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Foreword

During the second half of the 20th century, parti-
cipation in competitive sports attained high levels
of popularity. In response to the rapid increase in
sports participation, in particular among children
and adolescents, the IOC Medical Commission
added a volume in 1996 to its series, Encyclopaedia
of Sports Medicine, Vol. VI entitled The Child and
Adolescent Athlete, edited by Prof. Oded Bar-Or, MD.
This volume provided medical doctors and sports
scientists with comprehensive and authoritative
information on such important topic areas as
physical conditioning, the relationship of physical
performance to growth and maturation, nutrition,
prevention and treatment of injuries, and non-
orthopaedic health concerns.

During the past 10 years, the large and rapid
increase of scientific information has, in all of these
topic areas, led to a greater need for a volume to
expand upon and update the original publication.

The present publication, Vol. XIII The Young Athlete
began under the editorial leadership of Dr. Bar-Or
together with Professor Helge Hebestreit, MD.
As Dr. Bar-Or passed away mid-way through its
development, we owe a great debt of appreciation
to Dr. Hebestreit for seeing the project through to its
successful completion.

It gives me great pleasure to welcome the addi-
tion of The Young Athlete to The Encyclopaedia
of Sports Medicine collection. Medical doctors,
sports scientists, allied health personnel, team
coaches and the athletes, themselves, will benefit
greatly from the information that has been gathered
and provided. I congratulate all of the clinicians
and scientists who have contributed to this excellent
publication.

Dr. Jacques Rogge
President of the International Olympic Committee



Preface

Intense involvement in competitive sports often
begins during childhood. During adolescence, many
athletes reach their peak performance and some
may participate in World Championships and
Olympic Games at a relatively young age. Thus,
knowledge about specific physiologic characteris-
tics, responsiveness to training, and possible health
hazards is imperative for all individuals involved in
the training, coaching, and medical care of young
athletes. The current volume of the Encyclopaedia of
Sports Medicine summarizes up-to-date information
on physiologic and medical aspects relevant to the
care of children and adolescents involved in exer-
cise and competitive sports. This specific group has
been addressed only in one previous volume of the
Encyclopaedia, The Child and Adolescent Athlete,
which was published 11 years ago. Since then, based
on new non-invasive methodologies and long-term
longitudinal studies, new information has been
gathered in most areas covered in the previous vol-
ume of the Encyclopaedia, and several new interest-
ing areas have emerged.

When the idea for this new volume of the
Encyclopaedia evolved, Dr. Oded Bar-Or and I were
asked to assume editorial responsibility. I felt espe-
cially honored to work with my mentor and per-
sonal friend on this prestigious project. Dr. Bar-Or’s
immense knowledge of the field helped tremen-
dously in identifying important chapter topics to be
covered and in recruiting the best possible authors.
Unfortunately, while the project was progressing,
Dr. Bar-Or fell seriously ill. Despite his illness, he
kept working harder than anybody could expect or

even imagine for more than a year. Only shortly
before his death on December 8, 2005, did he
stop his engagement with this new volume of the
Encyclopaedia, which was always of great import-
ance to him.

The Young Athlete is subdivided in seven parts.
Part 1 summarizes the information on the physio-
logic bases of physical performance in view of growth
and development. The important topic of trainabil-
ity and the consequences of a high level of physical
activity during childhood and adolescence for
future health are covered in Part 2. Part 3 addresses
the epidemiology of injuries, their prevention, treat-
ment, and rehabilitation. Non-orthopedic health
concerns including the preparticipation examina-
tion are covered in Part 4. Part 5 covers psychosocial
issues relevant to young athletes, while Part 6 reviews
diseases and disabilities relevant to child and ado-
lescent athletes, from infections through bronchial
asthma and diabetes mellitus to motor and mental
disabilities. The methodology relevant to the assess-
ment of young athletes is summarized in Part 7.

The available information relevant to exercise and
training in youth has been reviewed and summa-
rized by authors who are recognized as leaders in
their respective fields. Although the focus of the
volume is on young athletes, several chapters include
valuable information also relevant to the general
pediatric population. This volume summarizes a
large database of information from thousands of
studies and provides a valuable reference to all pro-
fessionals who are interested in the effects of exer-
cise and sports on young people. It will be especially

X1
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relevant to sports physicians, pediatricians, general
practitioners, physiotherapists, dietitians, coaches,
students, and researchers in the exercise sciences.
Iam grateful to all authors of The Young Athlete for
their excellent contributions, to Howard Knuttgen
and the JOC medical commission for their continu-

ing support during the editorial process, and to the
staff of Blackwell Publishing who made the book
become reality.

