat stress further increases, sweat is produced by the 
eccrine glands and spreads over the skin so that heat is also dissipated by 
evaporation. This is the single most important means for heat dissipa
tion during exercise. When the climate is mildly cool, peripheral vaso
constriction takes place, decreasing convection from core to skin and 
reducing heat dissipation. In addition, the resting metabolic rate rises. 
Further environmental cooling will induce shivering (i.e., rhythmic, in
voluntary, and uncoordinated muscle contractions), which generates 
heat and compensates for heat loss. 

Thermoregulation is achieved not only by physiologic processes but 
also by behavior. Migration of birds, wetting of fur, and daytime shelter
seeking of desert animals are just a few examples from the animal king
dom. Humans resort extensively to behavioral means when confronted 
by heat or cold stress. These include the use of clothes to increase insula
tion; the seeking of shade or the wearing of a hat to reduce solar radia
tion; using fans to increase evaporation; or curling up in bed to reduce 
the effective surface area of the body. Behavioral means of thermo
regulation allow us to widen the range of climates in which we can 
function and are instrumental in the proper conduct of athletic activities 
and for prevention of heat-related illness. 

Characteristics of Children 
Relevant to Thermoregulation 

Figure 9.1 is a diagram comparing heat production, penetration, and 
dissipation of an 8-year-old child and a young adult. Although the child 
has a smaller absolute surface area, his surface area per unit mass is 
some 36% greater. Because heat flux between two objects depends on 
their area of contact (or, in the case of R, the effective surface area), heat 
transfer to and from the body is greater in the child than in the adult for 
a given unit mass. The difference is depicted in the diagram by the 
length of the arrows for conduction, convection, and radiation. The 
higher the temperature gradient between air and skin, the greater the 
difference in heat flux. In practical terms, the geometric difference is an 
asset to the child in mildly warm environments (when ambient tempera
ture is still lower than skin temperature) or during intense exercise 
performed in mildly cool weather, when greater heat dissipation is ad
vantageous. However, it becomes a liability in climatic extremes, when 
heat transfer should be minimized. In spite of their larger surface area, 
children have a lower sweating rate and their evaporative capacity is 
deficient. 

Children expend more chemical energy per unit mass than do adults 
while performing similar tasks (see Figs. 1.5 and 1.6 and Chapter 1). As a 
result they produce greater metabolic heat per kilogram body weight 
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Figure 9.1. Schematic presentation of heat production and transfer in a child and an adult. 
Co = conduction, Cv = convection, R = radiation, E = evaporation, M = metabolic heat 
production, SA = surface area of body. Length of arrows represents rate of heat transfer per 
unit mass. Reprinted with permission from Bar-Or (Ref. 26 in Chapter 1). 

which, during intense exercise, subjects their thermoregulatory system 
to a greater strain. 

Another potential handicap for the child is his lower cardiac output at 
a given metabolic rate (see Chapter 1, section entitled Cardiac Output 
and Stroke Volume). This may cause insufficient blood flow to internal 
organs36 and intolerance to prolonged activity.31 Furthermore, during 
intense activities (when cardiac output approaches maximum), blood 
flow to the skin will be insufficient, with a resultant deficit in heat trans
fer from core to periphery. 

The above theoretical considerations suggest that in mild climatic 
stress one need not anticipate age- or size-related differences in thermo
regulation. In climatic extremes, however, children are a priori at a dis
advantage. 

Sweating Pattern 

Sweating Rate 

The sweating apparatus is apparently fully developed by the third year 
of life,60 but even so children perspire less than adults.6,31,36,47,49,9o,97,98 
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The lower sweating rate of children is apparent not only in absolute 
terms but also when normalized for a unit surface area, as shown in Fig. 
9.2. While prepubescents seldom produce more than 400-500 ml sweat 
per square meter per hour, adults exposed to identical conditions pro
duce as much as 700-800 mllm2 x hr. Young women perspire more 
than girls,36,37 but the difference is smaller among males. A relationship 
between sweating rate and the concentration of circulating androgens 
has been suggested55 but not confirmed. 

Heat-activated Sweat Glands 

The total number of eccrine sweat glands in humans seems to become 
fixed at age 2, at about 2-2.3 million.55 Their recruitment during exer
cise or exposure to heat is cyclical,6o,79 with some 1-1.7 million glands 
being activated at any given time.8 

Do children perspire less because they activate fewer glands or because 
oflower sweat production by each gland? As seen in Fig. 9.3, the popula
tion density of active glands is greater in children than in adolescents or 
adults. It is, therefore, the output per gland rather than the number of 
glands that limits the sweating rate of children. Whether at rest,55 during 
exercise-in-the-heat,49 or during pilocarpine ionthophoresis,48 sweat ex
cretion per gland is 2.5 times higher in adults than in children. Figure 
9.4 is an example of such a comparison. 

It is not clear why sweat output per gland is smaller in children. In 
part, it may result from a smaller duct length and cross-sectional area of 
the COil,61 but neural and hormonal causes cannot be excluded. Sweat 
output per gland in females is less dependent on age than in males.8 
This again suggests that circulating androgens may have some influence 
on the control of sweating. 

Functional Implications 

Is the lower sweating rate in children an advantage or a handicap? 
Children's greater reliance on heat dissipation via convection, conduc
tion, and radiation and their lesser dependence on evaporation is an 
economical thermoregulatory pattern that minimizes water loss. On the 
other hand, their lower sweating rate can be looked upon as a functional 
handicap because of a lower evaporative capacity. Insufficient evapora
tion results in high skin temperature and a less favorable temperature 
gradient for convection of heat from body core to periphery, as seen in 
Fig. 9.5. One can further see in this figure that children require a greater 
increase in core temperature to start perspiring, which suggests a higher 
hypothalamic threshold. 
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Figure 9.2. Development of sweating rate. Forty boys 7-16 years old exercised at moder
ate intensity (heart rate 160-170 beats/min) on the cycle ergometer, at 29°C, 60% relative 
humidity. Exercise time was 15-35 min. The arrow indicates the age at which pubertal 
changes were first noted. Data by Araki et al. 6 Reproduced with permission from Bar-Org; 
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Figure 9.3. Relationship between population density of heat-activated sweat glands and 
body surface area, at rest or following exercise in 165 children, adolescents, and young 
adults exposed to a dry climate. Reproduced by permission from Bar-Or,e 
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Figure 9.4. Sweating characteristics and age. Sweating rate, population density of heat
activated sweat glands, and calculated sweat production of a single gland. Data on 158-
to 10-year-old boys and 1620- to 23-year-old men who exercised intermittently at 50% of 
maximal O2 uptake in dry heat (43°C, 20% RH). Adapted from Bar-Or,s based on data by 
Inbar.49 

In conclusion, although their low sweat production helps children 
conserve water, it hampers their ability to sustain high metabolic produc
tion in a hot climate. 

Heat Tolerance 

What Is Heat Tolerance? 

Heat tolerance is the ability to sustain optimal function during exposure 
to heat stress. Various criteria have been developed for heat tolerance as 
related to industry, the military, or space-oriented research (see 
Leithead and Lind64 ). 

One criterion used for exercising children is the climatic heat stress 
beyond which a prescribed task cannot be completed. Incompletion is 
determined either by the appearance of dizziness, aggressiveness, apa
thy, disorientation, nausea, exhaustion, marked headache, or abdominal 
cramps or by heat strain indicators (e.g., rectal temperature higher than 
39.4°C, heart rate exceeding 90% of maximum). 

Heat Tolerance-Children VS. Adults 

Table 9.1 summarizes studies in which heat tolerance was compared 
between exercising children and adults. These consistently show the 
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Figure 9.5. Sweating rate and increase in mean skin temperature in relationship to in
crease in rectal temperature. Comparison between seven 9-year-old boys and seven 20-
year-old men who performed a continuous exercise task on the cycle ergometer at 29°C, 
60% RH. Adapted from Araki et al.6 Reproduced with permission from Bar-Or (Ref. 26 in 
Chapter 1). 

lower ability of the children to complete their task in a hot climate. An 
example is presented in Fig. 9.6. While children have low tolerance to 
extreme heat (air temperature exceeding 45°C, effective temperature 
exceeding 30°C), they thermo regulate as effectively as adults when exer
cising in neutraPl ,43 or in moderately warm36,46,47,49 climates. The possi
ble causes for children's relative intolerance to exercising in extreme 
heat are discussed in the section entitled Characteristics of Children 
Relevant to Thermoregulation, above. 

Little information is available on tolerance levels to heat when exercise 
is intense and short. Performance of a 30-sec supramaximal cycling task 
(the Wingate anaerobic test) was not adversely affected by warm-humid 
(39°C, 90% RH) or hot-dry (39°C, 25% RH) climate in 10- to 12-year-old 
girls and boys.35 
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Figure 9.6. Heat tolerance of girls (n = 12) and women (n = 29). Changes in rectal 
temperature during an exposure to extremely hot climate (50°C, 15% RH). Subjects walked 
intermittently at 4.8 km/hr. Reproduced by permission from Bar-OrB Based on data by 
Haymes et al46 and Bar-Or et al. 13 

Cold Tolerance 

Exposure to the cold may result in local skin cooling and in generalized 
heat loss. Local cooling with an eventual cold-related injury (such as 
frostbite) may occur both at rest and during exercise. Skin sites com
monly affected are the chin, cheeks, ears, fingertips, and toes. In con
trast, generalized body cooling is seldom a problem during exercise, 
because metabolic heat production, if intense enough, more than com
pensates for heat loss from the skin. Generalized cooling becomes a 
problem whenever activities are not intense metabolically, such as in 
mountain hikes, or snow-shoeing (see discussion below for aquatic activi
ties). 

In this context, one should be aware of the "wind-chill" concept: the 
effect of cold on the skin, as well as on overall heat loss, is greatly 
dependent upon the wind. For example, during exposure to O°C, a wind 
of 24 km/hr will affect the exposed skin, causing heat loss as though the 
actual air temperature were minus 10.SoC. The equivalent wind-chill 
factor at 40 km/hr mind will be minus 16°C. A wind effect is created not 
only by the blowing wind but also by the moving individual. Thus, in 
calm air of minus 10°C the wind-chill factor is minus 31 °C for a skater or 
a skier who advances at 40 km/hr. A young cross-country skier should be 
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advised to cover his head, including his face, when the wind-chill factor 
drops to minus 20-23°C.73 

When activity is intense, core temperature will not decline and will 
often rise, even if exercise is performed on a cold day. In such strenuous 
prolonged races as marathon runs, core temperature may reach 40-
42°C even when the effective temperature is as low at 5°C.94 Another 
example is cross-country skiing in which one sweats profusely due to 
body heating even when clothing is light and the ambient temperature is 
below freezing. In such intermittent activities as ice hockey, there is an 
overall high level of metabolic heat production and, even while off the 
ice, the child is in no danger of body cooling.65,75 

An exception to the above occurs when exercise is performed in water. 
During land exercise heat is dissipated primarily by evaporation of 
sweat, whereas during swimming it is lost mostly by conduction. Heat 
conductance of water is 25 times and specific heat 1,000 times that of air. 
Thus, heat loss from the skin may be as much as 30 times higher during 
swimming than it is during cycling. 74 

Figure 9.7 presents an experiment in which 8- to 19-year-old club 
swimmers of both sexes swam in 20.3°C water at a speed of 30 m/min. 
This corresponded to a metabolic level of four to five times their resting 
metabolic rate. While most of the older participants managed to main-
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Figure 9.7. Rate of cooling of body core during swimming (20.3°C water) in relationship to 
age. Subjects were 16 eight- to 19-year-old female and male trained swimmers. Adapted 
by permission from Sloan and Keatinge.B9 
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tain their core temperature at pre-swim levels, the younger swimmers 
had a 2-3°C drop in core temperature. Furthermore, the older swim
mers stayed in the water for about 30 min, whereas the youngest had to 
leave after 18-20 min due to a marked subjective distress.57,89 The in
ability of the young swimmers to sustain their activity in cool water was 
related to their higher surface area per heat-producing unit mass and 
especially the lower thickness of their subcutaneous fat. Adipose tissue 
has the highest insulative capacity of any body tissue. The thicker the fat 
layer, the better insulation it provides to the swimmer,15,56 especially 
when blood flow to the skin is reduced. 

Water temperature in swimming pools is usually kept at above 25°C, 
but there are still many children who swim outdoors at below 20°C. The 
question of excessive cooling in young swimmers is therefore not merely 
academic. It is possible that the extreme cold-induced distress forces 
swimmers out of the water before hypothermia becomes dangerous. 
Still, a potential risk exists for a lean, overzealous, small-sized swimmer 
who may be reluctant to leave the water in spite of impending danger. 
Coaches and health practitioners should be aware of such a possibility. 
Early warning signs to look for are euphoria and disorientation. 

Acclimatization to Exercise in the Heat 

Heat Acclimatization-What and How? 

Acclimatization to heat comprises those adaptive changes that result 
from continuous or repeated exposures to heat stress. It is manifested by 
improved thermoregulation and physical and mental performance, and 
thermal comfort. This process is particularly important to those individ
uals who are abruptly confronted with a warmer environment, whether 
due to a heat wave or when traveling to a warmer geographic region. 
During the unacclimatized state, physical and mental tasks are per
formed at the cost of a greater physiologic strain. Attempts to perform 
intense prolonged activities during this stage increase the risk for heat
related illness (see also Insufficient Acclimatization, below). 

The major physiologic changes that take place progressively during 
acclimatization are: decrease in heart rate and rectal and skin tempera
ture at a given metabolic level; increase in sweating rate and in the 
sensitivity of the sweating apparatus to increments in core temperature; 
and a drop in electrolyte (especially Na+ and CI-) concentration in the 
sweat. Rating of perceived exercise intensity is reduced and there is a 
general increase in thermal comfort. 

In adults, a reasonable degree of acclimatization can be achieved fol
lowing four to seven exposures to the combined stresses of heat and 
exercise. Effective exposures should last 1-4 hours each, at a rate of 
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three to seven per week. The intensity of exercise should be gradually 
increased such that by the end of acclimatization one can perform at par 
with one's performance in the cooler climate. The acclimatized state can 
be retained for up to 7-10 days without further exposure. It is then 
gradually lost. 

Acclimatization-Children VS. Adults 

Young teenagers acclimatize to exercise in the heat, but to a distinctly 
lesser degree than older adolescents or young adults.98 The ability of 
boys 8-10 years old to acclimatize to exercise in dry heat, compared with 
20- to 23-year-old men, has been extensively studied in the author's 
laboratory in IsraeI.12.49.50.51.52 Body temperatures (Fig. 9.8) and heart 
rate declined and sweating rate increased to the same degree in both 
groups during a 2-week acclimatization program. The main age-related 
difference was in the rate of acclimatization: while the adults reached a 
certain level of acclimatization within two sessions, the children needed 
four to five sessions for a similar result. This relatively sluggish response 
is depicted in Fig. 9.9. A similar "delay" in response was found for the 
sensitivity of the sweating apparatus to changes in core temperature.49 

Children can acclimatize, to some extent, when they exercise in neutral 
environments, and when they rest in hot climates.5o.52 In adults such 
protocols are only partially effective. 

It seems, therefore that children lag behind adults in the rate of physi
ologic acclimatization and therefore require a longer and more gradual 
program. On the other hand, they acclimatize (although slowly) under 
less stringent protocols than are commonly recommended for adults. 

Perceptual Changes with Acclimatization 

There is a subjective component to acclimatization. Concurrently with a 
decrease in physiologic strain, lassitude disappears and there is an im
provement in general well-being. To gauge such subjective improve
ment, children in the above project were asked to rate the intensity of 
exercise that they were performing,12 using the rating of perceived exer
tion (RPE) of Borg (see Chapter 1, section entitled Perceptual Change 
and Age). Even though power load and environmental conditions were 
identical in all exposures, the rating markedly declined from one session 
to another, indicating that the same task seemed gradually easier. Fig. 
9.10 is a comparison of such changes between children and adults. The 
ratio RPE/HR is taken to represent subjective difficulty at a given physi
ologic strain. The rate of decline in RPE/HR during the 2-week program 
is faster in the children, reaching lower final levels than in the adults. 
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Figure 9.8. Heat acclimatization 
of boys (n = 9) and young men 
(n = 9). Changes in rectal (Tre) and 
mean skin (Tsk) temperatures dur
ing a 2-week acclimatization pro
gram. Values are as obtained at the 
end of each six 80-min exposures 
to 43°C, 21 % RH. Subjects cycled 
intermittently at 40-50% of their 
maximal O2 uptake. Vertical lines 
denote 1 S .E.M. Reproduced by 
permission from Inbar.49 

This phenomenon implies that even though children's physiologic accli
matization is slow, their subjective improvement is faster than adults'. 

While subjective well-being may be looked upon as an advantage, it 
may also signify a potential hazard: whereas the insufficiently acclima
tized adult will be reluctant to exert in the heat, a child who is not yet 
acclimatized may be more daring, in spite of a marked objective strain. 
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Figure 9.9. Rate of heat acclimatization in boys (n = 9) and young men (n = 9). Changes 
in rectal temperature (Tre), mean skin temperature (1sk), heart rate (HR), and sweating 
rate (SR) during a 2-week acclimatization program. Values are presented as percent of 
final acclimatization, baseline being 0%. Conditions and protocols as in Fig. 9.8. Sche
matic adaptation from Bar-0r.8 Reproduced with permission from Bar-OrB Copyright Amer
ican Academy of Pediatrics, 1983. 
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Figure 9.10. Changes in the ratio of rating of perceived exertion/heart rate (RPE/HR) 
during a 2-week acclimatization program in boys and adults. The "ex + heat" groups are 
as shown in Figure 9.B. The controls were seven boys and seven adults who were tested on 
the first and last days of the program but not exposed to exercise and heat in between. 
Reproduced by permission from Bar-Or.8 Based on data by Bar-Or and Inbar. 12 

Fluid and Electrolyte Balance 

Water Shifts During Exercise 

At the start of strenuous exercise, plasma volume drops by about 10-
15%. Some decline is evident as early as 10 sec following the onset of a 
highly intense exercise83 and is probably due to an increase in intra
capillary hydrostatic pressure. Another mechanism that follows and 
causes further escape of water from the intravascular compartment is 
hyperosmolarity of the interstitial compartment, secondary to efflux of 
K + and metabolites from the contracting muscle fibers. Exercise of pro
longed duration (30 min or more), if not accompanied by sufficient fluid 
intake, results in a further, slow decline in plasma volume.27 This decline 
reflects total body dehydration, mostly due to sweat loss. It may also 
result from further osmotic drive. In dry climates, or during exposure to 
high altitude, large amounts of water are evaporated from the upper 
and lower airways. If dehydration is prevented by adequate fluid replen
ishment, there will be no further drop in plasma volume. When fluid is 
fully replenished during a 90-120 min exercise, plasma volume rises 
gradually and eventually reaches its pre-exercise level. 28 

Urinary output declines during exercise, which partially compensates 
for sweat loss. Such a decline results from a reduced renal plasma flow 
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and glomerular filtration rate. Urinary output is further reduced with 
dehydration secondary to increased antidiuretic hormone activity. In 
contrast, sweating rate is not reduced during progressive dehydration 
(Fig. 9.11) as long as the fluid deficit does not exceed 5-6% of initial 
body weight. It seems that to support heat dissipation and thermal bal
ance the body surrenders its fluid balance. 

Electrolyte Loss During Exercise 

Human sweat contains more than 99% water. Its electrolyte concentra
tion is invariably lower than in the extracellular fluid. Sweat osmolality of 
adults seldom exceeds 180 mOsm/liter28 as compared with about 300 
mOsm/liter in their body fluids. In children and prepubertal adolescents 
sweat is even more hypotonic,6,34 as shown in Fig. 9.12. Sweating there
fore is always accompanied by an increase in osmolarity of body fluids . 
Concentration in the sweat of Na+ and Cl-, but not of K +, increases with 
the increase in sweating rate. In contrast, ionic concentration of Mg++ 
and Ca++ decreases at high sweating rate.27 Conditioning and -acclimati-
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Figure 9.11. Sweat production and fluid deficit. Eleven 10- to 12-year-old boys rode 
intermittently on a cycle ergometer for 3.5 hr. In one session (0) they fully replenished their 
fluid losses, while in the other (e) they progressively dehydrated. For details see text 
section entitled Voluntary Dehydration. Mean values ± 1 S.E.M. Reproduced by permis
sion from Bar-Or et al. lO 
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Figure 9.12. Development of salt 
concentration in sweat. Subjects 
and conditions are as in Fig. 9.2. 
Sweat was collected from the 
pectoralis area. Data by Araki et 
al.6 

zation to heat both induce a decrease in ionic concentration of sweat, in 
spite of an increase in sweating rate. Even though sweat is hypotonic, 
prolonged and repeated exercise in hot weather can induce marked salt 
loss, particularly in N aCl. 

Hypohydration 

The marked fluid shifts that occur with exercise, especially when sweat
ing rate is increased, may result in a fluid deficit. Such a state of fluid 
deficit will be referred to as "hypohydration." The actual process during 
which negative fluid balance takes place will be called "dehydration." In 
this section we shall first describe two types of dehydration that are 
common in physically active children and then discuss the implication of 
hypohydration to the performance and well-being of the child. Hypo
hydration, which accompanies several diseases, will be discussed later. 

Voluntary Dehydration. It has long been recognized76 that people who 
exercise in hot climates do not drink sufficient amounts to replenish 
fluid loss, even when allowed to drink ad libitum. The term "voluntary 
dehydration" has been coined for such a phenomenon.82 In adults, fluid 
deficits due to voluntary dehydration ranged between 1.5 and 7% of 
initial body weight, depending on the climate, duration and intensity of 
the activity, and the type of fluids used for replenishment. Some striking 
examples are available from marathon races: among 63 runners who 
completed a race, mean sweating rate was 0.96 liter/hr and fluid intake 
only 0.13 liter/hr. The result was a fluid loss of 5.2% of initial body 
weight. The winner of the race had a 6.9% fluid 10ss.77 

Voluntary dehydration has been also documented in children who 
exercised in dry heat (39°C, 45% RH) without being forced to drink. 1O 

Figure 9.13 presents a comparison of the fluid loss of these boys when 
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Figure 9.13. Voluntary dehydration in children cycling intermittently in dry heat. Cumula
tive fluid loss during 3.5 hr in 11 ten- to 12-year-old boys. 0 denotes forced drinking 
regimen .• represents voluntary drinking regimen. Vertical lines = 1 S.D. Reproduced by 
permission from Bar-Or et al. 10 

forced to drink periodically and when allowed to drink ad libitum. Al
though sweating rate was virtually identical in both exposures (Fig. 
9.11), fluid intake in the voluntary drinking exposure was only 66% of 
the intake needed to replenish sweat and urinary losses. Urinary output 
in that session was only 68% of the respective output during the forced
drinking session, but this was not enough to prevent hypohydration. We 
can assume that the fluid deficit would have been greater had the session 
lasted longer. 

Deliberate Dehydration. Another type of dehydration occurs when in
dividuals deliberately induce a negative fluid balance, either by depriv
ing themselves of fluid intake or by inducing excessive fluid loss. Deliber-
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ate dehydration is common among athletes who wish to "make weight" 
just prior to competition (wrestlers, weight lifters, boxers, judo competi
tors, and horse jockeys). The most common procedure is to induce 
sweating, but some individuals reduce fluid and food intake, take diuret
ics or laxatives, and even induce vomiting! In North America deliberate 
dehydration is often found among school-age wrestlers. 

In a survey among 10% of all interscholastic high school wrestlers in 
Iowa,96 body weight was measured repeatedly until "weighing in" time. 
Most wrestlers lost 5-7% initial body weight during the last 10 days prior 
to competition. Eight percent of them lost 10% or more. It is safe to 
assume that most of the weight loss represented fluid rather than calorie 
deficit. Especially disheartening was the marked loss among the very 
lightweight categories (47 kg or less), which in some youngsters reached 
15%. Most of these athletes consulted a friend or a coach, but not a 
physician, as to the best way of reaching their target body weight. 

Implications for Performance and Health. Hypohydration results in 
physiologic dysfunctionl.5.IO.26.27.28.101 and is often detrimental to perfor
mance and health. There is a reduction in plasma volume, stroke vol
ume, cardiac output, renal blood flow, glomerular filtration rate, and 
liver glycogen content. With exercise, water depletion is proportionately 
greater in the extracellular than in the intracellular compartment. Heart 
rate at rest and in submaximal exercise is elevated. Rehydration within 
one hour following 4-5% hypohydration can effect a return to normal 
in the hemodynamic function of _high school wrestlers. I 

There is an electrolyte deficit, especially N a + and CI-, but also K + , 
Ca++, and Mg++. Such losses notwithstanding, plasma concentration of 
these ions may be elevated due to hemoconcentration. Body fluid osmo
lality is at first high but, with intake of water, may eventually become 
normal. 

Thermoregulation may become inefficient when the triad heat stress, 
exercise, and hypohydration is in effect. Convection by blood of heat 
from body core to skin is particularly disrupted. This results in a rise of 
core temperature, which is proportional to the fluid deficit. Figure 9.14 
is a comparison of changes in rectal temperature between children and 
adults who progressively dehydrated during exercise in the heat. For 
each 1 % weight loss, the adults had a 0.15°C rise in temperature, com
pared with 0.28°C in the children. lo It is not clear whether this greater 
increase in body heating has clinical significance. At mild to moderate 
hypohydration (up to 5%), sweating rate remains fairly constant, 11.26 (see 
Figure 9.11) but at higher levels of hypohydration, or when plasma 
osmolality is markedly increased, there may be a reduction in sweat 
output, which further impedes heat dissipation. 

Decrements in performance that accompany hypohydration include 
reduction in muscular strength,16 in the time that strenuous activity can 
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Figure 9.14. Relationship between rise in rectal temperature and level of hypohydration in 
children and adults exposed to exercise in dry heat. Adapted by permission from Bar-Or et 
al. lO 

be sustained,26,84 and in mental alertness.63 Maximal O2 uptake is not 
reduced84.unless hypohydration is extreme. Reaction time to visual cues 
is not prolonged.63 Anaerobic capacity, as measured by the 30-sec 
Wingate anaerobic test, is not affected by hypohydration of up to 5%.53 

To the clinician, hypohydration should always signal danger as a dis
ruptor of thermoregulation (see Pediatric Health Hazards in Hot Cli
mates, below). There are no data on the effect upon growth of repeated 
hypohydration, but such a possibility cannot be ignored in youngsters 
who repeatedly disrupt their fluid and mineral balance. In addition, 
chronic loss of K + in sweat and urine may contribute to muscle fatigue 
and cramps. 

Water and Electrolyte Replenishment 

To minimize hypohydration and electrolyte losses, fluid replacement 
must become part and parcel of the conduct of any prolonged physical 
activity. This axiom has been applied in industry, in the military, and in 
sports. Any inhabitant of warm climates soon recognizes the necessity 
for proper drinking habits.3o,95 

In an attempt to replenish fluid and electrolyte losses, one must con
sider the following: 

1. Fluids must be selected that do not quench thirst but, instead, stimu
late further drinking. 
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2. In the exercising individual, gastric emptying should be rapid in 
order to avoid fluid stasis and gastric distension. 

3. Fluid quantity must be sufficient to replenish any previous deficit 
and, preferably, to anticipate further losses. 

4. Mineral content in the fluid should not be exaggerated. It must be 
coordinated with dietary intake. 

Although water is an adequate fluid for immediate replenishment, it 
quenches thirst and does not stimulate further drinking. In contrast, 
flavored drinks promote thirst and are therefore preferred. A common 
fallacy in nutrition is that cold water should not be taken when an indi
vidual is tired and sweaty. There are no documented reports on any 
detrimental effects of cold water before, during, or after exercise. Cold 
drinks have the advantage over tepid or warm drinks because they are 
emptied faster from the stomach29 and are more palatable. The direct 
cooling effect of a cold fluid is minimal when its dilution in the total 
water compartment is calculated. Even so, such cooling may sometimes 
give the edge on a very hot day. 

Although large volumes of fluid cause faster emptying from the stom
ach than smaller amounts, the former can cause temporary abdominal 
"heaviness," which is not well tolerated during sports. Smaller volumes 
of fluid are therefore recommended, even though they must be taken 
more often. An II-year-old child, for example, who loses 400 ml water/ 
hr should have 100 mll15 min rather than 200 mll30 min. Once dehy
dration starts, its reversal during exercise is hard. It is therefore essential 
to ascertain adequate hydration prior to the beginning of exercise and 
then not to wait more than 15-20 min with the first drink. For children 
who participate in long-distance road races, the official drinking stations 
are often too far apart and start too late in the race. Special drinking 
arrangements may have to be made for these young runners. 

The osmolarity of ingested fluid may determine gastric motility and 
emptying. A solution containing 20 mEq/liter of salt, for example, will 
be emptied faster than water. Fluids with high salt content, however, will 
retard gastric emptying, as will sugar solutions which exceed 200 mosm/ 
liter (i.e., 25 g/liter glucose).29 Addition of salt in liberal amounts to the 
regular diet is practiced by many athletes, often in the form of salt 
tablets. Such a habit is not beneficial for children and may even be 
detrimental, for the following reasons: 

1. Plasma aldosterone activity is markedly increased during acute exer
cise such that Na+ is conserved by the kidney.27 In heat-acclimatized 
people, it is also conserved by the sweat glands. Thus, habitual exer
cisers who are heat acclimatized often have a positive Na+ balance, 
even when not adding salt to their regular balanced diets. 

2. For occasional exercisers, salt content in most diets is high enough to 
balance sweat and urinary losses. 
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3. Sweat is invariably hypotonic, and body fluids during dehydration, 
hypertonic. Ingestion of too concentrated solutions will increase the 
hypertonicity of the interstitial space and induce further depletion of 
the intracellular compartment. 

4. Children's sweat is more dilute than is adults'. 
5. Studies of K+ balance, tallying intake, sweat, and urine losses, have 

shown that K + can be fully preserved by a regular balanced diet, even 
in people who exercise often. There is therefore no need for special 
KCI additives. 

The American College of Sports Medicine in its "Position Statement 
on Prevention of Heat Injuries during Distance Running" recommends 
that adult runners periodically drink fluids that include not more than 
lO mEqlliter Na+, 5 mEqlliter K+ and 2.5 g/liter glucose.4 We recom
mend that children, because of the low salt content of their sweat, have 
drinks that do not exceed 5 mEqlliter Na+ (0.3 g/liter NaCl), 4 mEqlliter 
K+ (0.28 glliter KCI) and 25 glliter sugar. 

There are various commercially prepared drinks that contain miner
als and sugar and are palatable to most athletes. Such drinks, with 
proper dilution, can be suitable for children. A less expensive alternative 
are homemade drinks prepared according to the above recommenda
tions. These can be flavored to individual taste. For children who exer
cise sporadically, plain water replacement is sufficient, providing the 
child is given a balanced diet. 

How much fluid is enough? For athletic children a simple and reliable 
gauge is their body weight. One should strive to attain a post-activity 
(practice or competition) body weight identical to that at pre-activity 
level. This routine is based on the assumption that the child is at an 
adequate hydration level at the start of the activity. To secure such a 
level he should drink 300-400 ml fluid 20-30 min prior to warm-up 
time. This will leave enough time for voiding any extra fluid. Non
athletic children will not comply with such a body weighing routine. 
Such children must be taught to drink until they are no longer thirsty
and then to add 150-200 ml. 

In conclusion, thirst is an inadequate gauge for sufficient drinking 
during prolonged activities, or in hot climates. It is a prime educational 
responsibility of the physician to impress this fact upon parents, teach
ers, coaches, and children. 

Pediatric Health Hazards in Hot Climates 

Introduction 

Previous sections in this chapter have dealt with response to exercise in 
the heat from a physiologist's vantage point. In this section we shall 
discuss the health implications of such a response. 
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While this book focuses on the exercising child, some information is 
included on the health hazards of hot climates to resting children. We 
include such information on the assumption that health hazards to the 
inactive child can only be magnified when a high metabolic load is super
imposed on climatic heat stress. The concept of "heat-related illness" will 
be introduced first, followed by epidemiologic data on the vulnerability 
to hot climates of infants and children. The section will end with a closer 
look at those groups of children who are at an especially high risk for 
heat-related illness. 

Heat-related Illness 

"Heat-related illnesses" are pathologic conditions that result from expo
sure to heat, at rest or during exercise. Other terms commonly used are 
"heat disorders" or "heat injuries." With the worldwide exponential in
crease in jogging, popular races such as "fun runs," and marathon races 
with thousands of competitors, health practitioners are being called 
upon to treat increasing numbers of victims of heat-related illness.92 

Heat stroke ranks second to head injury among documented causes of 
death in high school sports. 59 While a detailed discussion of therapy 
belongs in medical texts, we cannot overemphasize one common denom
inator shared by these conditions: they are all preventable. The health 
practitioner should therefore become involved before a race starts or a 
team commences its preseason summer training. 

Table 9.2 outlines the etiology, manifestations, and principles of pre
vention of the major heat-related illnesses. A more detailed classification 
can be found elsewhere. 64 Conditions range in severity from mild heat 
cramps and heat syncope to the often fatal heat stroke. Their presenta
tion is not always clear-cut, and there is an overlap among them. For 
example, heat exhaustion due to salt depletion is often accompanied by 
water depletion which, in itself, may present first as syncope rather than 
exhaustion. Heat stroke can be manifested in ways other than the classi
cal triad of hyperpyrexia, dry skin, and neurologic deficit. One notable 
variation is that the person still perspires even though his thermo
regulatory control is disrupted. Such a person may mistakenly be diag
nosed as having heat exhaustion rather than heat stroke. A sound thera
peutic approach is to assume the worst whenever in doubt. Heat-related 
illnesses can occur even on mildly warm or climatically neutral days. A 
prolonged, intense activity such as a marathon race, bicycle road race, or 
soccer match, especially when accompanied by hypohydration, can in
duce any of the heat-related illnesses irrespective of climate.93 

The two most important preventive measures are prior acclimatiza
tion and adequate hydration prior to and throughout the activity. Details 
are provided in previous sections of this chapter. Guidelines for Con-
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duct of Athletic Events in the Heat, below, outlines additional sugges
tions for the prevention of heat-related injury. 

Epidemiologic Studies on Children's Health 
in Hot Climates 

There are no prospective epidemiologic studies of the relationship be
tween climatic heat stress and children's performance or health. All 
available reports are retrospective, usually following severe climatic heat 
waves. Some are summarized in Table 9.3. 

In spite of methodologic constraints, these reports do convey a clear 
message: infants, young children, and the elderly are more affected by 
climatic heat waves than are adolescents or young adults. Most suscepti
ble are those children who arrive in hospital with hypohydration or who 
become hypohydrated during admission secondary to diarrhea, vomit
ing, etc. Mothers of these patients often are ignorant of the need for 
added fluid intake on hot days.17,24,30,39,58,86,95 ' 

Populations at High Risk for Heat-related Illness 

The thermoregulatory response to exercise in the heat is highly variable 
among individuals. Variability is to some extent hereditary,66 but it de-

Table 9.3. Epidemiologic Studies of Clinical Responses of Infants and 
Children in Hot Climates 

Event Location Findings Author 

Death charts Three U.S. Heat-related death Shattuck and 
1900-1930 states mostly prevalent in Hilferty88 

infants and aged 
people 

5-day heat wave, New York City All hospitalized infants Cardullo24 

1948 developed hyper-
pyrexia 

Heat wave, Melbourne 25% fatalities among Danks et apo 
1959 0- to 6-year-old 

patients were due to 
heat illness 

Summer 1965 Baghdad Dehydration preceded Taj-Eldin and 
most cases of child- Falaki95 

hood heat exhaus-
tion 

5-day heat wave, St. Louis Infants and old men Ellis39 and 
1966 mostly susceptible Ellis et al40 

Heat waves, St. Louis Infants and old men Bridger et aP' 
1936-1966 mostly susceptible 
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pends largely on acquired differences. This section will highlight those 
groups of children who respond with high heat strain to any given heat 
stress. Such a response may impede their exercise performance and may 
also be detrimental to their health. The early identification of children 
who are at high risk of developing heat-related illness is of obvious 
relevance for the physician. 

Table 9.4 outlines those conditions and diseases that put a child at a 
potentially high risk. A possible mechanism is offered for the thermo
regulatory deficiency. 

Anorexia Nervosa (AN). Adolescents with AN often like to exercise, 
which fits in with their "strategy" of burning up calories. The thermo
regulatory capability of these patients is often deficient.33,72,99 At rest 
they complain of cold, especially in their extremities, which is accompa
nied by cyanosis (acrocyanosis). These changes reflect a low skin temper
ature secondary to peripheral vasoconstriction. Such vasoconstriction 
may represent a compensation for deficient insulation due to the paucity 
of subcutaneous fat. Core temperature is lower than normal in the rest
ing AN patient (about 36°C). It drops further when the patient is ex
posed to the cold and rises during exposure to heat. Such lack of stability 
of core temperature could reflect hypothalamic dysfunction.72 Even 
though AN patients have a sluggish vasodilatory response to heat, they 
dissipate more heat by convection and radiation than by evaporation. 
The reverse is true for healthy individuals exposed to a similar environ
ment. 

During prolonged exercise in a thermoneutral climate, the rise of core 
temperature to a new plateau is slow compared with that of healthy 
controls. This could reflect a greater heat capacity,33 the specific heat of 
lean tissues being higher than that of adipose tissue. 13 

No reports are currently available on the response to hot or cold 
climates of the exercising AN patient. Preliminary data suggest, how
ever, that the environmental zone in which they can maintain a constant 
core temperature is narrower than normaP2 

Whether their deficient thermoregulatory capability is due to insuffi
cient insulation or suboptimal hypothalamic control, these patients may 
be at risk for heat- or cold-related illness. Some AN youngsters practice 
vomiting, which may induce hypohydration and electrolyte distur
bances. 

Congenital Heart Disease (CHD). Clinical experience has shown that 
some infants and children with CHD sweat excessively. This phenome
non has been confirmed in controlled indoor observations.2,69,78 Espe
cially affected are those suffering from congestive heart failure or right
to-left shunts. Sweat glands of some CHD patients more than 6 months 
old have longer ducts than norma1.62 The physiologic implication of 
such an anatomic difference is not clear. 
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Table 9.4. Conditions and Diseases that Predispose the Exercising Child to 
Thermoregulatory Insufficiency· 

Possible Mechanism 

Condition Reduced 
or Heat 

Insufficient Excessive Potential 
Disease Convection Hypo- Other 

to Sweating Sweating 
hydration 

Periphery 

Anorexia nervosa X X Reduced 
subcutaneous 
insulation 

Congenital heart X X X 
disease 

Cystic fibrosis X X X 
Diabetes (mellitus, X X 

insipidus) 
Diarrhea and X X 

vomiting 
Excessive eagerness X High heat 

production 
Fever X X X Regulatory 

insufficiency 
Hypohydration X X 

(if extreme) 
Insufficient X X 

acclimatization 
Insufficient X X 

conditioning 
Malnutrition Reduced 

subcutaneous 
insulation 

Mental deficiency Insufficient 
drinking 

Obesity High heat 
production, 
low specific 
heat and 
surface 
area 

Prior heat-related Various (depends on illness) 
illness 

Sweating X 
insufficiency 
syndromes 

.. Reproduced with permission from Bar-Or.9 Copyright American Academy of Pediatrics, 1983. 
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When exposed to temperatures ranging from 22 to 32°C, children 
with severe congenital defects lose more heat by evaporation and less by 
convection and radiation than do children with mild or asymptomatic 
CHD.69 The reason for such an aberration is not clear. One might specu
late that low cardiac output in these patients causes insufficient heat 
convection to the periphery and, as a result, a greater demand for sweat
ing and evaporative cooling. Although such a mechanism may be opera
tive, the excessive sweating of these cardiac patients was found not only 
to compensate for reduced convection and radiation, but to induce core 
temperatures that are lower and more labile than among healthy chil
dren.78 As the metabolic level of infants with CHD is not lower than that 
of healthy controls, 54 and is perhaps even higher, 69 the low core temper
ature of the former suggests an "overshoot" on the part of the sudomo
tor apparatus. Excessive sweating should be looked on as an uneconomi
cal thermoregulatory pattern that may lead to hypohydration. 

There are no reports as to whether hot and humid climates actually 
interfere with the physical ability and well-being of the ambulatory car
diac child. If one extrapolates from information on adults,20 however, 
there is enough evidence to recommend that the outdoor activity level of 
the child with severe heart defects be reduced whenever climatic heat 
stress is high. 

Cystic Fibrosis (CF). Infants and children with CF often suffer from 
marked heat prostration during climatic heat waves.30,58,100 It has been 
estimated that 15% of all New York City children with CF were hospital
ized for heat prostration during the 1948 heat wave. 58 One of the initial 
signs is profuse sweating. Within 2-3 days they develop hypohydration, 
hyperpyrexia, and circulatory insufficiency. Serum concentration of 
Na+ and CI- are low and may reach 125 mEq/liter and 80 mEq/liter, 
respectively. Rehydration with an adequate salt supplement is effective. 
Although the mechanisms for such heat prostration have not been sys
tematically studied, it seems that an excessive production of hypertonic 
sweat leads to hyponatremic hypohydration, which in turn interferes 
with heat dissipation. Such increased sweating rate may be related to the 
greater density of active sweat glands, as shown by pilocarpine ionto
phoresis.48 

Recent studies (see Chapter 3) have shown the clinical benefits to CF 
children of conditioning programs. Caution should be exercised on hot 
days with children who take part in such activities. 

Diabetes Mellitus or Insipidus. Regular physical activity should become 
integral to the management of the diabetic child. On hot or humid days, 
however, caution should be exercised and special attention paid to ade
quate hydration. This is especially important in patients with polyuria, 
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who may dehydrate and suffer excessive electrolyte loss. A similar risk 
confronts the child with diabetes insipidus. 