Helge Hebestreit
Wiirzburg, Germany, 2007



Oded Bar-Or, MD

(August 28, 1937-December 8, 2005)

Dr. Oded Bar-Or was born in Jerusalem on August
28, 1937. He received his medical training at the
Hebrew University-Hadassah Medical School in
Jerusalem and qualified as a medical doctor in 1965.
Thereafter, Dr. Bar-Or worked first as research
assistant and then as assistant professor with
Dr. E.R. Buskirk at the Human Performance
Laboratory at Pennsylvania State University, USA.
In 1969, he returned to Israel and became director

of the Department of Research and Sports Medicine
at the Wingate Institute for Physical Education
and Sport. Twelve years later, Dr. Bar-Or spent
a sabbatical in the Cardio-Respiratory department
of McMaster University in Hamilton, Ontario,
Canada. He stayed for an extra year at the behest of
the then Chairman of the Department of Paediatrics,
who offered him the possibility of setting up a cen-
ter where he could put his theories and experience
into practice.

After returning to Israel for a year, Dr. Bar-Or
returned to Hamilton to head the Children’s
Exercise and Nutrition Center, a unique and inno-
vative facility, which combines clinical care for
children and adolescents—both athletes and individ-
uals with chronic health conditions—with pioneering
scientific work. Dr. Bar-Or was director of the center
until he retired from clinical work in 2003. However,
he continued to work part-time as research director
of the Hamilton Health Sciences Center at Hamilton
and served as part-time scientific advisor to the
Alpine Children’s Hospital at Davos, Switzerland.

Possibly the most outstanding characteristic of
Dr. Bar-Or was his open mind to all people, ques-
tions, and problems. He maintained close con-
tacts with many colleagues on all continents and
attracted many postgraduate students and post-
doctoral fellows from all over the world. Many of
these returned to their home countries to establish
facilities similar to the Children’s Exercise and
Nutrition Center.

During his career, Dr. Bar-Or produced scientific
work that covered nearly all areas of research in the
field of children and exercise. He published more

xiii



Xiv.  ODED BAR-OR, MD

than 180 articles in peer-reviewed journals, wrote
79 review articles and book chapters, and edited
eight books on pediatric exercise physiology and
medicine such as the Encyclopaedia of Sports Medicine
Volume VI The Child and Adolescent Athlete. His
monograph Pediatric Sports Medicine for the
Practitioner was the key reference in the field for
almost 20 years, until a second edition of Pediatric
Exercise Medicine: from Physiologic Principles to Health
Care Application, co-authored by Thomas Rowland,
was published in 2004.

Dr. Bar-Or served on many scientific committees
and organizations all over the world. Among his
appointments, he was president of the International
Council on Physical Fitness Research 1984-1992,
president of the Canadian Association of Sports
Sciences 1987-1988, and vice president of the
American College of Sports Medicine 1992-1994.

Dr. Bar-Or’s enormous impact in the field of pedi-
atric exercise medicine has been acknowledged
by numerous honors, including a Citation Award
of the American College of Sports Medicine, an

Honorary Award from the North American Society
for Pediatric Exercise Medicine, and honorary mem-
berships of several professional societies. He further
received an honorary doctoral degree from Blaise
Pascal University in Clermont-Ferrand, France,
from Brock University in St. Catharine’s, Ontario,
Canada, and from the Jézef Pilsudski Academy of
Physical Education in Warsaw, Poland.

It was a tremendous loss to his family, friends,
and colleagues when Oded Bar-Or died on
December 8, 2005. He will be remembered through
various lectures given in his memory, at scientific
conferences, and through the Bar-Or Travel Award
in Pediatric Exercise Medicine offered at Brock
University, Canada.