Diarrhea and Vomiting. Any condition accompanied by diarrhea and 
vomiting, irrespective of etiology, can easily induce hypohydration and 
electrolyte imbalance in a child. Sweating will aggravate such distur
bances, predisposing the child to heat exhaustion and heat stroke. 

Excessive Eagerness. The discomfort experienced by people who are 
exposed to heat or cold stress is of a protective nature. As a rule, an 
individual will try to terminate such an experience by, for example, 
seeking shade, stopping exercise, or leaving the cold water. 

Children's perception of exercise while exposed to heat stress seems to 
underestimate the physiologic strain that they are undergoing.8•12 It 
wo.uld seem, therefore, that children do not experience the above pro
tective discomfort that is effective in adults. A young, ambitious, over
zealous athlete may decide to conduct a practice session regardless of the 
hazards of the prevailing climate. Such a child should be advised about 
the harmful consequences. 

Fever. Irrespective of its etiology, fever indicates some disruption of 
thermoregulatory control. It will therefore predispose further hyper
pyrexia in a child who is generating high metabolic heat, especially when 
exposed to climatic heat. Intensive activities, as a rule, should be cur
tailed in a febrile child even if the cause is "obvious"-such as following 
vaccination. 

Hypohydration. Hypohydration is the link between most "high risk" 
conditions and thermoregulatory insufficiency. As discussed above, 
hypohydration can also occur in healthy children who do not replenish 
fluid losses before, during, or after activity. 

Hypohydration is accompanied by reduced plasma volume. This im
pedes convection of heat from body core to skin and reduces the central 
blood volume so that circulatory insufficiency may ensue. Hypohy
dration is almost invariably present in heat exhaustion (water depletion 
type), and in heat stroke. It can also lead to heat syncope. "Thirst fever" 
is a syndrome seen in febrile young children with no apparent infectious 
etiology. The level offever is proportional to the fluid deficit and disap
pears once the child is fully hydrated.25•86 

Insufficient Acclimatization. For a full discussion of the physiologic 
and perceptual phenomena of children's acclimatization to exercise in 
the heat, see the earlier Section on that topic. Insufficient acclimatization 
is the single most important cause of heat-related illness. The clinician 
must bear in mind the sluggish rate of acclimatization in children on the 
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one hand and their fast subjective improvement on the other. This is 
especially important during climatic heat waves, whenever a practice 
season starts in the sUI,llmer (as in American football), or where athletes 
travel to hot geographic regions. Retrospective studies of heat stroke 
strongly suggest a relationship to insufficient acclimatization. Among 
eight heat stroke fatalities in high school American football, six hap
pened following the first or second session of preseason practice, before 
the players had a chance to acclimatize.7•42 Another young football 
player was lucky to survive a heat stroke that occurred following the first 
practice session in the summer.80 Similar occurrences have been re
ported for unacclimatized college football players.91 Rural infants and 
preschoolers in Australia were found to have less heat-related illness 
than urban ones, presumably because the former were habitually more 
exposed to heat and therefore better acclimatized. 30 

We cannot overemphasize the need to attain acclimatization in chil
dren and adolescents who are newly exposed, or likely to be exposed, to 
a hot climate. Guidelines are available in other sections of this chapter. 

Insufficient Conditioning. As discussed above, conditioning per se is a 
means for heat acclimatization in children. One can therefore assume 
that the insufficiently conditioned child is also less heat-acclimatized and 
may encounter difficulties when abruptly confronted with hot weather. 

Low heat tolerance is related to low level of fitness. The elevation of 
rectal temperature during exercise is proportional to the relative meta
bolic level (e.g., percentage of maximal O2 uptake) rather than to the 
absolute level. A less conditioned child will therefore have a greater rise 
in core temperature while performing a certain task.33 Furthermore, a 
fit child can perform a certain task more economically-i.e., at a lower 
metabolic cost. 

Another potential disadvantage of the less fit individual is his or her 
inexperience in performing strenuous tasks. There is some evidence 
that novice adult long-distance runners are more prone to heat stroke 
because they select a running pace incompatible with their exercise ca
pacity.45 This issue of inexperience and heat-related illness has not been 
studied in children. 

Malnutrition. Malnutrition of the hypocaloric type is associated with low 
subcutaneous insulation. As in anorexia nervosa (see above), this may 
lead to excessive heat loss in cold climates18 and to an excessive rise in 
core temperature in hot climates (when ambient temperature exceeds 
skin temperature).19 Malnourished children also were found to have a 
reduced sweating rate, perhaps due to local changes in the sweat 
glands. 19 

Although the above data are based on experiments with infants, it is 
likely that older malnourished children will respond in a similar way. 
One should bear in mind that, unless severely affected, the malnour-
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ished child is physically active and may therefore be adversely affected in 
hot climates. 

Mental Deficiency. The mentally deficient child does not necessarily 
have any thermoregulatory deficiency. It has been found, however,3o 
that such children are more prone to heat-related illness because they 
can neither understand nor verbalize their need for extra drinking on 
hot days. 

Obesity. Since subcutaneous fat provides insulation to the body core, 
increased adiposity is an asset in cold climates.21 ,56 In contrast, obesity is 
a distinct liability in hot climates. 

In response to a questionnaire, overweight women reported a lesser 
tolerance to heat and a greater tolerance to cold than did normal weight 
women. Men had a similar tendency.44 Tolerance time of obese adults is 
indeed short when they exercise in a heated climatic chamber. 13,71 They 
respond to exercise in the heat with higher heart rate, cardiac output, 
and body temperatures, and their post-exercise cardiovascular adapta
tion to orthostatic stress is less efficient than that of lean controls. 13,21,70 
Among children, the obese respond to a given heat stress with a higher 
strain than do the lean. However, in a study among 9- to 12-year-old 
boys, there was no difference in the ability of the lean and the obese to 
complete 60 min of exercise in 46-48°C, 22% RH.47 

Figure 9.15 is a comparison in the rise of rectal temperature and heart 
rate between obese (31.2% fat) and lean (15.5% fat) 9- to 12-year-old 
boys. Both groups walked on a treadmill in dry heat. While baseline 
values were similar, rectal temperature and heart rate rose faster and 
reached higher levels among the obeseY 

In any given individual, an inverse relationship exists between the 
population density of heat-activated sweat glands and skinfold thickness. 
As a group, the obese have a lower density of active glands, especially in 
the trunk,14 even though their sweating rate, corrected for surface area, 
is the same or even higher than in that of the lean. 13,21 Sweat output per 
gland is therefore higher in the obese. They can acclimatize well to 
exercise in the heat,23 but during progressive dehydration their core 
temperature rises excessively with any given body fluid deficit. II Obesity 
can mask the clinical presentation of fluid deficit, especially in young 
children.38 One should therefore be alert to the possibility of fluid deficit 
in any obese child with recent exposure to heat. 

There are a number of causes that underlie the handicaps of the obese 
in hot climates: 

1. Specific heat of fat is 0.4 kcaVg x °C, as compared with 0.8 kcaVg x 
°C in the fat-free mass. Thus a given amount of heat will raise the 
temperature of 1 g fat twice as much as it will raise the temperature of 
1 g fat-free tissue. 
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Figure 9.15. Obesity and body heating. Five obese and seven lean 9- to 12-year-old boys 
walked intermittently (4.8 km/hr, 5% grade) in dry heat (40-42°C, 25% RH). Values are 
group means. Reproduced by permission from Bar-Or.s Based on data by Haymes et al. 47 

2. Obese children often have a large body mass and a small surface
area-to-mass ratio. In addition, accumulating fat deposits change the 
contour of the body such that the above ratio is further decreased. 
This will result in a lower rate of heat transfer (see above) to and from 
the body. This is a disadvantage in moderately warm climates when 
skin temperature is higher than air temperature. Only in extreme 
heat will the small surface-area-to-mass ratio be an advantage in re
ducing heat influx from the environment. It will still be a handicap as 
far as sweating is concerned. 13,46 

3. The rise in core temperature during exercise is proportional to the 
relative metabolic rate (i.e., percentage of maximal O2 uptake). Obese 
children as a group have low maximal aerobic power and, therefore, 
when performing a certain task, they operate at a relatively high 
percentage of their maximal O2 uptake. This results in a greater rise 
of core temperature as well as greater fatigability. 
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4. Fat has less water content than do most other tissues so that obese 
individuals have a low total body water content per unit mass. As a 
result a certain hypohydration level, determined as percentage of 
initial body weight, represents for the obese a greater water deficit 
relative to total body water. 

The above physiologic liabilities have clinical implications. A relation
ship has been found between overweight and the risk of heat stroke and 
death.85 Among 125 heat stroke victims, "most of the patients were 
somewhat overweight and actually obese."68 High school boys who died 
of heat stroke following football practice were markedly overweight.7,42 
These 15.3-year-old boys weighed on the average 89 kg, which probably 
represents some obesity and not only developed musculature. 

Obese children, because of their low level of fitness and high heat 
strain, are likely to slow down or terminate their exercise earlier than 
other children. One must remember to allow these individuals special 
consideration on hot or humid days and not to push them to their limit. 

Prior Heat-related Illness. An important question is whether an indi
vidual with a history of heat-related illness is predisposed to an above
average risk in the future. Young adliits with a history of exercise-re
lated heat stroke who were reexposed to exercise in dry heat responded 
with reduced tolerance time, high rectal temperature and heart rate, but 
normal sweating rate.81 ,87 It is not known whether such individuals have 
an inherent thermoregulatory deficiency or have suffered irreversible 
damage from the heat stroke episode. 

Sweating Insufficiency Syndromes. These are rare and often just one 
manifestation of a systemic disease.41 ,67 Such children must rely on con
vection and radiation for dissipating heat. A special risk exists on days 
when air temperature is high and heat dissipation by these avenues is 
impeded. 

Guidelines for Conduct of 
Athletic Events in the Heat 

The American College of Sports Medicine has issued a "Position State
ment on Prevention of Heat Injuries During Distance Running"4 and a 
"Position Stand on Weight Loss in Wrestlers."5 The American Academy 
of Pediatrics, Committee on Sports Medicine has published its position 
on "Climatic Heat Stress and the Exercising Child," 3 and The Canadian 
Association of Sports Sciences is preparing a similar document. Such a 
plethora of statements reflects the realization that health scientists and 
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practitioners should playa leading role in the prevention of heat-related 
illness among active individuals. The following guidelines have been 
prepared based on the above statements, bearing in mind children's 
specific responses to exercise and heat. 

I. Ensure acclimatization to heat. The non acclimatized child, when first 
exposed to heat, must cut down the intensity and duration of exercise 
and then gradually increase them. Exposures can be conducted three 
to six times per week, for a total of six to eight exposures. Exercise 
during the session must be interspersed with rest periods. 

2. Secure full hydration before practice or competition (300-400 ml 
fluid, 20-30 min prior to activity for a 10- to 12-year-old child) and 
encourage periodic drinking (100 mIll5 min) during prolonged ac
tivities. Remember that thirst is not an accurate guide. Encourage 
active children to drink above and beyond subjective repletion. 

3. Fluids should be chilled and flavored. Their content should not ex
ceed 5 mEq/liter Na+ (0.3 g/liter NaCI), 4 mEq/liter K+ (0.28 g/liter 
kcal) , and 25 g/liter sugar. Attempt to provide the child with his 
favorite drinks. 

4. Discourage "making weight" by dehydration. This is a habit strongly 
rooted among athletes and coaches and must be eradicated, or mini
mized, through education. Rubberized sweat suits, laxatives, diuret
ics, and emetics should be absolutely disallowed. Never restrict fluids 
as a disciplinary or "character building" measure. 

5. Activities must be tailored to the prevailing climate. It is the preroga
tive of the team or school physician to postpone, curtail, or cancel 
activities or to increase rest periods because of climatic stress. Sug
gested policy is given in Table 9.5. Those who do not possess a psy
chrometer can obtain information from the local weather bureau. 
Rest periods in well ventilated and shaded areas are important for 
dissipation of stored heat during a practice. 

6. Clothing should be lightweight, limited to one layer of absorbent 
material and tight to the skin to facilitate evaporation of sweat. Exces
sive taping and padding should be discouraged. A hat and light
colored clothing are recommended whenever feasible to reduce solar 
radiation. Discourage prolonged exposure of the skin to the sun. 

7. Identify and screen out, as necessary, individuals who are at high risk 
for heat-related illness (see above). A preseason examination is of 
value for such screening. 

8. Look for and teach others about early warning symptoms and signs 
that precede heat-related illness. These include: unexplained head
ache, throbbing pressure in the head, chills, nausea, piloerection on 
the chest and arms, disorientation, ataxia, and dry skin. Activity of 
children with the above should be discontinued and treatment com
menced. 
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Table 9.5. Climatic Heat Stress and Permissible Physical Activities 

WBGTOC* 
(OF) 

<25 
«77) 

25-27 
(77-81) 

27-29 
(81-84) 

>29 
(>84) 

WBTOCt 

eF) 

<15 
«59) 

15-21 
(59-70) 

21-24 
(70-75) 

>24 
(>75) 

Changes in Activity 

All activities allowed 

1. Longer breaks in the shade 
2. Drinking each 15 min 
3. Alert for warning symptoms of heat-related ill

ness 

As above plus: 
1. Stop activities of all unacclimatized, uncondi

tioned, and high-risk persons 
2. Limit activities of all others (drastically cut down 

duration of each activity, increase rest periods, 
disallow long-distance races) 

Stop all athletic activities of all participants 

* WBGT (Wet Bulb Globe Temperature) = 0.7 WB + 0.2 G + 0.1 DB, where WB is wet 
bulb, G is black globe, and DB is dry bulb, measuring humidity, radiation, and air tempera
ture, respectively. 
t WBT = 0.7 WB + 0.3 DB (for indoor use when radiant heat is less important). 

9. Coaches, athletes, and even parents may disregard heat-related risk 
for the sake of victory. Whether a team physician, a school physician, 
or a physician attending a competition, do your utmost to educate 
them. If other means fail, assert your authority. 
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Appendix I 

"Norms" 

Introduction 

The inclusion of "norms" of physical working capacity in this book might 
imply that: 1) we know what is normal in children's performance; 2) the 
norms of one population apply to others, irrespective of habitual activ
ity, body size and composition, nutritional status, health status, climate, 
altitude, ethnic origin, and social traditions; 3) the samples chosen to 
establish these norms are representative of their own populations; and 
4) the variables follow a known distribution (e.g., Gaussian) such that our 
choice of limits of normality is correct. 

None of these assumptions is entirely valid. We do not have criteria 
for normality in any of the components of working capacity. Further
more, if a range of "normal" values were to exist, it would vary among 
populations, depending on their level of activity (which in itself cannot 
be categorized into "normal" or "abnormal"), state of health and nutri
tion, prevailing climate, altitude, and ethnic origin. 

Norms of one ethnic group may not apply to others. This author 
observed Burmese children perform physical fitness tests constructed in 
Europe and North America. While most rural Burmese girls performed 
above the "Western" 95th percentile of flexed-arm hang (testing elbow 
flexor and shoulder girdle strength and endurance), many of them 
could not complete a single sit-up (testing abdominal wall strength and 
endurance). My Burmese host attributed these scores to specific tradi
tions that let the rural girl perform heavy lifting tasks but forbid her 
from doing those activities that require dynamic abdominal muscle con
traction. 
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Few of the samples included in the following graphs are representa
tive of their populations. Most comprise subjects who happened to be 
tested in various laboratories for specific research or clinical purposes. 

These graphs reflect fitness of selected groups of well-nourished, non
athletic, European, North American or Israeli children and adolescents, 
most of Caucasian origin, who had no overt manifestations of disease. 
They should be regarded merely as guidelines for those who cannot 
establish norms of their own. 

The choice of chronologie age as the independent variable is not 
ideal. Biologic age would have been more appropriate. From a practical 
point of view, however, biologic age is seldom available to the clinician, 
whereas chronologie age can be easily ascertained. Whenever available, 
data are also presented per kilogram body weight which, to some extent, 
corrects for difference in growth. 
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Figure 1.1 . Maximal O2 uptake in children and adolescents. One hundred and seventy 
nine girls (A) and 178 boys (8) performed an all-out progressive-continuous protocol on a 
treadmill. Subjects were healthy nonathletes. Data from the author's laboratory. 
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Appendix II 

Procedures for Exercise 
Testing in Children 

An exercise test comprises three elements: the ergometer, the exercise 
protocol, and the physiologic or perceptual measurements. 

Choice of an Ergometer 

The two most commonly used ergometers in an exercise laboratory are 
the cycle ergometer and the motor-driven treadmill. A step can also be 
used, especially in a physician's office. For some neuromuscular disabili
ties one must resort to testing of the arms, using specially designed arm 
cranking ergo meters or modified cycles. A comparison of the character
istics of the four ergo meters is presented in Table II.l. 

In spite of its greater cost and the need for safety measures and for 
more technicians, the treadmill is the ergometer of choice to determine 
maximal exercise performance of children, especially those 7 years old 
or younger. Children as young as three years can learn to walk and run 
on a treadmill.44 

We often see a young child who cannot keep pedaling on a cycle 
ergometer even though his heart rate is only 160-170 beats/min. The 
same child can reach a heart rate of 200-210 beats/min on the treadmill, 
and a maximal O2 uptake that is 20-30% higher than the peak uptake 
obtained on a cycle ergometer. The apparent cause of such a discrep
ancy is the relatively undeveloped mass of the knee extensors (which 
take the brunt of the load during cycling) in the young child. This results 
in local fatigue and premature termination of the test. In contrast, dur
ing walking or running a greater muscle mass is activated, resulting in a 
higher cardiorespiratory and metabolic contribution. Some children, es
pecially the very young and the mentally retarded, cannot conform to 
the cadence of a metronome, which is needed for mechanically braked 
cycle ergometers and for step testing. Furthermore, the attention span 
of such children is low and they cannot maintain the required pedaling 
rate for the duration of the test. In contrast, a treadmill forces them to 
maintain a certain speed, and they can easily compensate for a momen
tary change of pace. 

Many laboratories still prefer the cycle ergometer because of its lower 
cost, greater portability, and safety. In addition, certain procedures such 
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Table 11.1. Characteristics of Ergometers in Use for Pediatric Exercise Testing 

Characteristics 
Cycle 

Treadmill Step 
Arm 

Ergometer Ergometer 

Cost Low to medium High Low Medium 
Portability High No High High 
No. of staff 1 to 2 2 to 3 1 to 2 1 to 2 

needed 
Noise level Low to medium Medium to Low Low to medium 

high 
Special safety None Harness, None None 

measures padding 
Skill required Too hard Little Some Too hard 

by patient for < 5 yr skill skill for < 5 yr 
or mentally or mentally 
retarded retarded 

Muscle mass Small Large Large Small 
involved 

Maximal O2 Under- Achieved Achieved Much 
uptake estimated under-

estimated 
Determination Accurate Estimated Fairly Accurate 

of mechanical accurate 
power 

Feasibility of Easy Less easy Less easy Easy 
obtaining 
physiologic 
measurements 

Anaerobic Suitable Not Not Suitable 
testing suitable suitable 

as sphygmomanometry, rebreathing, or echocardiography are easier to 
perform on a sitting child than on a walking, running, or stepping one. 

If a cycle ergometer is chosen, models used for adults fit most children 
8 years old or older. For younger children, however, one needs special 
pediatric models or a modified existing cycle with the seat height and the 
length of the pedal crank reduced and the handlebar lengthened. The 
optimal (i.e., inducing the lowest O2 cost of pedaling) pedal length for 6-
year-old children is 13 em, as compared with 15 em for 8- and lO-year
old children38 and 20 em for adults. When seat height is optimal, the 
angle at the knee joint during extension is 15°.38 A useful indication that 
the seat is too high is a lateral tilt of the pelvis, as seen from behind. 

The power load in the electronically braked cycle ergometer is inde
pendent of the pedaling rate at 50-70 rev/min. In mechanically braked 
ergometers, the rate must be kept constant. Among 6- to 10-year-old 
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children, 50 rev/min yield higher mechanical efficiency than 30 or 70 
rev/min.38 Recommended rates are 50-60 rev/min. 

On the treadmill the child should be tested only after having practiced 
and gained confidence in walking, running, stepping on, and stepping 
off. Economy of gait depends on stride length, the most economical 
being that selected by the child himself: children should therefore be 
allowed to use their preferred stride length. A body harness is used in 
some laboratories as a safeguard. In our experience, this is not needed as 
long as an investigator stands close to the child. We do recommend, 
however, padding of the rear of the treadmill to prevent injury in case of 
a fall. 

The Exercise Protocol 

A variety of exercise protocols is available for children. The choice of a 
protocol depends primarily on the specific question(s) to be answered 
but also on the abilities and limitations of the particular patient. 

Prototypes of Exercise Tests 

Protocols are schematically presented in Fig. 11.1. These can be divided 
into "all-out" ones, in which the patient is expected to reach his maximal 
aerobic power ("aerobic" peak in the diagram), and to submaximal ones, 
in which the peak is not reached. The latter type is further subdivided 
into progressive and single-stage protocols. The test depicted in Fig. 
II.lG is designed to determine anaerobic characeristics of a muscle 
group. Here the child performs a supramaximal task, which can be 
sustained for not more than 30-45 sec. 

All the protocols, excluding the anaerobic one, are suitable for use 
with a cycle ergometer, arm ergometer, treadmill, or step. The anaero
bic protocol is designed for leg cycling or arm cranking only. Even 
though running can be done at supramaximallevels, there are neither 
reliable nor safe protocols for anaerobic testing by treadmill. 

For direct determination of maximal aerobic power the most com
monly used protocol is that shown in Fig. II.lA. Resistance (cycle, arm 
ergometer), inclination and speed (treadmill), or height and frequency 
of ascents (step) are increased every 1-3 min, without interruption of 
the test, until the child can no longer maintain the activity. The all-out 
interrupted protocol (Fig. II.lB) is used whenever measurements must 
be taken after the end of each stage (e.g., blood lactate, echocardio
gram) or when the investigator needs time to decide whether to con
tinue with a higher load or to terminate the test. 

Submaximal progressive protocols in which maximal aerobic power is 
predicted rather than directly measured (Fig. II.lC,D) are resorted to 
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when the investigator is interested only in response to submaximal exer
cise or is reluctant to exhaust the child by a maximal test. This is done, 
for example, in conjunction with heart catheterization studies. 

Single-stage protocols (Fig. II.IE,F) will be chosen when the purpose 
of testing is not physical working capacity, but a specific pathophysio
logic response to an exercise provocation-for example, diagnosis of 
exercise-induced bronchoconstriction or of growth hormone deficiency. 
The duration of a single-stage test varies from 6 to 20 min and the 
intensity is submaximal. Occasionally, the exact intensity cannot be de
termined prior to testing. The investigator then starts the test at approxi
mately the required intensity and makes adjustments during the initial 1-
2 min based, for example, on heart rate response. This protocol is 
termed "single-stage with adjustments" (see Fig. II.IF). 

Examples of Exercise Protocols 

The Bruce All-Out Progressive Continuous Treadmill Test (Table 
11.2). The end point in this test is the inability of the child to carryon 
walking or running in spite of verbal encouragement. Performance is 
graded by the number of minutes completed, or according to the calcu
lated O2 cost at the highest stage. The test was introduced for screening 
adult cardiac patients12 and later adopted for use with children.16 Repro
ducibility among children is high and the test is feasible for 4- to I8-year
old girls and boys. This test is not inherently better than other all-out 
treadmill tests.46,53 Its basic drawback is that the initial load may be too 
strenuous for markedly unfit children. Another disadvantage is that 
highly fit children may exercise 18 min or more to determine their 
maximal aerobic power, by which time local fatigue and thermal load 
may interfere with their performance. In spite of the above drawbacks, 
the Bruce test is recommended in a clinical setup for the assessment of 
maximal aerobic power. Norms are available, based on the performance 

Table 11.2. The Bruce Treadmill Protocol 

Speed Grade Duration 
Stage (%) (min) 

kmlhr mileslhr 

1 2.7 1.7 10 3 
2 4.0 2.5 12 3 
3 5.5 3.4 14 3 
4 6.8 4.2 16 3 
5 8.0 5.0 18 3 
6 8.8 5.5 20 3 
7 9.7 6.0 22 3 
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of healthy children in an outpatient clinic16 (See Fig. 1.5 in Appendix I) 
and at a school. 18 

The McMaster All-Out Progressive Continuous Cycling Test (Table 
11.3). As in the Bruce protocol, the child is verbally encouraged to keep 
exercising until he can no longer adhere to the required pedaling rate 
(50 rev/min). Performance is graded by the peak mechanical power or 
the directly measured maximal O2 uptake. When the child cannot com
plete 2 min of the final load, peak power is prorated, based on the period 
that he did manage to complete. 

For example: Penultimate stage = 
Final stage = 
Time completed in final stage = 
"Peak power" 

100 watt 
125 watt 
60 sec 

112.5 watt 

The protocol is constructed according to body height such that the total 
exercising time will range between 8 and 12 min for most children. The 
initial load and increments must sometimes be reduced to suit children 
with marked disability as in muscle dystrophy or cerebral palsy. 

Other all-out progressive continuous cycling protocols are available.24. 
25.31.55 They are as suitable as the McMaster protocol for obtaining peak 
power and maximal O2 uptake. However, they are less suitable for ob
taining submaximal data, either because the duration of each stage is too 
short24 or because the progression ofloads is not uniform.25.31.55 A varia
tion of the all-out progressive continuous protocol is the "pulse-con
ducted exercise test." In this test the mechanical power continuously, or 
almost continuously, increases to induce a continuous rise of heart rate 
by 5 beats/min each minute.45.58 The increments in power, therefore, are 
determined by the cardiovascular response to exercise, being slower for 
less fit children. Although such flexibility is an advantage, the system 
requires a computer and other electronic devices, which are not readily 
available. 

Table 11.3. The McMaster All-Out Progressive Continuous 
Cycling Protocol, by Body-Height Groups 

Body Height Initial Load Increments 
Duration of 
Each Load (em) (Watts) (Watts) (min) 

"';119.9 12.5 12.5 2 
120-139.9 12.5 25 2 
140-159.9 25 25 2 

;;0160 25 ~ 25 2 
0' 50 
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Table 11.4. The McMaster All-Out Progressive Continuous 
Arm Cranking Protocol, by Body-Height Groups 

Body Height Initial Load Increments 
Duration of 
Each Load (cm) (Watts) (Watts) (min) 

<%119.9 8 8 2 
120-139.9 8 16.5 2 
140-155.9 16.5 16.5 2 

;;;.160 16.5 ~ 16.5 2 
033 

The McMaster All-Out Progressive Continuous Arm Test (Table 11.4). 
This procedure is similar to that described above with the exception that 
the child uses his arms for cranking while sitting on a wheelchair or a 
regular chair. The axle of the pedals is kept at shoulder height. The 
child should be seated comfortably, supported by the back of the seat or 
by a pillow. At the farthest point of the pedal the arm should be fully 
extended without forward bending of the trunk. Strapping in is needed 
to stabilize some patients (e.g., those with high paralysis) and to minimize 
trunk motion. As in the cycling test, loads must be tailored to the disabil
ity of the child. Some patients require very small increments, while 
others, such as spastic children with cerebral palsy, need a very slow rate 
of cranking. 

The Cumming All-Out Progressive Intermittent Cycling Test (Table 
11.5). This protocol is used with cardiac catheterization, the patient cy
cling in the supine position.I5 The wide range of power loads recom
mended at each stage reflects the need to individualize the test according 
to age, disease, and functional ability. Other protocols of interrupted 
exercise for the catheterized child are available.40 

Table 11.5. The Cumming All-Out Progressive 
Intermittent Protocol 

Mechanical Power 
Duration Stage (Watts/kg body 

(min) weight) 

1 0.65-1.14 3 
Rest 3 
2 1.31-1.96 3 
Rest 5-10 
3 2.12-4.08 To exhaustion 
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Table 11.6. The Adams Submaximal Progressive 
Continuous Cycling Protocol, by Body-Weight Groups· 

Body Weight 
1st Stage 2nd Stage 3rd Stage 

Power Power Power 
(kg) (Watt5) (Watt5) (Watt5) 

<30 16.5 33 50 
30-39.9 16.5 50 83 
40-59.9 16.5 50 100 

;;;.60 16.5 83 133 

* Each stage lasts 6 min. 

The Adams Submaximal Progressive Continuous Cycling Test (Table 
11.6). This protocol comprises three stages which, for most children, are 
submaximal. Each stage lasts 6 min, at the end of which heart rate is 
determined. Performance is graded according to the mechanical power 
that the child produces at a heart rate of 170 beats/min ("W 170). This 
value is reached by interpolation or extrapolation of the individual re
gression line of heart rate over power. The long duration of each stage 
allows for a steady .state to be established. Other protocols are available 
for assessment of W 170.9,49 

The Hanne Submaximal Progressive Intermittent Step Test (Table 
11.7). This protocol was introduced in 197127 based on a feasibility study 
with 7- to 12-year-old girls and boys. Stepping is performed up and 
down a 30-cm step to a cadence given by a metronome. Each stage lasts 
5 min with a 5-10 min rest in between. Grading is done according to 
heart rate response at a given power load, from which W 170 can be 
calculated. 

Calculation of mechanical work and power is 'done as follows: work 
per one ascent equals: 

Work (Joule) = body weight (kg) x step height (m) x 9.80 (1) 

Table 11.7. The Hanne Submaximal Progressive 
Intermittent Stepping Test 

Step 
Rate Duration 

Approx. 
Stage Height 

(ascent5/min) (min) 
Power 

(em) (Watt5/kg) 

1 30 15 5 1.0 
2 30 22.5 5 1.5 
3 30 30 5 2.0 
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Work per one descent is taken as one-third of the above. Thus the total 
work of one ascent and descent in a 30-cm step equals: 

Work (Joule) = body weight (kg) x 3.92 (2) 

Assuming N ascents and descents per minute, the mechanical power 
output is: 

W ) body weight (kg) x 3.92 x N 
Power ( att = 60 (3) 

Another step test feasible for children is the Canadian Home Fitness 
Test. Stepping is done on a double 20.3-cm (8-in.) step in 19 ascents/min. 
Scoring is done according to heart rate, measured during recovery. Spe
cial records are available, which include instructions and music at the 
required cadence.5 

The Wingate Anaerobic Cycling Test (Fig. 11.2, Table 11.8). While the 
tests described above are meant to measure or assess maximal aerobic 
power, the Wingate test is constructed to assess the ability of a muscle 
group to perform short supramaximal exercise.8 In such a task the limit
ing factor is not the O2 transport system but, rather, the ability to convert 
anaerobically chemical energy to mechanical energy. 

300 
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MEAN POWER=237 Watt 
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300 

5 10 15 
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Figure 11.2. The Wingate anaerobic test. Leg performance of an 11-year-old boy. The 
plotted power values are means for 5-sec periods. For calculation of the three indices see 
text. 
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Table 11.8. Optimal Resistance for 
the Wingate Anaerobic Test, by 
Body-Weight Groups, Using the 
Monark Cycle Ergometer* 

Body Weight Resistance in kp 

(kg) 
Legs Arms 

20-24.9 1.75 1.25 
25-29.9 2.13 1.50 
30-34.9 2.50 1.75 
35-39.9 2.83 2.00 
40-44.9 3.25 2.25 
45-49.9 3.63 2.50 
50-54.9 4.00 2.75 
55-59.9 4.50 3.00 
60-64.9 5.00 3.35 
65-69.9 5.50 3.70 

* Based on data from the author's labora
tory at the Wingate Institute, Israel. 

The test can be performed by the legs or by the arms, using an appro
priate ergometer. It lasts 30 sec, during which the patient pedals at 
maximal rate against a high constant resistance. The power output is 
therefore a function of pedaling velocity and the mechanical work dur
ing 30 sec is a function of the total number of pedal revolutions. These 
can be counted by a mechanically or magnetically triggered counter. 

Performance is expressed by three indices, as shown in Fig. 11.2: 

Peak power at any 5-sec period 
Mean power (or total work) during 30 sec 
Percent fatigue, which is defined as 

A-B 
-A- x 100 

assuming A IS peak power and B the lowest power III any 5-sec 
period. 

Ergometers suitable for this test must have a constant resistance mode. 
This is available in all mechanically braked ergometers and in some elec
trically braked ones. The following calculation of work and power is 
given for the commonly available Monark ergometer, in which the dis
tance traveled by the flywheel circumference is 6 m for one pedal revolu
tion. In our own studies we have been using the Fleisch-Metabo ergome-
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ter (Switzerland), in which the respective distance is 10 m. Work done in 
1 pedal revolution is: 

Work (kpm) = resistance (kp) x 6 

Total work in 30 sec is therefore: 

(1) 

Work (kpm) = resistance (kp) x 6 X total rev (2) 

Mean power for the whole test is: 

Mean power (kpm/min) = resistance (kp) X 12 X total rev (3) 

or: 

Mean power (Watt) = resistance (kp) X 1.96 X total rev (4) 

Power at each 5-sec period is calculated to determine peak power and 
percent fatigue: 

Power (Watt) = resistance (kp) X 11.76 X rev in 5 sec (5) 

The resistance setting that yields the highest mean power (or total 
work) for various body-weight groups is shown in Table II.S. Values are 
presented for the Monark ergometer. Optimal resistance for other er
gometers can be calculated accordingly, based on their geometric char
acteristics. 

The Wingate anaerobic test is feasible for use with healthy and dis
abled children, as young as 6 years. Warming up is recommended prior 
to the test30 (for details see Chapter 1 section entitled Warm-up Effect). 
Unlike the aerobic tests, which should be done in a neutral environment, 
neither air temperature nor humidity affect performance in the 
Wingate test.20 Norms for peak and mean anaerobic power are given in 
Appendix I (Figs. 1.9-1.12). 

Another test of anaerobic performance that is suitable for children is 
the Margaria step-running test. 19 Here the child runs up 2-4 steps at 
maximal speed. Power is calculated based on body weight, vertical dis
tance, and the time needed for covering this distance. Although the test 
yields higher power values than peak power of the Wingate test, it re
quires some skill and cannot be applied to disabled children. Nor can 
arm performance be measured separately. Due to its short duration, 
performance in the Margaria test apparently does not reflect the rate of 
glycogen utilization. 

Measurements Taken During Exercise Tests 

Numerous variables can be measured during an exercise test. These 
range from the simple determination of peak power output, which does 
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not require any instruments apart from an ergometer, to the measure
ment of intracardiac pressures or myocardial perfusion imaging, which 
require catheterization and sophisticated equipment. Methodologic de
tails of such measurements are available in books on clinical exercise 
testing, such as Ellestad,21 Godfrey,24 and Jones and CampbelP7 In this 
section we shall focus on those variables that can be measured in a clinic 
by noninvasive procedures. 

Heart Rate 

This variable is conveniently determined from ECG strips, by counting 
the number of R-R intervals during a certain time period or by measur
ing the time needed for a given number of R-R intervals. Special rulers 
are available for the latter method. Because of sinus dysrhythmia, which 
appears particularly at rest and during low exercise intensities, one 
should include at least six R-R intervals in each measurement. When 
using the ECG it is important to periodically calibrate the paper speed of 
the electrocardiograph. 

Cardiotachometers are available that electronically average the R-R 
interval, obviating the need for paper strips. Although convenient, those 
instruments must be carefully calibrated. Electrocardiographic data can 
be taped and heart rate analyzed by computer.3 

Heart rate is highly sensitive to environmental changes and other 
factors, as summarized in Chapter I, Table 1.3. The utmost care must be 
taken to standardize room temperature and humidity, to reduce emo
tional stress, and to ensure that the child is not fatigued by prior exercise 
and that he is well hydrated. The reader is strongly advised to study 
Chapter I, section entitled Heart Rate and Exercise, for further details. 

Ventilation 

Ventilatory function is often monitored to evaluate the limiting factors 
in performance in a dyspneic child or in a child with known pulmonary 
or cardiac disease (see, for example, Chapter 3, section on the child with 
cystic fibrosis. Ventilation is also monitored for the measurement of O2 
uptake. Expired air can be collected by use of a mouthpiece and a one
way valve system, into Douglas bags, or into a Tissot spirometer. One can 
also use a flow meter at the inspiratory or expiratory end, or a pneumo
tachograph, without collection of the air. Ventilation is presented in 
volume per minute, corrected for BTPS (air at body temperature, ambi
ent pressure, and saturated with water). However, for the calculation of 
O2 uptake, ventilation is corrected for STPD (air at O°C, 760 mm Hg, 
dry). For children the dead-space of the valve and mouthpiece must be 
small-preferably not more than 50-60 ml for a sub- 10-year-old child. 
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Systemic Arterial Blood Pressure 

The use of a sphygmomanometer during exercise is feasible with chil
dren, as it is with adults. This measurement is liable to error, resulting 
from lack of objectivity, insufficient skill, or nonstandardized proce
dures. There are two difficulties in the use of the auscultation method 
during exercise: movement of the arm and noises other than the 
Korotkow sounds. Stethoscopes are available in which the diaphragm is 
stabilized to the cuff. This can be helpful with a child who keeps moving 
his arm during exercise. Noise and vibration are transferred, during 
cycling, from the handlebar to the arm. It is useful therefore if the child 
lets go of the handlebar and keeps his arm extended during the time of 
measurement. 

The monitoring of diastolic blood pressure by auscultation is quite 
unreliable during exercise as one can sometimes hear the Korotkow 
sound at zero pressure. The systolic pressure, on the other hand, can be 
determined with relative ease during moderate and intense activities 
because of the high intensity of the sounds. 

Sphygmomanometers are available in which inflation and deflation of 
the cuff are done automatically and at a standard rate. The Korotkow 
sounds are detected by a microphone (some systems use electronic filter
ing of other noises). Such an apparatus increases the objectivity and 
standardization of the measurement and is recommended for clinics 
with a high patient load. 

When testing children, special attention must be paid to the cuff size. 
The bladder should, as a rule, cover at least two-thirds of the arm length 
and completely encircle it.46•56 

O2 Uptake 

A direct determination of O2 uptake requires the use of O2 and CO2 

analyzers to determine the fractional concentration of these gases in the 
expired air. Such analyzers are usually available in exercise physiology 
laboratories but not in clinics or in a physician's office. For description of 
the analyzers and methods of direct measurement of O2 uptake, see 
Consolazio et aP3 and Jones and CampbellY 

O2 uptake can be assessed indirectly when the mechanical power output 
is known, as in pedaling. Assuming that the O2 cost of pedaling is not 
markedly different among individuals, one can use Table 11.9 to assess 
the O2 uptake equivalent of cycling. 

Equations are also available for the O2 uptake equivalents of walking, 
running, or stepping up and down stairs. Such equations, however, ne
glect to consider the marked differences that exist in the O2 cost of these 
tasks among children of different ages (Chapters 1, section entitled Me-
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Table 11.9. Oxygen Uptake 
Equivalents of Mechanical Power 
Output During Submaximal Upright 
Cycling Exercise 

Mechanical Power 
(Watts) 

25 
50 
75 

100 
125 
150 

Oxygen Uptake 
( liters / min) 

0.62 
0.94 
1.26 
1.58 
1.90 
2.22 

Mean values of 88 girls and 83 boys, 8-16 
years old. There were no sex- or age-re
lated differences in O2 cost of pedaling. 
Based on Andersen et ai.2 

chanical Efficiency and Economy of Movement and Figs. 1.4, 1.5) and 
even within a certain age-group. 

For children with some neuromuscular disabilities (e.g., cerebral 
palsy) the O2 cost of pedaling is above normal (see Chapter 7, section 
entitled Mechanical Efficiency and Economy of Motion). For such chil
dren, Table II.9 should not be used. 

Electrocardiogram (ECG) 

The exercise ECG is an important tool in the assessment of children with 
a proven, or suspected, cardiovascular disease. Reviews of indications, 
methodology, and findings in healthy and sick children are avail
able.32.35.57 The following are comments on some practical aspects of 
exercise ECG, as well as lists of indications and major findings. 

Skin Preparation. To increase the electric conductivity of the skin, hy
peremia is induced through cleansing and rubbing with alcohol or ace
tone and the skin is then slightly abraded, using a lancet or a dental burr. 

Choice of Electrodes. A straight isoelectric baseline is essential for de
tection and interpretation of ST-T changes. To achieve a straight base
line during exercise one must ascertain that the skin-to-electrode electri
cal impedance remains unchanged, in spite of body movement. This can 
be achieved by the use of "floating" electrodes in which the metal is not 
in direct contact with the skin, but is separated from it by a layer of 
electrolyte cream or gel. Various electrodes of this type are available 
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commercially. Cables connecting the electrode to the ECG must be light
weight and flexible. 

Choice of Leads. These can range from a single bipolar chest lead to 14 
leads that combine the conventional12-load ECG with Frank orthogonal 
leads.32 Although a single CM5 bipolar lead (reference electrode at the 
manubrio-sternal junction; exploratory electrode at C5 and a ground 
electrode on the back) can detect dysrhythmias and most ST-T changes, 
one should attempt to use at least three leads simultaneously (e.g., V3 , 

V5, aVF). 

Indications for Exercise ECG. Exercise ECG is of value for children 
with known cardiovascular diseases as well as for those without any 
established diagnosis who complain of chest pain, palpitation, dizziness, 
and easy fatigability. The major indications for exercise ECG are listed 
in Table II. 10. 

Exercise-induced Electrocardiographic Changes. The most common 
ECG changes in children are ventricular dysrhythmias, ST depression, 
and atrioventricular block. These are summarized in Table II.ll, with a 
list of conditions in which they may appear. 

Exercise ECG Test vs. Long-term ECG Monitoring. One way to detect 
ECG abnormalities is the continuous recording of ECG for prolonged 
periods of time (e.g., 12 or 24 hours). Tape recorders are available that 

Table 11.10. Indications for Exercise ECG 

Indication 

History of: chest pain, palpitation, 
exercise-induced dizziness 

Left ventricular outflow obstruction 
(aortic stenosis, coarctation) 

Chronk volume load, left or right 
(valvar incompetence, left-to-right 
shunt) 

Dysrhythmia at rest 

Suspected ECG abnormality during 
long-term Holter monitoring 

Familial hypercholesterolemia 

Questions to Be Answered 

Is there an underlying dysrhythmia? 
ischemia? 