Helge Hebestreit

on behalf of the contributors
to this book and all past
students and fellows of

Dr. Oded Bar-Or
Wiirzburg, Germany, 2007
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Chapter 1

Growth and Biologic Maturation: Relevance to

Athletic Performance

GASTON BEUNEN AND ROBERT M. MALINA

Growth refers to measurable changes in size, phys-
ique and body composition, and various systems
of the body, whereas maturation refers to progress
toward the mature state. Maturation is variable
among bodily systems and also in timing and
tempo of progress. The processes of growth and
maturation are related, and both influence physical
performance.

Chronologic age (CA) is the common reference in
studies of growth and performance. However, there
is considerable variation in growth, maturity, and
performance status among individuals of the same
CA, especially during the pubertal years.

Interrelationships among growth, maturation, and
performance during childhood and adolescence are
the focus of this chapter. It specifically considers:

1 Age-, sex-, and maturity-associated variation in
physical performance;

2 Growth and maturity characteristics of young
athletes;

3 The influence of training on growth and matura-
tion; and

4 Matching of opponents for sport.

Overview of growth and performance

Somatic growth

Growth in stature is rapid in infancy and early
childhood, rather steady during middle childhood,
rapid during the adolescent spurt, and then slow
as adult stature is attained. This pattern of growth
(size-attained and rate) is generally similar for body
weight and other dimensions with the exception of

subcutaneous fat and fat distribution. The growth
rate of stature is highest during the first year of life
then gradually declines until the onset (take-off) of
the adolescent growth spurt (about 10 years in girls
and 12 years in boys). With the spurt, growth rate
increases, reaching a peak (peak height velocity,
PHV) at about 12 years in girls and 14 years in boys,
and then gradually declines and eventually ceases
with the attainment of adult stature (Tanner 1962,
1978; Malina et al. 2004). There is evidence for a
small mid-growth spurt in childhood in stature and
probably in other dimensions in many, but not all,
children (Malina et al. 2004; see Chapter 31). Daily,
half-weekly, or weekly measurements of length and
height indicate that growth is episodic rather than
continuous over short periods (Lampl et al. 1992),
although “mini growth spurts” superimposed on a
continuous growth pattern have been suggested
(Hermanussen et al. 1988).

Physical performance

Physical performance is commonly measured as
the outcome (product) of standardized motor tasks
requiring speed, agility, balance, flexibility, explos-
ive strength, local muscular endurance, and static
muscular strength.

Isometric strength increases linearly with age
during childhood and the transition into adoles-
cence in both sexes. At approximately 13 years,
strength development accelerates considerably in
boys (adolescent spurt), but continues to increase
linearly in girls through about 15 years with less
evidence for a clear adolescent spurt, although data

3



4 CHAPTER 1

vary among specific strength tests. Sex differences
in strength are consistent, although small, through
childhood and the transition into adolescence. There-
after, the differences become increasingly larger so
that at the age of 16 years and later only a few girls
perform at the same level as the average boy. Among
Belgian youth, for example, the median arm pull
strength of 17-year-old girls falls below the corres-
ponding third percentile for boys (Beunen et al. 1989).
Strength is related to body size and muscle mass,
so that sex differences might relate to a size advant-
age in boys. During childhood and adolescence
boys tend to have greater strength per unit body
size, especially in the upper body and trunk than
girls, but corresponding sex differences in lower
extremity strength are negligible. In fact, isometric
strength in boys and girls increases during child-
hood and adolescence more than predicted from
height alone (Asmussen & Heeboll-Nielsen 1955). The
disproportionate strength increase is most apparent
during male adolescence, and is greater in the upper
extremities than in the trunk or lower extremities
(Asmussen 1962; Carron & Bailey 1974).

Performance in a variety of standardized tests
such as dashes (speed), shuttle runs (agility, speed),
vertical and standing long jumps and distance
throw (coordination and explosive strength), flexed
arm hang and sit-ups (local muscular endurance),
and beam walk and flamingo stand (balance) also
improve, on average, from childhood through ado-
lescence in boys. The performances in girls increase
until the age of 13-14 years, with little subsequent
improvement, although some more recent evidence
suggests that the plateau for some motor tasks has
shifted to a slightly older age. The growth pattern
for flexibility differs. Mean scores in the sit and reach
are stable or decline slightly during childhood,
increase during adolescence, and reach a plateau at
about 14-15 years in girls and decline from child-
hood through mid-adolescence and then increase
in boys (Haubenstricker & Seefeldt 1986; Beunen &
Simons 1990; Malina et al. 2004).