Is there ischemia? What is the sever
ity of obstruction? 

Is there ischemia? 

Is dysrhythmia aggravated, or modi
fied, by exercise? 

Can abnormality be confirmed? 

Is there premature ischemic heart 
disease? 
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Table 11.11. Common ECG Changes in the Exercising Child 

ECG Change 

Segmental ST depression 

Aggravation of heart 
block 

Ventricular dysrhythmia 

Atrial tachycardia 

Condition or Disease 

Aortic stenosis or hypertrophic 
subaortic stenosis 

Aortic insufficiency 
Coarctation of aorta, pre- and 

postoperative 
Mitral incompetence 
Mitral valve prolapse 
Familial hypercholesterolemia 
Healthy children 
Lower degree block, postsurgical 

atrial septal defect 
Complete congenital heart block 
Tetralogy of Fallot, postsurgical 
Healthy children 
Sick-sinus syndrome 

Reference 

26 

34 
36 

32 
51 
33 
33 
32 

29 
22 
43 
47 

are light and can be worn by children without interfering with their 
spontaneous activities. 

How does long-term ECG monitoring compare with a "single shot" 
exercise ECG test? Based on probability, long-term scanning should be a 
more sensitive method to detect ECG abnormalities. Recent comparisons 
suggest, however, that an exercise ECG test, in which the child under
goes a number of metabolic loads (maximum included), is as sensitive a 
method. In fact, exercise-induced dysrhythmias are more likely to be 
triggered, suppressed, or modified by a progressive all-out test than by a 
regular day's activities.23 ,47,48 

A possible reason for the greater sensitivity of an all-out test is that 
during their spontaneous activity children may not push themselves to 
high-intensity exertion. Since exercise-induced ECG changes appear in 
any given child at a fairly constant heart rate,48 a mild or moderate 
activity may not trigger any ECG change. The same child, on the other 
hand, when pushed to his or her maximum, will display such changes. It 
is also possible that the higher level of emotional stress (and sympathetic 
drive) in the unfamiliar laboratory setting is more conducive to dys
rhythmic and other changes than is the stress in the more familiar play
ground.23 

A definite advantage of long-term monitoring (whether by a tape 
recorder or by telemetry) is that is also yields data on the habitual activity 
pattern of the child. This information is highly valuable whenever rec
ommendations are to be made regarding modification of the patient's 
daily activity. 
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In conclusion, long-term monitoring and laboratory exercise-ECG 
testing are both informative and complement each other. Whenever 
feasible, both should be administered, providing there are indications 
for assessment of electrocardiographic response to exercise. When re
sources are limited, a progressive all-out test in the laboratory is the 
method of choice. 

Cardiac Output 

The assessment of cardiac output in the exercising child is feasible, using 
invasive (direct Fick, or dye-dilution) or noninvasive techniques. For 
ethical reasons, a noninvasive approach is preferable. While a number of 
noninvasive methods are available, the indirect Fick CO2 method has 
been found feasible, reliable, and valid when compared with a direct 
Fick determination. Such a method requires a fast (e.g., infrared) CO2 
analyzer and a bag-valve system for rebreathing. For details see God
frey24 and Jones and Campbell.37 

Rating of Perceived Exertion (RPE) 
The above described measures of response to exercise are all based on 
the objective physiologic strain that takes place in response to a physical 
stress. It is also of value, however, to determine the subjective strain that 
the child undergoes during exercise. One way of obtaining such infor
mation is by the use of an RPE scale, as devised by Borg. lO This category
scale is shown in Table 11.12. 

Table 11.12. The Borg Category Scale 
for Rating of Perceived Exertion 

6 
7 Very, very light 
8 
9 Very light 

10 
11 Fairly light 
12 
13 Somewhat hard 
14 
15 Hard 
16 
17 Very hard 
18 
19 Very, very hard 
20 
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The scale is explained to the child before the start of an exercise test. 
It is important that the explanation be standardized. We use the follow
ing introduction: 

"You are going to perform an exercise test in which the effort will be changed 
from time to time [one should not suggest to the child that the exercise test is 
progressive, with equal increments]. This scale describes different efforts: 6 is 
the lightest possible effort that you can think of and 20 the hardest possible 
effort. Therefore, all efforts that you will be making must be between 6 and 20. 

"I shall show this scale to you during the exercise and ask you how hard you 
are exercising. Please answer by saying a number which best describes your feel
ing of the exercise at that moment. There are words opposite some of the 
numbers. These will help you remember what the numbers mean, but your 
answer must be by a number and not by a word. You can choose any number 
between 6 and 20 and not only those which have words opposite them. Remem
ber-there is no 'correct' or 'incorrect' answer. We just want to know how you 
feel during the exercise." 

This introduction is followed by examples and by ascertaining that the 
child understands the procedure. One must show the scale to the child 
just before the end of each stage (after an ECG strip has been recorded 
for heart rate determination) and each time ask: "How hard are you 
exercising? " 

We have been using the RPE scale routinely in our laboratory, as part 
of all progressive exercise tests. In healthy children, and in many sick 
ones, at above 7 years of age, the subjective rating is closely correlated 
with physiologic indices, mostly heart rate. We have found the RPE scale 
of special value in children with neuromuscular disabilities, with handi
capping dyspnea or with a high degree of apprehension, in whom 
there may be a discrepancy between exercise performance and physio-

Table 11.13. The New Borg Scale for Rating of 
Perceived Exertion 

o Nothing at all 
0.5 Very, very weak Uust noticeable) 
1 Very weak 
2 Weak (light) 
3 Moderate 
4 Somewhat strong 
5 Strong (heavy) 
6 
7 Very strong 
8 
9 

10 Very, very strong (almost maximal) 
• Maximal 
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logic strain. In such children the subjective rating may be high at a low 
power output, even when heart rate is low. The exercise performance of 
a child with, for example, muscular dystrophy is often more related to 
his subjective rating than to objective physiologic strain. 

We have also been using the RPE concept for exercise prescription, to 
describe a certain exercise intensity that the patient should reach. This 
approach is useful for those 13 years or older. We have not assessed it 
among younger individuals. 

Recently, a new RPE scale has been suggested, which is a combination 
of a category-scale and a ratio-scale (Table 11.13). It has been found 
useful among adults for rating of specific symptoms during exercise, 
e.g., breathlessness, aches, and pains. ll This scale has yet to be evaluated 
for children. 

Determination of Maximal Aerobic Power 

Maximal aerobic power can be determined directly by the measurement 
of maximal O2 uptake or can be assessed indirectly by the measurement 
of heart rate during submaximal exercise; of peak power output during 
cycling or stepping; and of peak effort in a progressive treadmill test. 

Direct Determination 

The main criterion indicating that maximal O2 uptake has been reached 
during a progressive protocol is that an increase in power load is accom
panied by no increase, or by an increase of less than 2 ml/kg x min, in 
O2 uptake. Such a plateau, although common among adults, is less often 
reached in children, especially during cycle ergometry.17 

Secondary criteria are available to decide whether the child has 
reached his or her maximal O2 uptake: heart rate of 195 beats/min, 
blood lactate concentration of 9 mmol/liter, or a respiratory gas ex
change ratio (C02 output/02 uptake) that exceeds 1.0. These criteria 
have been used with healthy children, but they may not be valid in some 
diseases. A child with muscle dystrophy, for example, may reach his 
peak effort at a low heart rate (e.g., 130-140 beats/min), as will a child 
with complete heart block or cyanotic heart disease. 

Unless on-line information is available, a decision that the child has 
reached his maximum cannot be based on physiologic variables. Experi
enced personnel often use such subjective criteria as blanching of the skin 
(mostly around the mouth and at the neck and shoulders), widening of 
the pupils, or a change in gait style, which shows that the child is strug
gling to keep walking or running. On the cycle ergometer, a child who is 
attempting to sustain the prescribed pedaling or cranking cadence and 
cannot do so, in spite of encouragement, has probably reached his maxi-
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mum. As a rule, when using an "all-out" protocol, we do not terminate 
the test until the child himself cannot continue. We assign much impor
tance to repeated verbal encouragement. Such statements as, "We know 
that you are terribly tired but you've almost finished" or, "We are now in 
the last minute (30 sec)" are most valuable and often elicit that all
important extra effort on the part of the child. 

Indirect Determination-Submaximal Tests 

Some investigators prefer not to bring the child to his or her self-im
posed maximum. This approach has been taken for children who are 
sick or unmotivated; in conjunction with catheterization; or in large
scale surveys where a test must be short and simple. In submaximal tests, 
one measures heart rate during one or more stages and uses a derived 
index of maximal aerobic power. 

Prediction of Maximal O2 Uptake. Various methods are available for 
the prediction of maximal O2 uptake from one or more values of sub
maximal heart rate. The most commonly used method is based on a 
nomogram of Astrand and Rhyming.4 To use this nomogram, heart rate 
must be measured at a known power load (on a cycle ergometer or by a 
step test), or together with a measurement of O2 uptake (on a treadmill). 
This nomogram was originally designed for young adults, assuming a 
maximal heart rate of 198 beats/min for females and 195 beats/min for 
males. Because of children's higher maximal heart rate, the maximal O2 

uptake obtained from the nomogram must be multiplied by 1.1. 
The use of this nomogram is based on the following assumptions: 

1. Heart rate is linearly related to O2 uptake. 
2. Exercise at a certain power output requires the same O2 uptake in all 

individuals. 
3. Individuals of a certain age-group have the same maximal heart rate. 

Even though such assumptions have some theoretical basis, none of 
them holds true in practice. The result is a low reproducibility and 
validity when the nomogram is used with children.27,42,54,60 Moreover, 
the nomogram seems to underestimate the real maximal O2 uptake by 
10_25%.28,52,54,60 To reduce this underestimation, various correction fac
tors have been suggested. These, however, do not reduce the marked 
scatter in results obtained by this method of prediction. We therefore do 
not recommend the use of the Astrand and Rhyming nomogram, de
spite its popularity, for the assessment of individual patients. Its use 
should be limited to population studies. 
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WHO . This index, which is the mechanical power at which heart rate is 
170 beats/min, was first introduced by Wahlund59 and has been in use 
since for children49•5o and adults. With this index one does not assume a 
certain maximal heart rate. The only assumption is that the heart rate is 
linearly related to power, at about 170 beats/min and less. Two, or more, 
measurements of heart rate are needed and the values are plotted 
against mechanical power, as shown in Fig. 11.3. The line thus estab
lished is extrapolated (or interpolated) to heart rate = 170 beats/min and 
the corresponding power is W 170' The drawback of W 170 is that, as with 
other sub maximal tests, it is based on heart rate, which is dependent on 
numerous factors in addition to the fitness of the individual. 

To decrease the error in this measurement, one of the heart rates 
should be as close as possible to 170. Another refinement is the use of 
more than two values to plot the line. If one point is obviously out of line, 
it can be discarded. This occurs sometimes with the lowest or with the 
highest value. The former is often too high, because the child is emo
tionally excited at the start of the test. The latter may be too low if the 
load approaches maximum (heart rate may reach a plateau while O2 

uptake is still rising). 

WO.85 • Some sick children have a maximal heart rate below 170 beats/ 
min. In such patients (e.g., those with congenital complete heart block) 
the use of WI70 will overestimate their real maximal aerobic power. An 
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Figure 11.3. A schematic diagram displaying the method by wh ich W170 is derived from 
submaximal heart rate in two adolescents. 
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alternative index has been suggested,14 which is the mechanical power 
that the child produces when his heart rate is 85% of his maximal heart 
rate (WO.85 ). To use this index, one must measure heart rate at a number 
of loads, including the peak load, and then interpolate to 85% of maxi
mal heart rate. 

WR17 • An alternative index, which is not based on heart rate, is the 
mechanical power that the child produces when he perceives the exercise 
to be "hard," or 17 on the Berg's category-scale (Table 11.12). We have 
found this index to correlate highly with other indices of maximal aero
bic power and to serve as a valid fitness test in children.6•7 As seen in Fig. 
11.4, the method of assessing WR17 is similar to that for W170 , with RPE 
being assessed instead of heat rate. 

Indirect Determination-All-Out Tests 

When direct measurement of O2 uptake is not feasible, one can assess 
maximal aerobic power using the performance of the child as a criterion. 
One example is the highest stage that the child can reach during the 
Bruce treadmill test (see above and Fig. 1.5), which is highly correlated 
with directly measured maximal O2 uptake. Another example is the 
peak power output in the McMaster cycling or arm-cranking tests (see 
above and Figs. 1.3, 1.4). 

Other indices are the speed of running a certain distance39 and the 
distance covered during a predetermined time period.41 
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Figure 11.4. A schematic diagram displaying the method by which WA17 is derived from the 
rating of perceived exertion in two adolescents. 
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Safety Precautions 

In adults, the two main untoward effects of exercise stressing are 
myocardial ischemia and ventricular fibrillation. Although epidemio
logic data are not available on the occurrence of such complications in 
the pediatric age-group, the risk seems to be extremely IOW. 14 It can be 
kept that way if one follows certain precautions. 

Personnel 

An exercise laboratory team comprises a physician, nurses, and exercise 
technicians. All should be familiar with the principles of exercise physi
ology, should recognize normal and abnormal response patterns to ex
ercise, and should be proficient in cardiopulmonary resuscitation. 

In some laboratories the physician takes an active part in the testing. 
In others, he is available nearby in case of emergency. Whenever more 
than one exercise protocol is used in a laboratory, the physician is the 
individual who should determine the protocol needed for each patient. 

Contraindications for Exercise Testing 

As a rule, any child can be given an exercise test. There are, however, 
health conditions that, on the day of testing, preclude exertion. These 
are summarized in Table II.l4. 

Individuals with the following diseases constitute a high-risk group, 
and special attention must be paid to them during testing: severe aortic 
stenosis, myocardial disease, cyanotic heart disease, advanced pulmo-

Table 11.14. Contraindications for Exercise Testing in Pediatric Patients 

1. Acute febrile condition 
2. Acute inflammatory cardiac disease, e.g., pericarditis, myocarditis, acute 

rheumatic heart disease 
3. Congestive heart failure-uncontrolled 
4. Asthmatic child who is dyspneic at rest, or whose FEV 1.0* or PEFt are less 

than 60% of height-predicted value 
5. Acute renal disease, e.g., acute glomerulonephritis 
6. Acute hepatitis, during 3 months since onset 
7. Insulin-dependent diabetic who did not take his prescribed insulin or who is 

ketoacidotic 
8. Drug overdose affecting cardiorespiratory response to exercise, e.g., digitalis 

or quinidine toxicity, salicylism, antidepressants 

Adapted from American Heart Association Report: Standards for Exercise Testing in the 
Pediatric Age Group.1 

* FEV 1.0 = Forced expiratory volume in the first second 
t PEF = Peak expiratory flow 
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Table 11.15. Criteria for Termination of an Exercise Test in 
the Pediatric Age-Group 

1. Clinical 
a. Symptoms-chest pain, severe headache, dizziness, chills, sustained nau

sea, inappropriate dyspnea 
b. Signs-sustained pallor, clammy skin, disorientation, inappropriate affect 

2. Electrocardiographic 
a. Ventricular tachycardia 
b. Supraventricular tachycardia 
c. ST segmental depression, or elevation, of more than 3 mm 
d. Triggering by exercise of intracardiac block 
e. Premature ventricular contractions with increasing frequency 

3. Blood Pressure 
a. Excessive levels-systolic BP 240 mm Hg 

-diastolic BP 120 mm Hg 
b. Progressive fall in systolic BP 

Based in part on American Heart Association Special Report: Standards for Exercise 
Testing in the Pediatric Age Group.l 

nary vascular disease, ventricular dysrhythmia (which accompanies a 
heart disease), coronary arterial disease, and hypercholesterolemia. 
While some laboratories use only submaximal protocols in these condi
tions, others allow the child to perform an all-out test under close super
vision. 

Termination of an Exercise Test 

To safeguard the health of the child one must sometimes discontinue an 
exercise test. All personnel who administer exercise tests must be able to 
make such a decision, based on clinical, electrocardiographic, and blood 
pressure criteria. These criteria are listed in Table II.15. 
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Append ix III 

Activity Questionnaire 

The following is an example of a questionnaire to be filled in by a parent 
on the first visit of the child to the exercise clinic. Questions are designed 
to elicit information on the child's activities at home, at school, and at the 
sports club, as well as the activity habits of other family members and 
parental attitude toward physical activity. 

Dear Parent: 
The purpose of the following questions is to help us evaluate the activity 
habits and exercise capability of your child. Please be as accurate as 
possible in your answers. Feel free to add any details which seem rel
evant. 

1. How would you compare the physical activity of your child with that 
of her/his friends? 

Child is as active as her/his friends 0 
Child is more active than her/his friends 0 
Child is less active than her/his friends 0 
It is hard to make such a comparison 0 
Details _____________________ _ 
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2. How would you compare the activity of this child with that of your 
other children? 

There are no other children in the family D 
This child is as active as my other children D 
This child is more active than my other children D 
This child is less active than my other children D 
It is hard to make such a comparison D 
Details ______________________ _ 

3. Does this child take part in physical education classes at school? 

All activities, with no exception D 
Some activities only D 
Child does not participate in physical education classes D 
Child does not attend school D 
Details (especially type of activities forbidden) 

4. If child is limited in activity at school, for what reason? (You may fill 
in more than one answer) 

Advice of physician D 
Advice of teacher D 
Decision of parents D 
Child does not want to participate D 
Other D 

please specify 

Details ______________________ _ 
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5. Is the child a member of a sports team at school or otherwise? 

No D 
Yes, within school (intramural) D 
Yes, representing the school D 
Yes, other D 
Yes, in the past but no more D 

6. If a member of a team, in which sport or sports? 

7. If child trains regularly, what is the nature of his training? 

Type of Hours per Time of Comments 
Sport Week Year 

A. 

B. 

C. 

8. Are there any other members of your family who participate in 
competitive sports? 

No, no one in this family D 
Yes D 
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9. If "yes," please specify 

Family Member Type of Sport Trains Regularly? 

A. 

B. 

c. 

D. 

10. Does the child participate in any recreational activity that requires 
physical effort? (For example, skiing, canoeing, cycling, dancing, 
swimming). Please specify. 

Type of Activity Time of Year Hours per Week 

A. 

B. 

c. 

11. Does any member of the family participate in recreational activities 
that require physical effort? 

Yes D 
No one D 
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12. If "yes" please specify 

Family Member Type of Activity Time of Year 

A. 

B. 

C. 

D. 

13. Does this child complain of any difficulty during or after physi
cal exertion? 

No complaint D 
Shortness of breath D 
Pain D 
Fatigue D 

Where? __________ _ 

Other ________ _ D 
please specify 

Details _____________________ _ 

14. Does your child often sustain bruises, injuries, or other damage when 
physically active? 

Yes D 
No D 

15. If "yes," please specify _______________ _ 

16. In your opinion, is this child as active as she/he should be? 

Yes D 
Child is too active D 
Not sufficiently active D 
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17. If this child is not as active as she/he should be, what in your opinion 
is the reason? (You can fill in more than one answer) 

Lack of interest 0 

A disease 0 

Lack of suitable conditions 0 

Other 0 

I don't know 0 

Details 

18. Please fill in any of the following statements that you agree with (you 
can check more than one statement): 

Physical activity is important because it is fun 0 

Physical activity is necessary to keep fit 0 
Physical activity is good for health reasons 0 

Physical activity may be dangerous to one's health 0 
Physical activity can prevent overweight 0 

Physical activity is important mostly to those who wish 0 
to become professional athletes 
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Calorie Equivalents 

Calorie Equivalent of Child's Activities. Numbers denote kcal per 10 min 

Body Weight in kg 
Activity 

20 25 30 35 40 45 50 55 60 65 

Basketball 34 43 51 60 68 77 85 94 102 110 
(game) 

Calisthenics 13 17 20 23 26 30 33 36 40 43 

Cross-country 
ski 

leisure 24 30 36 42 48 54 60 66 72 78 

Cycling 
10 km/hr 15 17 20 23 26 29 33 36 39 42 
15 km/hr 22 27 32 36 41 46 50 55 60 65 

Field hockey 27 34 40 47 54 60 67 74 80 87 

Figure skating 40 50 60 70 80 90 100 110 120 130 

Horse-back 
riding 

canter 8 11 13 15 17 19 21 23 25 27 
trot 22 28 33 39 44 50 55 61 66 72 
gallop 28 35 41 48 50 62 69 76 83 90 

Ice hockey 52 65 78 91 104 117 130 143 156 168 
(on-ice time) 

Judo 39 49 59 69 78 88 98 108 118 127 

Running 
8 kmlhr 37 45 52 60 66 72 78 84 90 95 

10 km/hr 48 55 64 73 79 85 92 100 107 113 
12 km/hr 76 83 91 99 107 115 123 130 
14 km/hr 113 121 130 140 148 
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Calorie Equivalent of Child's Activities (Continued) 

B ady Weight in kg 
Activity 

20 25 30 35 40 45 50 55 60 65 

Sitting 
complete rest 8 8 9 9 10 10 11 11 12 12 
quiet play 11 12 14 15 15 16 17 18 19 20 

Snow shoeing 35 42 50 58 66 74 82 90 98 107 

Soccer (game) 36 45 54 63 72 81 90 99 108 117 

Squash 64 74 85 95 106 117 127 138 

Swimming 
30 m/min 

breast 19 24 29 34 38 43 48 53 58 62 
front crawl 25 31 37 43 49 56 62 68 74 80 
back 17 21 25 30 34 38 42 47 51 55 

Table tennis 14 17 20 24 28 31 34 37 41 44 

Tennis 22 28 33 39 44 50 55 61 66 72 

Volleyball 20 25 30 35 40 45 50 55 60 65 
(game) 

Walking 
4 km/hr 17 19 21 23 26 28 30 32 34 36 
6 km/hr 24 26 28 30 32 34 37 40 43 48 
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Glossary of Terms 

Acute Exercise. A bout of physical exercise of any intensity that may 
last from a few seconds to a few hours. 

Adapted (Adaptive) Physical Education. Subspecialty of physical edu
cation using movement, physical skills, and sports for the education and 
therapy of children and adolescents who are disabled emotionally, men
tally, or physically. 

All-out Exercise. A bout of exercise that the subject performs to ex
haustion. 

Anaeorobic Threshold. Exercise intensity during a progressively in
creasing task at which the rate of lactic acid production exceeds lactic 
acid removal. 

Chronic Exercise. Repeated bouts of acute exercise, spreading over a 
period of weeks, months, or years. 

Collision Sports. Sports in which hitting or ramming the opponent is 
integral to the sport. Examples: American football, boxing, ice hockey, 
rugby, karate (cf. Contact Sports). 

Concentric Muscular Contraction. Shortening of the muscle during 
contraction. 

Conditioning (Physical). The process by which repeated bouts of exer
cise induce morphological and functional changes in the body as a whole 
(cf. Training). 

Contact Sports. Sports in which body contact between opponents is fre
quent but incidental to the sport. Examples: basketball, European hand
ball, lacrosse, soccer (cf. Collision Sports). 
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Dehydration. The process of incurring fluid deficit, which leads to hy
pohydration. 

Dynamic (Rhythmic) Exercise. An exercise pattern in which muscle 
contraction and relaxation alternate. 

Eccentric Muscular Contraction. Lengthening of a muscle during con
traction. This will occur when an external force is exerted on the muscle 
which is greater than the force generated by the contraction, and in 
opposite direction to it. 

Ergometer. An apparatus used for exercise in which the mechanical 
power or the walking or running conditions are quantifiable and repro
ducible. The most commonly used ergometers are: cycle, treadmill, and 
a step. 

Heat Strain. Physiologic and perceptual responses to heat stress. Vari
ables commonly included are heart rate, rectal temperature, sweating 
rate, and rating of perceived exertion. 

Heat Stress. A combination of environmental conditions that stress the 
heat-dissipation mechanisms. The main components are humidity, radi
ation, ambient temperature and wind velocity. 

Hypoactivity. Physical activity level that is lower than in healthy indi
viduals of similar age, sex, cultural, and socioeconomic background. 

Hypohydration. A state of body hydration that is below optimal (cf. 
Dehydration). 

Isometric Muscular Contraction. Contraction that does not cause a 
change in the muscle length, nor any skeletal movement. 

Maximal Aerobic Power. The highest O2 uptake that can be attained 
during exercise. (This term should be used instead of Aerobic Capacity.) 

Maximal Exercise. The lowest exercise level at which O2 uptake is max
imal (cf. Supramaximal Exercise). 

Maximal O2 Uptake. The level of O2 uptake that cannot be surpassed 
even when the exercise load is increased. Serves as a measure of maximal 
aerobic power. 

Mechanical Efficiency. The ratio between external mechanical work 
produced by the muscle and the chemical energy utilized during the 
contraction. 

Muscle Endurance. The ability of a muscle, or a muscle group, to sus
tain prolonged (static) or repeated (dynamic) contractions of high inten
sity. 
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Muscle Strength. The maximal force that a muscle, or muscle group, 
can exert. 

Oxygen Uptake. The volume of O2 that is consumed during a time unit 
by a tissue, an organ, or the whole body. 

Peak Power Output. 1) The highest mechanical power that can be per
formed in a "progressive maximal test." 2) The highest power achieved 
momentarily (or up to a 5-sec period) during a supramaximal task. 

Physical Working Capacity (PWC). A general term in common use to 
describe the working performance of an individual (often used as a 
synonym for maximal aerobic power). PWC is assessed by peak power 
output, total work, maximal O2 uptake, or W170• 

Prolonged Exercise. A continuous exercise bout, lasting 30 min or 
more. 

Respiratory Quotient (RQ). The ratio between CO2 production and O2 

uptake. 

Static Exercise. An exercise pattern in which muscle contraction (usu
ally isometric) is continuous and not alternating with relaxation. 

Submaximal Exercise. An exercise level at which O2 uptake is sub
maximal. 

Supramaximal Exercise. An exercise level higher than maximal ex
ercise. 

Training (Physical). The process by which repeated bouts of exercise 
induce morphologic and functional changes in a specific tissue or body 
system (cf. Conditioning). 

Ventilatory Equivalent. The ratio between pulmonary ventilation and 
O2 uptake (i.e., the number of liters of ventilated air which facilitate 1 
liter of O2 uptake). 

W170' The mechanical power output at which heart rate would be 170 
beats/min. An index of maximal aerobic power. 
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with prolonged activity. 33-34 
warm-up effect, 34-35 

pulmonary responses to, 30-33 
gas exchange, 33 
respiratory frequency and tidal 

volume, 31-32 
ventilation, alveolar, 33 
ventilation, pulmonary, 30-31 
ventilatory equivalent, 32 
vital capacity, 33 

Adams submaximal cycling test, 322, 
322t 

Adenosine triphosphate (A TP), 2 
Adipocytes, 216 
Adiposity. See also Obesity 

activity vs, 202, 203f 
with anorexia nervosa, 192, 193t 
with cerebral palsy, 229 
in cold climates, 290 
conditioning in reduction of, 208-

213 
exercise performance vs, 205 
heart rate and, 23t, 25 
oxygen uptake vs, maximal, 206-

207, 206f 
physical working capacity and, 

205-208 
Aerobic activities, 3 
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Aerobic capacity. See Aerobic power, 
maximal 

Aerobic energy, 2 
conditioning effects on, 51 
metabolic rate and, 3 
reserve of, 8, lOf 

Aerobic power, maximal 
age and, 3, 4f, 5f, 12f 
with anemia, 251 
with anorexia nervosa, 193 
for aortic stenosis with exercise, 

128 
with asthenia, neurocirculatory, 

148 
with asthma, 100 
Bruce treadmill test of, 319 
with cerebral palsy, 227, 234, 234f 
conditioning effects on, 45-46 
definition of, 352 
determination of, direct, 333-334 

protocols for, 317 
determination of, indirect, 334-

336 
protocols for, 317-319 

disease affecting, 73-75, 74f. See 
also specific diseases 

in exercise testing, 317 
in growth hormone deficiency 

provocation tests, 184 
lean body mass and, 3, 5f 
with malnutrition, 195, 197 
maximal oxygen uptake as index 

of, 3, 353 
dimensionality theory and, 4-6 
per kilogram body weight, 3-4 

with muscular dystrophy, 239-240 
with obesity, 205, 208f 
with scoliosis, 243-244 
with tetralogy of FaIIot, 159, 160f 
with tuberculosis, 116 

Age 
acid-base balance and, 13-14, 14f 
aerobic reserve and, 8, lOf 
cardiac output and, 20, 2lf 
exercise perception and, 35-38, 

37f 
heart rate and, 22, 23t, 24f 
heat acclimatization and, 272, 

273f 

Age (Cont.) 
maximal aerobic power and, 3, 4f, 

5f, 303f, 304f 
maximal anaerobic power and, 10, 

Ilf, 31lf, 312f, 313f, 314f 
prolonged activity with, 34 
respiratory heat loss with, 97, 98f 
stroke volume and, 20 
submaximal oxygen uptake and, 7, 

8f-
sweating and, 264, 266f 
ventilation and, 30 

Aldosterone, 280 
Alveolar ventilation 

exercise affecting, 33 
with obesity, 74 
with scoliosis, 244t, 245 

Anaerobic activities, 3 
Anaerobic capacity 

with asthma, 99 
conditioning effects on, 46, 46t, 51 
definition of, 9, 31lf, 312f 
with hypohydration, 279 
per kilogram body weight, 312f 

ergometers for, 316t 
lactate production in, 11-12 

muscle contraction acidosis and, 
13-14, 14f 

muscle mass in, 11 
Wingate anaerobic test for, 311f 

Anaerobic power 
age and, 10, llf, 12f 
peak, 313f 

per kilogram body weight, 314f 
Anaerobic threshold 

in children vs adults, 15 
definition of, 14-15, 351 
with muscular dystrophy, 239-240 
with thalassemia major, 257 
ventilatory breaking point and, 30 

Androgens 
and lactate production, 12 
and sweating, 264 

Anemia 
compensatory mechanisms for, 

250-251 
heart rate with, 23t 
hypoactivity with, 251-252 
iron deficiency, 252-253 



Anemia (Cont.) 
physical working capacity with, 

251-252 
sickle cell, 256 
sports-induced, 48, 252-253 

Anorexia nervosa 
adiposity with, 192, 193t 
exercise in treatment of, 78t 
exercise perception in, 193-194 
habitual activity with, 194 
heart rate with, 23t 
heat-related illness with, 285, 286t 
physical working capacity of, 192-

193 
physiologic characteristics of, 193t 

with nutritional rehabilitation, 
193, 194f 

Antihistamines, 106 
Aorta, coarctation of. See Coarctation 

of aorta 
Aortic stenosis 

acute exercise with, 126 
blood pressure from, 130-131 
clinically detrimental effects of, 

129-130 
for diagnosis, 130-133 
electrocardiography of, 131-132, 

13lf 
hemodynamic abnormality with, 

126-128, 127t, 127f 
myocardial ischemia from, 128-

129, 131-132 
myocardial oxygen supply: de

mand ratio from, 131 
physiologic responses to, 126-

129 
death from, 129 
permissible activities for, 133 
physical working capacity with, 

129 
surgical repair of, 132-133 

Arm ergometer 
anaerobic protocols for use of, 317 
for cerebral palsy testing, 229 
characteristics of, 316t 
for exercise testing, 315 
for maximal aerobic power deter

mination, 317 
Arm test, McMaster, 321, 321t 
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Arterio-venous O2 difference 
and age, 19-20, 2lf 
in congenital complete heart block, 

137 
maximal, disease effect on, 73-74, 

74f 
Arthritis 

exercise in treatment of, 78t 
hypoactivity with, 68t 

Asthenia, neurocirculatory 
conditioning with, 148-149 
exercise effects on, 147 
exercise in assessment of, 147-148, 

148f 
heart rate with, 23t 
physical activity in therapy for, 78, 

78t 
physical working capacity with, 147 
thermoregulation in, 285 

Asthma, bronchial 
arterial oxygen content with, 74 
bronchoconstriction of, exercise

induced, 88-98 
airway cooling in, 94-97, 95f, 

96f 
chemical mediators in, 97-99 
climatic conditions for, 92-93 
description of, 88-89 
duration of exercise in, 91-92 
drugs in prophylaxis and treat-

ment, 104-lO6 
epidemiology of, 89-90 
humidifying and warming air for 

prevention of, 107 
intensity of exercise in, 90-91, 

92f 
management of, 104-108 
mechanisms underlying, 93-99 
nasal breathing for prevention 

of, 106 
respiratory heat loss in, 96-97, 

96f,98f 
time since previous exercise in, 

92 
triggering stimuli in, 94 
type of exercise in, 90, 9lf 
vagal pathways in, 97-99 

choice of physical activities for, 
107-108 
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Asthma, bronchial (Cont.) 
emotional component of, 10 1 
exercise in treatment of, 78t 
exercise provocation tests of, 101-

104 
asthmogenicity and type of ac

tivity, 101 
baseline testing prior to, 103 
for bronchoconstriction docu

mentation, 101 
considerations in, 101-102 
for exercise tolerance determina

tion, 101 
for hyperreactive airway diagno

sis, 101 
interpretation of results, 103-

104 
for medication ev,!-luation, 10 1 
medication withdrawal prior to, 

102 
pretest preparation for, 102 
protocol for, 102-103 
rationale for, 101 

habitual activity with, 68t, 99-100 
hemodynamic changes with, 99 
physical conditioning and, 108-

109 
physical working capacity with, 100 
reversal of bronchoconstriction, 

106 
ventilatory changes with, 99 

Atrial septal defect 
exercise in assessment of, 154 
hemodynamic abnormalities with, 

153 
physical working capacity with, 153 

Baseball 
with asthma, 108 
epilepsy and, 237 
fitness components affected by, 43t 
overuse syndromes from, 81 

Basketball 
calorie equivalent of, 349t 
diabetes mellitus and, 178t 

exercise exchanges with, 181 t 
fruit and starch exchanges with, 

178t 

Basketball (Cont.) 
epilepsy and, 237 
fitness components affected by, 

43t 
for weight reduction, 219 

Becker's muscular dystrophy, 239 
habitual activity with, 240 
muscle endurance with, 24lf 

Beta-adrenergic blockers 
heart rate and, 23t, 26, 27f, 74f 

Blood glucose in diabetes 
exercise affecting, 168-172, 180-

182 
food in management of, 177 
hyperglycemia, exercise-induced, 

171,172f 
hypoglycemia, exercise-induced, 

168-171, 169f 
insulin effects on, 170-171, 177, 

180 
Blood pressure, arterial 

of children vs adults, 19t 
with conditioning, 49t, 50, 214t, 

215 
with deconditioning and detrain

ing, 48 
with exercise, 28-30, 29f 

in anorexia nervosa, 192 
in aortic stenosis, 126-128, 127f, 

130 
in coarctation of aorta, 134, 135, 

135f 
in hypertension, 142-143, 143f 
in obesity, 200 
rhythmic, 28 
static, 29-30 
in ventricular septal defect, 154 

in exercise testing, 327 
hypoactivity and, 145 

Blood volume 
with anorexia nervosa, 192 
with asthma, 99 
conditioning effects on, 48, 49t 
changes with exercise, in, 274 
changes with hypohydration, in, 

276-278 
Body length 

in dimensionality theory, 6 
muscle force or strength vs, 6 



Body mass 
with anorexia nervosa, 192 
conditioning effects on, 53, 208 
exercise performance and, 33 
with malnutrition, 195 
maximal aerobic power and, 3, 5f 
in thermoregulation, 262 

Body position and heart rate, 23t, 27 
Body weight. See also Obesity 

with cerebral palsy, 229 
maximal oxygen uptake and, 3-4, 

5f 
reduction of, with conditioning, 

211 
Borg scale for rating perceived exer

tion, 331, 331t, 332t 
Boxing 

epilepsy and, 237 
fitness components affected by, 42t 
hemophilia and, 255 

Boys. See Sex differences 
Bradycardia, 49 
Bradykinin, 97 
Breathing 

in asthma management, 106-107, 
107f 

with cystic fibrosis, 110 
with scoliosis, 244t, 245 

Bronchoconstriction, exercise-in-
duced 

in asthma, 88-98 
climatic conditions for, 92-93 
description of, 88-89 
duration of exercise for, 91-92 
epidemiology of, 89-90 
intensity of exercise for, 90-91, 

92f 
management of, 104-108 

choice of activities, 107-108 
drug therapy, 104-106 
humidifying and warming air, 

107 
nasal breathing, 106 

mechanisms underlying, 93-99 
airway cooling, 94-97, 95f, 96f, 

98f 
chemical mediators in, 97-99 
triggering stimuli, 94 
vagal pathways in, 97-99 

Index 359 

Bronchoconstriction (Cont.) 
nature of, 90-92, 9lf, 92f 
refractory period of, 97 
time since previous exercise in, 92 
type of exercise for, 90, 9lf 

Bruce treadmill test, 307f 
in aerobic power determination, 

maximal, 336 
disadvantages of, 319 
protocol for, 319-320, 319t 

Calcium, 270 
Calisthenics 

calorie equivalents of, 349t 
diabetes mellitus and, 181 t 

Calorie equivalent of activities, 349-
350t 

Calorie intake 
vs adiposity, 202, 203f 
in adiposity reduction, 209, 211 
in diabetes management, 180 
in malnutrition, 198 
in obesity, 200-202 

Canadian home fitness test, 323 
Cardiac output 

age and, 20, 2lf 
with anemia, 250 
with anorexia nervosa, 192 
for aortic stenosis with exercise, 

128 
with asthma, 99 
of children vs adults, 19t 
conditioning effects on, 50 
with congenital complete heart 

block, 136t, 137 
in congenital heart diseases, 287 
in exercise testing, 331 
with growth and development, 21 f, 

22 
with hypohydration, 278 
maximal, disease effect on, 73, 74f 
measurement of, 19 
with pulmonary stenosis, 149t, 150 
in response to exercise, 19-22, 20f, 

2lf 
in thermoregulation, 260, 263 

Cardiac reserve, 22, 23f 
with obesity, 200 



360 Index 

Cardiovascular diseases. See also spe
cific diseases 

death from, 82, 83f 
Cardiovascular system 

conditioning and, 48-50 
morphologic changes, 48, 49t 
physiologic changes, 49-50, 49t 

exercise affecting, 18-30 
arterial blood pressure, 28-30 
cardiac output and stroke vol

ume, 19-22 
heart rate, 22-28 

physical conditioning effect on, 
215 

Cerebral palsy 
adiposity and, 229 
conditioning with, 230-234 

functional effect of, 232-233 
physiologic effect of, 230-231 
recommended activities for, 

233-234 
economy of movement with, 227-

228 
exercise in treatment of, 78t 
exercise testing of, 229-230 
habitual activity with, 228-229 
hypoactivity with, 68t 
mechanical efficiency with, 227-

228 
muscle spasticity measurement 

with,231 
physical working capacity with, 227 

Chloride 
in hypohydration, 278 
sweat concentration of, 275 

Climate 
acclimatization to hot, with exer

cise, 271-273 
in children vs adults, 272 
perceptual changes with, 272-

273 
adiposity and, 290 
asthma affected by, 92-93 
athletic events in hot, guidelines 

for conduct of, 292-294 
cold tolerance and, 268-271 
epidemiology of health in hot, 284 
for exercise-induced bronchocon-

striction, 92-93 

Climate (Cont.) 
fluid and electrolyte balance and, 

274-281 
electrolyte loss during exercise, 

275-276 
hypohydration, 276-279 
water and electrolyte replenish

ment, 279-281 
water shifts during exercise, 

274-275 
health hazards from hot, 281-292 

with anorexia nervosa, 285 
with congenital heart disease, 

285-287 
with cystic fibrosis, 287 
with diabetes, 287-288 
with diarrhea and vomiting, 288 
epidemiologic studies of, 284 
with excessive eagerness, 288 
with fever, 288 
heat-related illness, 282-284 
with hypohydration, 288 
with insufficient acclimatization, 

288-289 
with insufficient conditioning, 

289 
with malnutrition, 289-290 
with mental deficiency, 290 
with obesity, 290-292 
with prior heat-related illness, 

292 
with sweating insufficient syn

dromes, 292 
heat tolerance and, 266-267 

in children vs adults, 266-267 
definition of, 266 

in heat-related illness, 282-284 
populations at risk, 284-292 

sweating from, 263-266 
functional implications of, 264-

266 
heat-activated sweat glands, 264 

thermoregulation, 260-263 
characteristics of, 262-263 
heat production and exchange 

in, 260-261 
heat stress and strain in, 260 
physiologic and behavioral 

means of, 261-262 



Climate (Cont.) 
in weight-reducing regimens, 211 

Coarctation of aorta 
exercise in diagnosis of, 134-136 
hemodynamic abnormalities with, 

133, 134, 134t, 135f 
ischemic changes during exercise 

with, 135-136 
Cold tolerance, 268-271, 270f 
Collision sports, 351 

epilepsy and, 236 
with hemophilia, 255 
injuries from, 81 

Conditioning, physical. See Physical 
conditioning 

Conduction, 262 
Congenital complete heart block. See 

Heart block, congenital com
plete 

Contact sports, 351 
epilepsy and, 236 
injuries from, 81 

Convection heat, 262, 278 
Cor pulmonale, III 
Coronary heart disease, 142 
Corticosteroids, 106 
Creatine phosphate, 2 
Cumming intermittent cycling test, 

321,321t 
Cyanotic heart disease 

arterial oxygen content with, 74 
hypoactivity with, 68t 

Cycle ergometer 
anaerobic protocols for use of, 317 
characteristics of, 316t 
for exercise testing, 315-317 

Cycling 
as aerobic activity, 3 
asthma and, 90, 100 
calorie equivalent of, 349t 
with cerebral palsy, 233 
diabetes mellitus and, 178t 

exercise exchanges with, 18lt 
fruit and starch exchanges with, 

178t 
epileptic seizure during, 236 
fitness components affected by, 42t 
heat loss in, 270 
with hemophilia, 255 