Performances of girls fall, on average, within 1
standard deviation (SD) below average performances
of boys in late childhood and early adolescence, with
the exception of softball throw for distance. However,
after 14 years average performances of girls are

consistently beyond the bounds of 1 SD below the
means of boys in most tasks. In contrast, girls are
more flexible than boys at virtually all ages (Beunen
et al. 1989; Malina et al. 2004).

Correlations between somatic dimensions and
performance in motor tasks during childhood are
generally low (0 to about 0.35). Performance in tasks
in which the body is projected (jumps and dashes)
correlates negatively and performance in tasks in
which an object is projected (throws) correlates
positively with body mass. Correlations during
adolescence are of the same magnitude and in the
same direction as during childhood (Malina 1975;
Malina et al. 2004).

Most fitness test batteries include a direct or
indirect estimate of aerobic power. Absolute aerobic
power (Vo,,.., L'min™) increases from childhood
through adolescence in boys, but reaches a plateau
at 13-14 years of age in girls. Before the age of 10-
12 years, Vo, of girls reaches about 85-90% of
the mean values of boys, but after the adolescent
spurt average Vo, in girls reaches only 70% of
mean scores in boys (Krahenbuhl et al. 1985; Arms-
trong & Welsman 1994; Malina et al. 2004).

The dependence of aerobic power on body
size during growth is indicated in the growth
curve of relative aerobic power (i.e., per unit body
mass, mL-kg™l-min!). The values are rather stable
throughout the growth period in cross-sectional
samples of boys (Krahenbubhl et al. 1985), but trends
in longitudinal samples suggest a decline through
adolescence (Mirwald & Bailey 1986). On the other
hand, relative Vo, decreases systematically with
age in girls (Krahenbuhl et al. 1985; Mirwald &
Bailey 1986; Armstrong & Welsman 1994). Sex differ-
ences in relative Vo, are generally smaller than
in absolute Vo, , with girls reaching 80-95% of
boys” values. Several authors demonstrated that
expressing Vo, to body mass may confound the
understanding of changes in oxygen uptake with
growth and maturation (see Chapter 5). Power func-
tions, allometric equations, and multilevel model-
ing have been used more recently. Results are mixed
because of the various techniques used, the age
ranges considered, and sample bias (Armstrong &
Welsman 1994). When size and mass are included in
the scaling, mass exponents close to the theoretical



scaling coefficient of k = 0.67 are obtained (Arsmtrong
& Welsman 1994).

Adolescent spurts in performance

Most data for performance are derived from
cross-sectional samples which are inadequate for
quantifying the timing and tempo of the adolescent
growth spurt. Individuals pass through adolescence
at their own pace and consequently have their growth
spurts over a wide range of CAs, the so-called time-
spreading effect (Tanner 1962). Only longitudinal or
mixed longitudinal data properly analysed provide
adequate information about tempo and timing of
spurts in a variety of characteristics.

In addition to documenting the occurrence of
growth spurts per se in performance, the timing of
the spurts is ordinarily viewed relative to the tim-
ing of PHV (ie., relative to a biologic milestone)
rather than to CA. This serves to reduce the time
spread along the CA axis and provides more spe-
cific information about the timing and magnitude
of adolescent spurts in other body dimensions than
height and in performance. Note that this concept
was first realized by Boas (1892).

In such analyses, individual velocities for a body
dimension or performance item are aligned on the
individual’s PHV so that growth rates are viewed
in terms of years before and after the individual’s
PHYV, regardless of the age at which PHV occurred.
A mean constant velocity curve is obtained from
these individual values in which the aligned indi-
vidual values are combined. When mathematical
functions are used, the mean—constant curve is
obtained by fitting the function to each individual,
estimating the constants for each individual, and
then averaging the constants to yield the curve.

Longitudinal data show well-defined adolescent
spurts in strength, several motor performances, and
absolute aerobic power of boys. Corresponding data
for girls are less extensive and show a spurt in absolute
aerobic power while data for strength are variable.