Index 361 

Cycling (Cont.) 
mechanical efficiency of, 7 
for weight reduction, 218t 

Cycling tests 
Adams submaximal progressive 

continuous, 322, 322t 
for aerobic power determination, 

maximal, 333 
Cumming all-out progressive inter

mittent, 321, 321t 
in growth hormone deficiency, 

185t 
McMaster all-out progressive con

tinuous, 320-321, 320t 
Wingate anaerobic, 322-325, 322f, 

323t 
Cystic fibrosis 

arterial oxygen content with, 74 
conditioning with, 113-115, 112f 
cor pulmonale from, III 
dyspnea with, 109 
exercise in assessment of, 111-113 
exercise programs with, 115 
heat-related illness with, 287 
hypoactivity with, 68t 
lung diffusion capacity with, 110, 

ll1f 
oxygen saturation in, 110, 112f 
pathophysiologic changes with, 

110, lilt 
physical working capacity in, 109-

111, 112f 
salt loss via sweating in, 115 
training as treatment with, 79t, 

112f,113-115 

DaCosta's syndrome, 147 
Death 

from cardiovascular disease, 82, 
83f 

from heat-related illness, 284f 
from tetralogy of FaIlot, 161 

Deconditioning (Detraining) 
heart rate with, 23t, 26 
physiologic effect of, 47 

Dehydration. See also Hypohydration 
definition of, 352 
deliberate, 277-278 
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Dehydration (Cont.) 
with exercise, 275 
reversal of, 280 
voluntary, 276-277 

Dextropropoxyphene, 106 
Diabetes mellitus 

acute exercise with, 168-171 
blood glucose lowering effect of, 

168-171, 169f 
hyperglycemia from, 171, 172f 
insulin binding to receptors and, 

171 
insulin injection route and site 

effect on, 170-171, 170t 
synergistic effect with insulin, 

172-173 
complications of, 173 
control of, 173-174, 174f 
growth hormone response to exer-

cise with, 186 
heat-related illness with, 287-288 
hypoactivity with, 68t 
ketoacidosis from, 82-83, 82t 
management of, 177-182 

exercise exchanges in, 180-182, 
181t 

food in, 177-180 
fruit and starch exchanges, 178-

179t 
insulin in, 170-171, 177, 180 

obesity with, 176 
physical activity in therapy for, 78-

79, 78t 
physical working capacity with, 

176-177 
Diarrhea and vomiting, 288 
Diet vs. conditioning, in obesity, 211-

212, 211t 
Dimensionality theory, 153-154 
Diseases 

cardiovascular. See Cardiovascular 
diseases 

endocrine, 
diabetes, 168-182 
growth hormone deficiency, 

182-187 
habitual activity and, 66-67 
hematologic, 

anemia, 250-253, 256 

Diseases, hematologic (Cont.) 
hemoglobinuria, 253-254 
hemophilia, 254-256 

hypoactivity from, 67-68 
neuromuscular, 

cerebral palsy, 227-234 
epilepsy, 234-237 
McArdle's syndrome, 237-238 
muscular dystrophy, 238-243 
scoliosis, 243-245 

nutritional, 
anorexia nervosa, 192-194 
malnutrition, 195-199 
obesity, 199-220 

physical working capacity affected 
by, 73-75 

detraining, 73 
maximal aerobic power reduced, 

73-75 
pulmonary, 

asthma, 88-109 
cystic fibrosis, 109-115 
interstitial lung disease, 115-116 
tuberculosis, 116 

Disodium cromoglycate, 104 
2,3 DPC and exercise, 75 

with anemia, 251 
Duchenne muscular dystrophy 

conditioning effects on, 242-243, 
242f 

habitual activity with, 240 
muscle strength with, 238, 240f 

Electrocardiography, exercise 
of aortic stenosis, 131-132 
changes induced by, 329, 330t 
of coarctation of aorta, 135-136 
electrode choice in, 328-329 
indications for, 329, 329t 
leads in, 329 
vs long-term ECC monitoring, 

329-331 
skin preparation for, 328 

Electrolytes 
in heat exhaustion, 282, 283f 
in hypohydration, 278 
loss of, during exercise, 275-276 



Electrolytes (Cont.) 
replenishment of, with activity, 

279-281 
Economy of locomotion 

in cerebral palsy, 227-228 
in healthy children, 7-8 

Endocrine diseases. See Diabetes 
mellitus; Growth hormone 
deficiency 

Endurance 
with cerebral palsy, 230 
iron deficiency and, 252-253 
with malnutrition, 197 
measurement of, 307f 
with muscular dystrophy, 238-

239 
sports affecting, 42-43t 

Epidemiology 
of exercise-induced bronchocon

striction, 89-90 
of illness in hot climate, 284 

Epilepsy 
accidents and, 236 
collision and contact sports and, 

236 
exercise affecting, 83 
exercise with, 234, 235 
fatigue with, 235 
head trauma and, 236 
hyperventilation and, 235 
hypo activity with, 68t 
recommended physical activities 

with, 237 
seizure in, stimulus for, 235-236 

Ergometer 
arm, 315, 316t 
characteristics of, 315, 316t 
choice of, 315-317 
cycle, 315-317, 316t 
description of, 315, 352 
for exercise challenge tests for 

asthma, 103 
Fleisch-Metabo, 324-325 
Monark,324 
step, 315, 316t 
treadmill, 315, 316t, 317 
for Wingate anaerobic test, 324 

Exercise challenge tests 
for aortic stenosis, 130-133 

Index 363 

Exercise challenge tests, for aortic 
stenosis (Cont.) 

with electrocardiography, 131-
132 

hemodynamic variables in, 130-
131 

in surgical repair evaluation, 
132-133 

arm test, McMaster, 321, 321t 
for asthenia, neurocirculatory, 

147-148, 148f 
for asthma, 101-104 

in activity asthmogenicity assess
ment, 101 

baseline tests for, 103 
in documentation of broncho

constriction, 101 
in emotional component assess

ment, 101 
in exercise tolerance determina

tion, 101 
in hyperreactive airway diagno

sis, 101 
interpretation of results, 103-

104 
in medication evaluation, 101 
medication withdrawal prior to, 

102 
pretest preparation, 102 
protocol for, 102-103 
standardization of, 103 

for atrial septal defects, 154 
for coarctation of aorta, 134-136 

hemodynamic responses, 134-
135, 134t, 135f 

ischemic changes, 135-136 
for congenital complete heart 

block, 140-141, 141f 
contraindications for, 337-338, 

337t 
cycling 

Adams submaximal progressive 
continuous, 322, 322t 

Cumming all-out progressive 
intermittent, 321, 32lt 

McMaster all-out progressive 
continuous, 320, 320t 

Wingate anaerobic, 323-325, 
324t 
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Exercise challenge tests (Cont.) 
for cystic fibrosis, 111-113 
ergo meters for, 315-317 

characteristics of, 316t 
for growth hormone deficiency, 

182-187 
false results from, 184, 185f 
fitness level in, 184, 186 
obesity and, 186 
protocol for, 183-184, 186-

187 
rationale for, 182 
refractory period in, 186 
screening test for, 183-184 
standardization of, 184, 186 
temperature affecting, 186 

for hypertension, 144-145 
measurements taken during, 325-

333 
arterial blood pressure, 327 
cardiac output, 331 
by electrocardiogram, 328-331 
heart rate, 326 
oxygen uptake, 327-328, 328t 
rating of perceived exertion, 

331-333, 331t, 332t 
ventilation, 326 

personnel for, 337 
procedures for, 315-339 
protocols for, 317-325 

examples of, 319-325 
prototypes of, 317-319, 318f 
for pulmonary stenosis, 152-153 
safety precautions with, 337 
step 

Canadian home fitness, 323 
Hanne submaximal progressive 

intermittent, 322-323, 322t 
Harvard, 206 
Margaria, 325 

termination of, 338, 338t 
for tetralogy of Fallot, 160 
treadmill test, Bruce all-outpro-

gressive continuous, 319-320, 
319t 

for ventricular septal defects, 
155 

with scoliosis, 245 
Exercise exchanges, 180-182, 181 t 

Fallot, tetralogy of. See Tetralogy of 
Fallot 

Fever 
heart rate with, 23t 
heat affecting, 288 

Fick's principle, 19 
Fleisch-Metabo ergometer, 324-325 
Fluid and electrolyte balance 

electrolyte loss during exercise, 
275-276 

hypohydration, 276-279 
deliberate, 277-278 
implications of, 278-279 
voluntary, 276-277 

water and electrolyte replenish
ment, 279-281 

water shifts during exercise, 274-
275 

Football 
with asthma, 108 
epilepsy and, 237 
fitness components affected by, 43t 
hemophilia and, 255 
with hypertension, 147 
for weight reduction, 219 

Frostbite, 268 

Gas exchange, alveolar 
with acute exercise, 33 
with asthma, 99 
with cystic fibrosis, 110, 11lf 

Girls. See Sex differences 
Glucagon, 182 
Glucose, blood, in diabetes 

exercise affecting, 168-171 
hyperglycemia, 171, 172f 
hypoglycemia, 168-171, 168f 

insulin injection affecting, 170-
171,170t 

insulin receptor site affecting, 171 
tolerance, 169, 170f 

Glycolysis 
adenosine triphosphate from, 2 
enzyme regulation of, 12 
lactate from, 11 

children vs adults, 12, 13f, 13t 
with malnutrition, 197 

Golf,42t 



Growth and development 
aerobic vs anaerobic performance 

during, lO, 12f 
dimensionality theory and, 4-6 
growth hormone deficiency in, 

182-187 
heart volume with, 21£, 22 
with malnutrition, 195 
maximal oxygen uptake with, 3 
physiologic capacities relative to, 1 
physiologic responses to exercise 

relative to, 1 
Growth hormone deficiency 

exercise testing of, 182-187 
blood sampling with, 186 
false results from, 184, 185f 
with pharmacologic stimulus, 

183, 183f 
protocol for, 184, 185f, 186-187 
rationale for, 182 
refractory period in, 186 
standardization of, 184, 186 
temperature affecting, 186 
variation in results from, 184 

provocation tests for diagnosis of, 
182 

Gymnastics 
with asthma, 108 
fitness components affected by, 42t 
with hypertension, 147 
overuse syndromes from, 81 
for weight reduction, 217 

Gynecomastia, 68t 

Habitual activity. See Physical activity 
Hanne intermittent step test, 322-

323,322t 
Harvard step test, 206 
Head injury, 282 
Heart block, congenital complete 

exercise in assessment of, 140-141, 
141£ 

exercise-induced syncope from, 
138-139 

habitual activity with, 139-140 
hemodynamic response to exercise 

with, 136-137, 136t; 137f 
physical working capacity with, 139 

Index 365 

Heart block (Cont.) 
ventricular dysrhythmia during 

exercise with, 137-138 
Heart rate 

activity profile based on, 67, 67f 
adiposity and, 23t, 25 
in aerobic power determination, 

333, 335 
age and, 22, 23t, 24f 
with anemia, 250, 251£ 
with anorexia nervosa, 192 
with aortic stenosis, 128 
with asthenia, neurocirculatory, 

147, 148f 
with asthma, 102-103 
body position and, 23t, 27 
with cerebral palsy, 227 
of children vs adults, 19t 
climatic stress and, 23t, 25 
with conditioning, 49-50, 49t, 

214t 
in deconditioning and detraining, 

23t, 47 
disease affecting, 74, 74f 
emotional stress and habituation 

and, 23t, 25-26 
exercise testing of, 326 
in heat acclimatization, 23t, 26, 

271, 273f 
as heat strain component, 260 
hemoglobin concentration and, 23 
with hypohydration, 278 
maximal, 22, 36, 36f 
measurement of, 19 
mechanical power and, 308f, 309f 
medications and, 23t, 26, 27f 
muscle mass and, 23t, 26 
with obesity, 200 
in physical activity assessment, 71 t, 

72 
with prolonged activity, 33 
sex and, 23-25, 23t, 25f 
submaximal, 22, 36 

Heat 
acclimatization to, 271-273 

adaptive changes with, 271 
in children vs adults, 272 
heart rate and, 23t, 26 
insufficient, 288 



366 Index 

Heat, acclimatization to (Cont.) 
perceptual changes with, 272-

273 
sodium conservation in, 280 

dissipation of, to surroundings, 
261 

in cool water, 268, 270-271, 
270f 

guidelines for conducting athletic 
events in, 292-294 

health hazards from, 281-292 
illness related to, 282-292, 283t 

anorexia nervosa, 285 
classification, etiology, and pre

vention of, 283t 
congenital heart disease, 285-

287 
cystic fibrosis, 287 
death from, 284t 
diabetes, 287 
diarrhea and vomiting, 288 
epidemiology of, 284 
excessive eagerness, 288 
fever, 288 
hypohydration, 288 
insufficient acclimatization, 288-

289 
insufficient conditioning, 289 
malnutrition, 289-290 
mental deficiency, 290 
obesity, 290-292 
populations at risk for, 284-287 
prevention of, 282-284 
sweating insufficiency syn-

dromes, 292 
symptoms of, 293 

production and exchange of, 260-
261 

Heat cramps, 282, 283t 
Heat exhaustion, 282, 283t 

hypohydration in, 288 
Heat injuries. See Heat-illness re

lated to 
Heat strain, 260, 352 
Heat stress, 260, 352 

permissible activities with, 294t 
Heat stroke, 82 

classification, etiology and preven
tion of, 282, 283t 

Heat stroke (Cont.) 
hypo hydration in, 288 
with obesity, 292 
symptoms of, 282 

Heat syncope, 282, 283t 
hypohydration in, 288 

Heat tolerance 
in children vs adults, 266-268 
criteria for, 266 
definition of, 266 
with obesity, 290 

Hematologic diseases. See specific 
diseases 

Hemoglobin 
conditioning effects on, 48 
in diabetes monitoring, 174 
heart rate and, 23 
vs maximal oxygen uptake, 252f 
in oxygen-carrying capacity of 

blood,250 
with thalassemia major, 257 

Hemoglobinopathies, 74, 256-257 
Hemoglobinuria 

exercise-induced, 253 
management of, 254 
mechanisms for, 253-254 

Hemolysis 
in exercise-induced hemoglobin

uria, 253 
iron deficiency from, 253 

Hemophilia 
bleeding with, 255-256 
exercise in treatment of, 78t 
hypoactivity with, 68t, 83 
rationale for conditioning with, 

254-255 
recommended activities with, 255 

Histamine, 97 
Hockey, field 

calorie equivalent of, 349t 
diabetes mellitus and, 181 t 

Hockey, ice 
body cooling in, 270 
calorie equivalent of, 349t 
diabetes mellitus and, 178t 

exercise exchanges with, 181 t 
fruit and starch exchanges with, 

178t 
epilepsy and, 237 



Hockey (Cont.) 
fitness components affected by, 43t 
hemophilia and, 255 
for weight reduction, 218t 

Hoffman reflex, 231 
Horseback riding 

calorie equivalent of, 349t 
diabetes mellitus and, 18It 
epileptic seizure during, 236 
fitness components affected by, 

42t 
overuse syndromes from, 81 

Humidity 
in asthma, 93, 94f, 95, 107 
evaporation and, 261 
in heat stress, 260 

Hyperglycemia. See also Ketoacidosis 
exercise-induced, 169, 170f, 171 

danger of, 180 
precautions against, 177, 180 

Hyperkinetic heart syndrome, 148f, 
149 

Hypertension 
exercise effects on, 145-147, 146f 

static vs rhythmic, 145-146 
exercise in assessment of 144-145 
habitual activity with, 143-144 
hemodynamic response to exercise 

with, 142-143, 143f 
physical working capacity with, 

143-144 
Hypoactivity 

with anemia, 251 
blood pressure and, 145 
causes of, 66-69, 69f 
with cerebral palsy, 228-229 
with congenital complete heart 

block, 139 
definition of, 66-67, 352 
with diabetes, 175-176, 175f 
disease causing, 67, 73 
with malnutrition, 198, 199f 
"non-disease" and, 68, 70f 
with obesity, 200-205 
and parental overprotection, 67, 

69t 
Hypoglycemia 

in diabetes mellitus, 82t, 83 
with exercise, 168-171, 169f 

Index 367 

Hypohydration. See also Dehydration 
body temperature and, 278, 279f 
definition of, 352 
dehydration, deliberate, 277-278 
dehydration, voluntary, 276-277 
heat-related illness with, 287-288 
implications of, for performance 

and health, 278-279 
Hypothermia, 271 

Indoramine, 106 
Insulin 

conditioning effects on, 213 
in diabetes therapy, 177, 180 

physical activity affecting, 177, 
180 

route and site of injection, 170-
171,170t 

in growth hormone deficiency 
testing, 182 

receptor binding of, 171 
Insulin pump, 180 
Interstitial lung disease, 115-116 
Ipratropium bromide, 106 
Iron-deficiency anemia, 195 

with sports activity, 252 
Isoproterenol, 152-153 

Jogging 
calorie expenditures with, 209 
with cerebral palsy, 233 

Judo 
calorie equivalent of, 349t 
diabetes mellitus and, 181 t 
fitness components affected by, 43t 

Jumping 
as anaerobic activity, 3 
asthma and, 90 
fitness components affected by, 42t 
in growth hormone deficiency 

provocation tests, 185t 

Ketoacidosis. See also Hyperglycemia 
from diabetes mellitus, 82-83, 82t 

danger of, 180 
with exercise, 171 



368 Index 

Ketoacidosis, from diabetes mellitus 
(Cont.) 

prevention of, 180 
Ketotifen, 106 
Krebs cycle, 2 

Lability index, 89 
Lactate 

in anorexia nervosa, 193t 
asthma and production of, 99 
in McArdle's syndrome, 237 
production, children vs adults, 11-

15, 13f 
with prolonged activity, 34 
testosterone in production of, 12 

Magnesium 
in hypohydration, 278 
sweat concentration of, 275 

Malnutrition 
conditioning with, 198-199 
criteria for, 195 
growth and exercise performance 

with, 195-198 
habitual activity with, 198 
heat-related illness with, 289-290 
hypoactivity with, 68t 
obesity, 290-292 
protein-calorie, 198 

March hemoglobinuria, 253 
Margaria step-running test 

age and performance of, 10, llf, 
12f 

chemical power expended in, 10, 
Ilf 

protocol for, 325 
McArdle's syndrome, 237-238 
McMaster all-out cycling test, 320-

320t 
McMaster all-out arm test, 321, 321 t 
Mechanical efficiency 

with cerebral palsy, 227-228, 
228£ 

in deconditioning and detraining, 
47 

definition of, 6, 352 
vs economy of movement, 6-8 

Mechanical power 
in anaerobic capacity, 9 
ergometers for testing of, 316t 
heart rate and, 308f, 309f 
measurement of, 7 
peak, 305f 

per kilogram body weight, 306f 
with sickle cell anemia, 256 
with muscular dystrophy, 239-240 

Medication 
for asthma, 104-106 

prophylactic, 104-106 
in reversal of bronchoconstric

tion, 106 
for diabetes, 177 
withdrawal of, in exercise chal

lenge tests for asthma, 102 
heart rate and, 23t, 26, 27f 

Mental retardation 
exercise in treatment of, 78t 
heat affecting, 209 
hypoactivity with, 68t 

Methylphenidate, 23t, 26, 27f 
Methylxanthines, 104, 105 
Monark ergometer, 324 
Muscle, skeletal 

blood flow to, 28 
with cerebral palsy, 230 
conditioning effects on, 50 
exercise affecting, 28 

conditioning effects on, 51-53 
contraction of. See Muscle contrac-

tion 
endurance of, 352 
fiber type differentiation of, 18 
with malnutrition, 197, 197f 
strength of. See Muscle strength 

Muscle contraction 
acidosis with, 13-14, 14f 
adenosine triphosphate for, 2 
aerobic vs anaerobic energy for, 

2-3 
concentric, 351 
eccentric, 352 
isometric, 352 
substrates utilized for, 11, 13t 
in weight training, 40 

Muscle mass 
ergometers involving, 316t 



Muscle mass (Cont.) 
heart rates and, 23t, 26 
with malnutrition, 195 
maximal aerobic power and, 3, 5f 

Muscle strength 
with asthma, 100 
body length and, 6 
with cerebral palsy, 229, 230 
conditioning effects on, 46-47 
definition of, 352 
with hypohydration, 278 
with muscular dystrophy, 238, 

239f,240f 
with obesity, 208f 
sports affecting, 42-43t 

Muscular dystrophy 
deconditioning with, 48 
exercise in management of, 242-

243, 242f 
exercise limitations with, 238-240 
habitual activity with, 68t, 240-242 
heart rate with, 23t 
maximal aerobic power with, 239-

240 
muscle endurance with, 238-239, 

241£ 
muscle strength with, 238, 239f 
physical activity in therapy for, 78 
Wingate anaerobic test with, 239, 