The male adolescent spurt in static strength occurs
about 0.5-1.0 year after PHV and is more coincident
with peak weight velocity (PWV) (Stolz & Stolz
1951; Carron & Bailey 1974; Kemper & Verschuur
1985; Beunen et al. 1988; Beunen & Malina 1988).
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The strength spurt (arm pull) of Dutch girls occurs
at about the same time as in boys, 0.5 years after
PHV. Peak strength (arm pull) gain in boys is, on
average, about 12 kg-year™! compared to 6 kg-year™
in girls. Among California girls, however, a composite
strength score of four tests shows an inconsistent
pattern; the spurt in strength preceded PHV in about
40% of the girls, coincided with PHV in 11%, and
followed PHYV in 49% (Faust 1977).

Half-yearly velocities for six performance tasks
in Belgian boys are summarized in Fig. 1.1. On the
average, peak velocities in static strength (arm pull),
explosive strength (vertical jump), and muscular
endurance (bent arm hang) occur after PHV. The
adolescent spurt in these characteristics appears
to begin about 1.5 years prior to PHV and reach a
peak 0.5-1.0 year after PHV. In contrast, maximum
velocities in speed tests (shuttle run and plate
tapping) and flexibility (sit and reach) occur before
PHV. The lower age limit in the Leuven Growth
Study of Belgian boys, 12 years of age, does not
permit an accurate estimate of the onset of the spurts
in flexibility and speed. Results for small samples
of Spanish boys (1 = 18-27) and girls are generally
consistent with those observed for Belgian boys.
The data for Spanish girls (1 = 25-35) are consistent
with the trends for Belgian boys for strength and
power, but the flexibility and speed tasks show peak
gains after PHV which is in contrast to the findings
in Belgian boys (Heras Yague & de la Fuente 1998).
Data for girls are limited; however, when perform-
ance is related to age at menarche, which occurs on
average after PHV, there is no tendency for motor
performance to peak before, at, or after menarche
(Espenschade 1940).

An overview of the timing in strength and motor
performance relative to PHV, PWV, and peak strength
velocity (PSV) is given in Table 1.1. Because PWV
and PSV follow PHYV, it is obvious that maximum
velocities in running speed (shuttle run), speed of
limb movement (plate tapping), and flexibility (sit
and reach) also precede PWV and PSV. Maximum
velocities in strength and muscular endurance
follow PWV and coincide with PSV. The evidence
thus indicates that during adolescence boys are
first stretched (spurt in stature) and then filled-out
(spurt in muscle mass, weight, and strength).
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Fig. 1.1 Median velocities of several tests of strength and motor performance aligned on peak height velocity (PHV)
in the Leuven Growth Study of Belgian Boys. Velocities for the performance items are plotted as years before and
after PHV. Drawn from data reported by Beunen et al. (1988).

Table 1.1 Timing of maximum observed velocities of several motor performance items relative to adolescent spurts
in stature, body weight and arm pull strength in Belgian boys (after Beunen et al. 1988).

Height spurt Weight spurt Strength spurt

Performance Precedes Coincides Follows Precedes Coincides Follows Precedes Coincides Follows

Arm pull X X
Vertical jump X X X
Plate tapping ~ x X X
Shuttle run X X X
Sit & reach X X X
Bent arm hang X X X
Absolute Vo, (Lmin™") shows a clear adoles- German, and Norwegian (Rutenfranz et al. 1982)

cent spurt in both sexes in samples of Belgian  adolescents, although not analyzed in the same
and Canadian children (Mirwald & Bailey 1986; manner, suggest a similar trend. On average, Vo, ...,
Geithner et al. 2004). Estimated peak velocities  begins to increase several years before PHV and
are greater in boys (1.01 L'min""year! in Belgian  continues to increase after PHV. Vo, per unit
boys and 0.41 L'min~lyear! in Canadian boys)  body mass (mL O,kg!min™), on the other hand,
than in girls (0.59 L-min~!-year ! in Belgian girlsand ~ generally begins to decline 1 year before PHV and

0.28 L-minyear™! in Canadian girls). Note, how-  continues to decline after PHV. The decline reflects
ever, that in the Belgian sample Vo2peak reached a  the rapid changes in stature and body mass so that,
plateau or declined after reaching a maximal value. per unit body mass, oxygen uptake declines dur-

Corresponding data for Dutch (Kemper 1985),  ing the growth spurt. The significance of relative



aerobic power as expressed per body weight or
other body dimensions can be questioned because
the relationships between aerobic power and several
body dimensions and systemic functions during
growth are complex. Relative aerobic power masks
the sex-specific changes in body composition, size,
and function. Changes in relative aerobic power
during adolescence probably reflect changes in body
composition and not changes in aerobic function,
which increases at this time. Power functions, allo-
metric equations, and multilevel modeling have been
used to scale changes in aerobic function during
adolescence (Armstrong & Welsman 1994; Beunen
et al. 2002; see Chapter 5). Although Vozpeak is
associated with biologic maturity status after con-
trolling for height and weight (Armstrong & Welsman
2000), studies utilizing multilevel modeling do not
provide at present additional information about
changes in Vozl[7eak normalized for height and/or
weight relative to the timing of the adolescent
growth spurt.

Maturity-associated variation in
performance

Individual differences in maturity status at a given
age and in the timing of the adolescent spurt influ-
ence growth status and performance. Moreover,
youth who are successful in sport tend to differ,
on average, in maturity status and rate compared
with the general population. It is thus import-
ant to review maturity-associated variation in
performance.

Variation in maturity status influences body
dimensions, composition and proportions, and also
performance. The effect of variation in maturity
status can operate through associated variation in
body size and /or composition and through a direct
influence on performance. Maturity-associated vari-
ation in somatic growth is discussed in more detail
elsewhere (Malina et al. 2004). The subsequent dis-
cussion focuses on the influence of variation in
matutity status on performance, summarizing first
correlational analyses and then comparisons of youth
of contrasting maturity status.

Correlations between skeletal age (SA) as one
indicator of maturity and several indicators of motor
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performance, including tests of speed, flexibility,
explosive strength or power, and muscular endur-
ance, range from low to moderate in children and
adolescents (Espenschade 1940; Seils 1951; Rarick
& Oyster 1964; Beunen et al. 1981b, 1997a; Malina
et al. 2004). Static strength is positively correlated
with SA at all ages in pre-adolescent boys and girls,
while muscular endurance (functional strength or
dynamic strength) is negatively correlated to SA in
adolescent girls 11-13 years and boys 12-13 years of
age. The negative associations reflect the negative
influence of body weight at this time. In boys, from
14 years onwards all gross motor abilities are posit-
ively associated with SA. The greater strength that
accompanies male adolescence compensates for the
higher body weight so that from 14 years positive
associations are apparent between SA and muscular
endurance.

More comprehensive analyses considering the
interactions of CA, SA, height, and weight indicate
that variation in maturity status influences per-
formance indirectly. Among children 7-12 years of
age, skeletal maturity status influenced strength and
motor performance mainly through its interaction
with size and body mass (Katzmarzyk et al. 1997).
Among 6- to 11-year-old girls, SA by itself appeared
only sporadically among the predictors of perform-
ance (Beunen et al. 1997a). Among adolescent boys,
CA and SA by themselves or in combination with
height and body mass accounted for a small per-
centage (0-17%) of the variance in speed, flexibility,
explosive strength, and muscular endurance, but for
static strength the explained variance was as high
as 58% (Beunen et al. 1981b). The corresponding
analyses of adolescent girls indicated a significant
influence of the interaction between SA and body
size on static strength (up to 33% of explained vari-
ance), but relatively little influence (generally, less
than 10%) on motor performance (speed, flexibility,
explosive strength, and muscular endurance). By
inference, the results may suggest an important
role for variation in neuromuscular maturation as a
factor influencing performance during childhood.
Skeletal maturity perhaps does not reflect neuro-
muscular maturation and probably exerts its influ-
ence on performance through associated variation
in somatic features.
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In a longitudinal analysis of boys and girls of
contrasting maturity status (Jones 1949; see also
Malina et al. 2004), early maturing boys had higher
muscular strength than late maturing boys at all
ages between 11 and 17 years, while early maturing
girls performed only slightly better than late matur-
ing girls only in early adolescence (i.e., 11-13 years
of age). Subsequently, there were no differences in
strength among girls of contrasting maturity status.
Associations among various maturity indicators and
measures of static or isometric strength have con-
sistently documented a positive relationship between
maturity status and strength in boys and girls (Clarke
1971; Carron & Bailey 1974; Beunen et al. 1981b; Bastos
& Hegg 1986; Malina et al. 2004).