24 If 

Nasal breathing, 106, 107, 107f 
Neuromuscular diseases. See specific 

diseases 
Neutrophil chemotactic factor of 

anaphylaxis, 97 
Nifedipine, 106 
Nutritional diseases. See specific dis

eases 

Obesity 
acute exercise with, 199-200 
arterial oxygen content with, 74 
calorie intake with, 200-202, 201£, 

203f,204f 
conditioning effect on, 208-220 

adipose tissue cellularity, 216 

Index 369 

Obesity, conditioning effect on 
(Cont.) 

appetite changes, 212-213, 213f 
biochemical changes, 213-215, 

214t 
cardiorespiratory changes, 214t, 

215 
vs dietary restriction, 211-212 
functional changes, 215 
long-term, 216f, 217 
psychosocial, 214t, 215 
for reducing regimen, 209-211, 

210t 
with diabetes, 176 
exercise perception with, 204 
growth hormone deficiency tests 

and, 186 
habitual activity with, 200-205, 

20 If, 203f, 205£ 
heart rate and, 23t, 25 
heat-related illness with, 290-292, 

286t 
hyperplastic, 211 
hypertrophic, 211 
hypoactivity with, 68t, 202-205 
metabolic cost of exercise in, 199-

200 
with muscular dystrophy, 243 
physical activity in therapy for, 78, 

78t 
physical working capacity of, 205-

208 
recommended activities for weight 

control, 217-220 
effectiveness of, 217-218 
feasibility of, 219 
recreational aspects of, 219-220 

thermoregulation in, 290-292, 
29 If 

Overuse syndromes, 81 
Oxygen 

uptake of, 353 
in activity assessment, 7It, 72 
carbon dioxide production vs, 

353 
ergometers for measurement of, 

316t 
in exercise testing, 327-328, 

328t 



370 Index 

Oxygen, uptake of (Cont.) 
with obesity, 199 
pulmonary ventilation vs, 353 

uptake of, maximal, 352 
adiposity and, 206-207, 206f 
in aerobic power determination, 

333 
in anorexia nervosa, 192, 193t 
body length and, 6 
in cerebral palsy, 230 
chronologie age vs, 3, 4f, 5f 
with conditioning, 214t, 215 
dimensionality theory and, 4-6 
hemoglobin concentration vs, 

252f 
with hypohydration, 279 
per kilogram body weight, 3-4, 

5f,304f 
limiting factors of, with disease, 

73-75,74f 
with malnutrition, 195, 196 
and muscle mass, 3, 5f 
with muscular dystrophy, 239 
norms of, 303f 
with obesity, 199 
prediction of, 334-335 
with scoliosis, 244, 244t 
sex differences in, 3, 4, 4f, 5f 

uptake of, submaximal, 7, 8f 
with age, 7-9, 8f, 9f, 10f 
with conditioning, 214t, 215 
as limiting factor in disease, 75 
with obesity, 200 

uptake of, transient, 15-16, 16f, 
17f 

Oxygen deficit, 15, 16f 

Paralysis 
exercise in treatment of, 78t 
hypoactivity with, 68t 

Pedometer, 71t, 72 
Phosphofructokinase, 12 

conditioning effects on, 51-52 
in sprint training, 40 

Phosphorylase, 12 
in McArdle's syndrome, 237 

Photography in activity assessment, 
7lt, 72 

Physical activity. See also Hypoactivity 
vs adiposity, 202, 203f 

Physical activity (Cont.) 
with anorexia nervosa, 194 
assessment of 

actometers for, 7lt, 72 
heart rate and beat in, 71 t, 72 
observation by investigator in, 

71 t, 72 
oxygen uptake in, measurement 

of, 7lt, 72 
pedometers for, 71 t, 72 
photography in, 7lt, 72 
recall questionnaires for, 71-72, 

71 t, 343-348 
self-keeping log for, 71t, 72 
strain gauges for, 71t, 72 
time and motion analysis, 71 t, 

72 
with asthma, 99 
calorie equivalent of, 349-350t 
with cerebral palsy, 228-229 
with climatic heat stress, 294 
with congenital complete heart 

block, 139-140 
definition of, 69-70 
with diabetes, 174 

calorie intake change based on, 
175 

insulin dosage change based on, 
175 

with epilepsy, 237 
habitual, 66-67, 67f 

pediatric diseases reducing, 67, 
68t 

with hemophilia, 255 
~ith malnutrition, 198, 199f 
with muscular dystrophy, 240-

242 
with obesity, 200-205 

adiposity, calorie intake and, 
200-202 

with tetralogy of Fallot, 158-159 
Physical conditioning. See also 

Training 
adipose tissue cellularity with, 216 
appetite changes from, 212-213 
with asthenia, neurocirculatory, 

148-149 
with asthma, 108-109, 109f 
biochemical changes with, 213-

215,214t 
blood pressure with, 214t, 215 



Physical conditioning (Cont.) 
body composition and, 53, 208-

212 
cardiovascular system in, 48-50, 

214t, 215 
morphologic changes, 48 
physiologic changes, 49-50 

with cerebral palsy, 231-234 
functional effect of, 232-233 
physiologic effect of, 230-231 
recommended activities, 233-

234 
with cystic fibrosis, 113-115, 114f 
deconditioning and detraining 

after, 47-48 
definition of, 38, 351 
vs dietary restriction in obesity, 

211-212 
heart rate with, 23t, 26, 49-50, 

49t, 214t, 215 
hemoglobin concentration with, 48, 

252 
with hemophilia, 254-255 
lipid metabolism altered with, 213, 

214,214t 
with malnutrition, 198-199 
muscle power and force in, 44-

47 
aerobic power and, 45-46 
anaerobic capacity and, 46 
strength, 46-47 

with muscular dystrophy, 242-243, 
242f 

with obesity, 208-220 
principles of, 39-44 

duration of program, 44 
duration of sessions, 44 
frequency, 41, 44 
intensity, 41 
intensity threshold, 41 
progression, 41 
specificity of training, 39-40 

protein metabolism altered with, 
213, 215 

psychosocial changes with, in obe-
sity, 214t, 215 

pulmonary system in, 50-51, 5It 
as reducing regimen, 209-211 
research on, methodologic con-

straints, 38-39 
with scoliosis, 245 

Index 371 

Physical conditioning (Cont.) 
skeletal muscle adaptation to, 51-

53 
biochemical changes, 52-53 
morphologic changes, 51-52 

as therapy in pediatrics, 77-79, 78t 
vs training, 38 

Physical education, 39, 351 
Physical training. See Training 
Physical working capacity 

adiposity and, 197 
with anemia, 251-252 
with anorexia nervosa, 192-193 
with aortic stenosis, 129 
with asthenia, neurocirculatory, 

147 
in asthma, 100 
with atrial septal defect, 153 
with cerebral palsy, 227 
with congenital complete heart 

block, 139 
in cystic fibrosis, 109-111, 112f 
definition of, 353 
diseases affecting, 73-7 5 

by detraining, 73 
by increasing metabolic cost of 

exercise, 75 
by reducing maximal aerobic 

power, 73-75 
with hypertension, 143-144 
with malnutrition, 196f, 197 
norms of, 301 
with obesity, 205-208 
with pulmonary stenosis, 150-151 
with tetralogy of Fallot, 159-160, 

159t 
in tuberculosis, 116 
with ventricular septal defect, 155 

Plasma volume. See Blood volume 
Potassium 

in hypohydration, 278 
loss of, with exercise, 281 
muscle fatigue and cramps from 

loss of, 279 
sweat concentration of, 275 

Power 
aerobic, maximal. See Aerobic 

power, maximal 
anaerobic, 

age and, 10, 1 If, 12f 
peak, 313f, 314f 
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Power (Cont.) 
mechanical. See Mechanical power 
peak output of, definition, 353 

Propranolol 
in exercise tests for growth hor

mone deficiency, 182, 183f 
heart rate and, 26, 27f 

Prostaglandins, 97 
Protein -calorie deficiency 

habitual activity with, 198 
physical working capacity with, 198 
prevalence of, 195 

Pulmonary diseases. See specific 
diseases 

Pulmonary stenosis 
exercise in assessment of, 152-153, 

152f 
hemodynamic abnormalities with, 

149-150, 149t, 15lf 
isoproterenol in assessment of, 

152-153 
physical working capacity with, 

150-151 
Pyruvate dehydrogenase, 12 

Questionnaires, activity 
example of, 343-348 
use of, 71-72, 71t 

Radiation, thermal, 260, 262 
Respiratory heat loss, 95-97, 96f, 98f 
Respiratory quotient, 353 
Respiratory rate 

with anorexia nervosa, 192 
conditioning effects on, 50, 51 t 
exercise affecting, 31-32 
with obesity, 200 

Respiratory system 
exercise affecting, 30-33, 3It 

in children vs adults, 30, 31t 
respiratory rate, 31-32, 31t 
tidal volume, 31-32, 31t 
ventilation, alveolar, 33 
ventilation, pulmonary, 30-31, 

3lf 
ventilatory equivalent, 31t, 32, 

32f 
physical conditioning effect on, 

with obesity, 215 

Rowing,42t 
Running 

asthma and, 90, 100 
body cooling in, 270 
calorie equivalent of, 349t 
with cerebral palsy, 232 
cystic fibrosis and, 112 
diabetes mellitus and, 177, 180 

exercise exchanges with, 181t 
fruit and starch exchanges with, 

178t 
economy of movement in, 7 
epilepsy and, 236-237 
exercise-induced hemoglobinuria 

from, 253 
fitness components affected by, 42t 
fluid replenishment with, 281 
in growth hormone deficiency 

provocation tests, 185t 
long-distance, 3, 39 
metabolic specialization with, 16-

17 
oxygen cost of, 8 
for weight reduction, 217-218, 

218t 

Sailing 
fitness components affected by, 42t 
with hypertension, 147 
for weight reduction, 219 

Salbutamol, 104, 105, 106 
Scoliosis 

arterial oxygen content with, 74 
conditioning with, 245 
dyspnea with, 243-244 
functional deficiencies of, 243-244 
hypoactivity with, 68t 
physiologic deficiencies with, 243-

244 
Septal defects 

atrial, 153-154 
exercise in assessment of, 154 
hemodynamic response to exer

cise with, 153 
physical working capacity with, 

153 
ventricular, 154-155 

exercise in assessment of, 155 
hemodynamic response to exer

cise with, 154 



Septal defects, ventricular (Cont.) 
physical working capacity with, 

155 
Sex differences 

in blood pressure, 28 
in heart rate, 23-25, 23t, 25f 
in maximal oxygen uptake, 3, 4, 

4f,5f 
in stroke volume, 20 
in weight reduction by exercise, 

211 
Shivering, 262 
Sickle cell anemia, 256 
Sitting 

calorie equivalent of, 181t, 350t 
Skating 

calorie equivalent of, 349t 
diabetes mellitus and 

exercise exchanges with, 181 t 
fruit and starch exchanges with, 

178t 
fitness components affected by, 42t 
wind chill factor in, 268 

Skiing 
with asthma, 108 
body cooling in, 270 
calorie equivalent of, 349t 
cross-country, 3 
diabetes mellitus and, 180 

exercise exchanges with, 18lt 
fruit and starch exchanges with, 

178t 
fitness components affected by, 

42-43t 
for weight reduction, 217, 218t 
wind chill factor in, 268 

Slow-reacting substance of anaphy
laxis, 97 

Snow shoeing 
calorie equivalent of, 350t 
diabetes mellitus and, 181 t 
generalized cooling with, 268 

Soccer 
calorie equivalent of, 350t 
diabetes mellitus and, 179t 

exercise exchanges with, 181 t 
fruit and starch exchanges with, 

179t 
epilepsy and, 237 
fitness components affected by, 40, 

43t 
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Soccer (Cont.) 
for weight reduction, 218t 

Sodium 
in heat cramps, 283f 
in hypohydration, 278 
sweat concentration of, 275 

Solar radiation, 260 
Soldier's heart, 147 
Sports. See also specific sports; Collision 

Sports; Contact Sports; Jog
ging; Running; Sailing; Swim
ming; Throwing; Weight 
Lifting 

anemia induced by, 252 
calorie equivalent of, 349-350t 
with cerebral palsy, 234 
diabetes and, 18lt 
metabolic specialization with 16-17 
for weight reduction, 217-219, 

218t 
Sprinting 

as anaerobic activity, 3 
metabolic specialization with, 17 
oxidative enzymes and, 51 
specificity of tissue changes with, 

40 
Squash 

calorie equivalent of, 350t 
diabetes mellitus and, 18lt 

Stamina, 40 
Stenosis, aortic. See Aortic stenosis 
Stenosis, pulmonary. See Pulmonary 

stenosis 
Step ergometer 

anaerobic protocols for use of, 317 
for characteristics of, 316t 
for exercise testing, 315 
for maximal aerobic power deter

mination, 317 
Step tests 

for aerobic power determination, 
maximal, 333 

Canadian home fitness, 323 
Hanne, 322-323, 322t 
Harvard, 206 
Margaria, 325 

Strain gauge, 71 t, 72 
Stress 

emotional, 25-26 
heart rate with, 23t, 25-26 
heat, 288, 292, 294, 352 
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Stress, heat (Cont.) 
and heart rate, 25 

Stroke volume 
age and, 20, 21f 
with anemia, 250 
for aortic stenosis with exercise, 

128 
with asthma, 99 
of children vs adults, 19t 
conditioning effects on, 49, 49t 
with congenital complete heart 

.block, 136t, 137 
with hypohydration, 278 
maximal, disease effect on, 73, 74t 
measurement of, 19 
with pulmonary stenosis, 149t, 150 
in response to exercise, 19-22, 2lf 

Succinyl-dehydrogenase, 40 
Sweat 

composition of, 275 
development of salt concentration 

in, 276f 
evaporation of, 261 
with exercise, 274-275 
hypotonicity of, 281 
iron elimination via, 253 
osmolality of, 275 
sodium loss via, 280 

Sweat glands 
of congenital heart diseases pa

tients, 285 
heat-activated, 264, 265f 

distribution of, and body surface 
area, 264, 265f 

Sweating pattern, 263-266 
Sweating rate, 263-264, 265f 

androgens and, 264 
in children vs adults, 264, 266f 
in cystic fibrosis, 287 
with dehydration, 275, 275t 
development of, 265f 
electrolyte loss with, 271 
evaporative cooling in, 261 
functional implications of, 264-

266, 267f 
in heat acclimatization, 271 
with heat exhaustion, 283f 
as heat strain component, 260 
with heat stroke, 283f 
insufficient, syndromes of, 292 
with malnutrition, 289 

Sweating rate (Cont.) 
skin and rectal temperature with, 

267f 
Swimming 

as aerobic activity, 3 
with asthma, 90, 9lf, 97, 98f 
body size vs performance in, 33 
calorie equivalent of, 350t 
with cerebral palsy, 232 
cystic fibrosis and, 113 
diabetes mellitus and, 179t 

exercise exchanges with, 18lt 
fruit and starch exchanges with, 

179t 
endurance time of, 197, 198 
epileptic seizure during, 236 
fitness components affected by, 43t 
heat loss in, 270 
with hemophilia, 255 
metabolic specialization with, 16 
overuse syndromes from, 81 
suitability for obese youths, 219 
for weight reduction, 217, 218t, 

219 
Syncope 

in aortic stenosis, 129 
in congenital complete heart block, 

138-139 
heat, 282, 283f, 288 

Table tennis 
calorie equivalent and, 350t 
diabetes mellitus and, 181 t 

Temperature. See also Heat 
core and skin 

in acclimatization to heat, 271, 
273f 

with anorexia nervosa, 285 
with exposure to cool water, 

270-271, 270f 
with hypohydration, 278, 279f 
with malnutrition, 289, 290 
with obesity, 290-292, 29lf 

effective, 260 
in heat stress, 260 
Wet Bulb Globe, 260 

and permissable physical activi
ties, 294t 

Tennis 
calorie equivalent of, 350t 



Tennis (Cont.) 
diabetes mellitus and, 179t 

exercise exchanges with, 181 t 
fruit and starch exchanges with, 

179t 
epilepsy and, 237 
fitness components affected by, 43t 
for weight reduction, 218 

Tetralogy of Fallot 
death from, 161 
exercise in assessment of, 160 
habitual activity with, 158-159 
hemodynamic characteristics of, 

155-156, 156t 
permissible activities with, 160-

161 
physical working capacity with, 

159-160, 159t, 160f 
respiratory characteristics of, 156, 

157f 
surgical repair of, 156-158, 158f 

maximal aerobic power and age 
at, 159-160, 160f 

Thalassemia major, 257 
Theophylline 

for asthma, 105-106 
heart rate and, 26 

Thermoregulation 
with anorexia nervosa, 285 
behavioral means of, 261-262 
characteristics of children relevant 

to, 262-263 
concept of, 260-262 
fever in, 288 
handicaps in, for children, 262-

263 
heat production and exchange in, 

260-261 
heat stress and strain in, 260 
in hypohydration, 278 
physiologic means of, 261-262 

Throwing 
as anaerobic activity, 3 
epileptic seizure during, 236 
fitness components affected by, 43t 

Thyroid hormone, 23t 
Tidal volume 

with asthma, 99 
exercise affecting, 3It, 32 
with obesity, 200 

Time and motion analysis, 71 t, 72 

Index 375 

Training 
of aerobic capacity, 45-46 
of anaerobic capacity, 46 
cystic fibrosis and, 113, 114f 
definition of, 38, 352 
endurance, 40 
methodologic constraints in re

search on, 38-39 
of muscle power and strength, 46-

47 
with muscular dystrophy, 243 
skeletal muscle changes with, 51 
specificity of, 39-40 

Treadmill ergometer 
anaerobic protocols for use of, 317 
characteristics of, 316t 
for exercise testing, 315, 317 
for maximal aerobic power deter

mination, 317 
Treadmill tests 

for aerobic power determination, 
maximal, 333 

Bruce all-out progressive continu
ous, 319-320 

Tricarboxylic acid cycle, 2 
Tuberculosis, pulmonary, 116 

Vagus nerve, 97 
Ventilation, alveolar 

exercise affecting, 33 
with obesity, 74 
with scoliosis, 244t, 245 

Ventilation, pulmonary 
age and, 30, 31f, 31t 
with asthenia, neurocirculatory, 

147 
with asthma, 99 
in children vs adults, 30, 31t 
conditioning effects on, 50, 51 t 
with cystic fibrosis, 110 
with deconditioning and detrain-

ing, 47-48 
with epilepsy, 235 
exercise testing of, 326 
with obesity, 200 
with prolonged activity, 33 
in thermoregulation, 260 
with scoliosis, 245 

Ventilatory equivalent 
age and, 32, 32f 



376 Index 

Ventilatory equivalent( Cant.) 
with asthenia, neurocirculatory, 

147 
with conditioning, 51t, 214t, 215 
definition of, 353 

Ventilatory reserve, 30 
Ventricular septal defect 

exercise in assessment of, 155 
hemodynamic response to exercise 

with, 154 
physical working capacity with, 155 

Verapamil, 106 
Vital capacity 

conditioning effects on, 50, 5It 
exercise affecting, 33 
with scoliosis, 244, 244t 

Volleyball 
calorie equivalent of, 350t 
with cerebral palsy, 232 
diabetes mellitus and, 181t 
fitness components affected by, 40, 

43t 

WO.85,335-336 
\\1170 

definition of, 335, 353 
determination of, 335 
with malnutrition, 195 
with the overweight, 207f 

\\1R17, 336, 336f 
Walking 

asthma and, 90 
calorie equivalent of, 209, 350t 
with cerebral palsy, 230, 232, 232f, 

233f 
cystic fibrosis and, 112, 113 
diabetes mellitus and, 179t 

exercise exchanges with, 181 t 
fruit and starch exchanges with, 

179t 
economy of movement in, 7 
fitness components affected by, 43t 
in growth hormone deficiency 

provocation tests, 184, 185t 
with muscular dystrophy, 241 
oxygen cost of, 7, 9f 

Walking (Cant.) 
with scoliosis, 244 
for weight reduction, 217-218, 

218t 
Warming-up 

with asthma, 108 
components of, 35 
effects of, 34-35 

on aerobic tasks, 34, 35f 
on anaerobic tasks, 34, 36f 

prior to wingate anaerobic test, 325 
Water 

in heat exhaustion, 282 
replenishment of, 279-281 
shifts of, during exercise, 274-275 

Waterpolo 
with asthma, 108 
fitness components affected by, 43t 
for weight reduction, 219 

Weight-lifting and weight training 
factors modifying response to, 40 
fitness components affected by, 43t 
with hypertension, 145-146 

Weight, body. See also Obesity 
with cerebral palsy, 229 
maximal oxygen uptake and, 3-4, 

5f 
reduction of, with conditioning, 

211 
Wet Bulb Globe Temperature, 260 
Wind-chill, 268 
Wingate anaerobic test, 323-325 

climate in, 267 
indices of performance in, 323, 

324-325 
metabolic specialization and, 17, 

18f 
for muscular dystrophy, 239, 24lf 
norms of, 31lf 
objective of, 323 
optimal resistance in, 324t, 325 
protocol for, 323-325 

Wrestling 
deliberate dehydration for, 278 
epilepsy and, 237 
fitness components affected by, 43t 
with hypertension, 147 