Motor performances (vertical jump, sit and
reach, shuttle run, plate tapping) of early maturing
boys grouped by age at PHV, are, on average, better
than those of average and late maturing boys of
the same age from 12 to 18 years, with the excep-
tion of the flexed arm hang (Lefevre et al. 1990).
Controlling for body size reduces some of the
differences between adolescent boys of contrasting
maturity status, but the advantage for early matur-
ing boys persists in strength and power tasks com-
pared to speed tasks (Beunen et al. 1978). Among
adolescent girls, on the other hand, maturity-
associated variation in performance is not consistent
among tasks and from age to age (Beunen et al.
unpublished data [see Malina et al. 2004]; Little
et al. 1997).

Some evidence for boys suggests the perform-
ance advantage associated with early maturation
disappears at adult age (Lefevre et al. 1990). Perform-
ances of 30-year-old men grouped on the basis of
their age at PHV do not significantly differ for static
strength (arm pull), muscular endurance of the lower
trunk (leg lifts), running speed (shuttle run), and
flexibility (sit and reach). However, early maturers
still perform better at 30 years for speed of limb move-
ment (plate tapping), while late maturers perform
better in muscular endurance of the upper body
(bent arm hang) and explosive strength (vertical
jump). The results also indicate that late maturing
males improve significantly in performance between
18 and 30 years, more so than early or average matur-
ing males (Lefevre et al. 1990).

Skeletal maturation and absolute aerobic power
are significantly related. The correlations are higher
(0.89) when a broad age range, 818 years, is con-
sidered (Hollmann & Bouchard 1970) compared to
a narrower range, 8—14 years (0.55-0.68; Labitzke
1971). When Vo, is expressed per kilogram body
mass, correlations are not significant (Hollmann &
Bouchard 1970; Labitzke 1971; Savov 1978; Shephard
et al. 1978). Non-significant and generally lower
associations are apparent between several indices
of submaximal performance capacity and maturity
status, except around the growth spurt in boys
when correlations are higher (Hebbelinck et al.
1971; Kemper et al. 1975; Bouchard et al. 1976, 1978).
In a national sample of Belgian girls, submaximal
power output (PWC) at heart rates of 130, 150, and
170 beats'min~! is significantly related to skeletal
maturation. The correlations generally increase with
age and reach a maximum between 11 and 13 years
(Beunen 1989).

Early maturing boys have, on average, a higher
absolute Vo, . than late maturing boys except
in late adolescence. A similar trend is evident for
early and late maturing girls, but the differences are
smaller than in boys. On the other hand, relative
VO, is higher in late maturers of both sexes
(Kemper et al. 1986; Malina et al. 1997). This observa-
tion most probably reflects the higher absolute and
relative fatness of early maturing girls. However,
among boys, early maturers have an absolutely larger
fat-free mass and relatively less fat mass than late
maturers. The better relative Vo, , expressed per
kilogram body mass, of late maturers more likely
reflects the rapid growth of body mass with advanc-
ing maturation, so that oxygen uptake per unit body
mass becomes progressively less. Allometric ana-
lyses indicate that early maturing boys have higher
coefficients for body mass and height compared with
average and late maturing boys. In girls from 11 to
14 years the increase in VoZpeak is not associated
with increases in body mass or stature (Beunen et al.
1997b; Malina et al. 2004).

Maturity status of elite young athletes

The biologic maturity status of athletes has been
studied rather extensively, especially age at menarche.
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Fig. 1.2 Mean ages at menarche in athletes grouped by sport. (a) Prospective and status quo studies. (b) Retrospective
studies. Assuming a mean age at menarche of 13.0 = 1.0 years for non-athletes, about 95% of girls will attain menarche
between 11.0 and 15.0 years of age. These ages are indicated by vertical lines in the figure; the range of reported ages
at menarche in a large sample of university students who were non-athletes, 9.2-17.2 years of age, is also indicated

with asterisks.

The subject has been reviewed by Beunen (1989),
Malina (1983, 1994a, 1998a, 2002), and Malina et al.
(2004). Studies of young athletes have a number
of limitations. First, the definition of an athlete is
vague and a wide variety of skill and competitive
levels are represented. Second, young athletes are
a highly selected group, not only with regard to
skill and performance level, but also with regard
to size and physique. The selection may be made by
the individual, parents, coach, influential others, or
some combination of these. Third, earlier maturation
is intrinsically related to growth in size and both
are associated with performance. Finally, athletic
performance is influenced by many factors, many of
which are not biologic.

Age at menarche is the maturational landmark
most often studied in elite athletes (Malina 1983,
1991, 1998b, 2002). Mean ages at menarche based

onlongitudinal and status quo studies of adolescent
athletes, and on retrospective ages at menarche
of older adolescent and young adult athletes are
summarized in Fig. 1.2. Data collected by ques-
tioning adolescent athletes are limited (Fig. 1.2a).
Most samples of adolescent athletes have mean
or median ages at menarche within the normal
range, but mean ages for samples of adolescent
gymnasts, ballet dancers, figure skaters, and divers
tend to be later than those of athletes in other
sports. It should be noted that the samples of
adolescent athletes are rather small, which suggests
that more data are needed. Mean recalled ages
at menarche for late adolescent and young adult
athletes are more extensive (Fig. 1.2b). The majority
of mean ages are above 13.0 years, but variation
within and between sports is apparent. The retro-
spective data for gymnasts, divers, ballet dancers,
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and soccer players are generally consistent with the
longitudinal or status quo data (Fig. 1.2a). Differ-
ences between ages at menarche in younger and
older athletes in a given sport merit attention. For
tennis, rowing, track and field, and swimming the
longitudinal or status quo data show earlier ages
at menarche than the retrospective data. Allowing
for error of recall associated with the retrospective
method, data suggest that late adolescent and young
adult athletes in these sports tend to attain menarche
later than athletes involved in the same sports
during the circumpubertal years (prospective and
longitudinal data). This trend is especially apparent
in swimmers. Status quo and retrospective data
indicate mean ages at menarche that approximate
the mean of the general population; however, retro-
spective data for university level swimmers indicate
later mean ages at menarche, 14.3 and 14.4 years.
This trend reflects, in part, more opportunities
for adolescent girls in swimming, most probably
because of improved or additional swim programs
at university level (Title IX legislation). A related
factor is differential success of later maturing girls
in the sport at more advanced competitive levels
(Malina et al. 2004).

Data for other maturity indicators in female
athletes are less extensive (Beunen 1989; Malina
et al. 2004). Local level age group athletes and non-
athletes do not differ in the distributions of stages
2—-4 of breast and pubic hair development (Plowman
et al. 1991). Gymnasts are not as advanced in both
breast and pubic hair development compared with
swimmers or control subjects of the same age,
who do not differ from each other (Bernink ef al.
1983; Peltenburg et al. 1984). Among 113 gymnasts
competing at the 1987 World Championships at
Rotterdam, the SA-CA difference was —1.9 years,
indicating late maturation (Claessens et al. 1991).
These observations are consistent with earlier reports
documenting slower maturation in female gymnasts
(Novotny & Taftlova 1971; Beunen et al. 1981a). In
a small sample of ballet dancers (1 =15) followed
from 12 to 15 years, breast development occured at
later ages, while pubic hair developed at expected
ages (Warren 1980). In contrast, among 30 girls
training in rowing and light athletics in Polish sport
schools (about 8-12 hours-week™) and followed

longitudinally from 11 to 14 years, breast and pubic
hair development, age at menarche (prospectively
obtained), and estimated growth velocities did not
differ from reference data for the general population
(Malina et al. 1990).

With few exceptions, male athletes of different
competitive levels in various sports are characterized
by average or advanced biologic maturity status.
Whatever the biologic maturity indicator used or
the competitive level considered, the evidence points
in the same direction (Beunen 1989; Malina 1998a,
2002; Malina et al. 2004). Boys average and advanced
in maturity status tend to be overrepresented among
young athletes. The most marked advancement in
maturity status occurs in adolescence, which is prob-
ably a result of the size, physique, fat-free mass, and
performance (strength, power, speed) advantages
of the early maturers. This advantage is reduced as
boys approach late adolescence or early adulthood,
when late maturers catch up or even tend to out-
perform the early maturers (see above). In a select
national sample of Belgian male track athletes, all
15- to 16-year-olds except one had an SA in advance
of CA. Among 17- to 18-year-old athletes, about
two-thirds had an SA equal to or in advance of that
expected for CA, while one-third had an SA that was
less than their CA (Malina et al. 1986). The statures
of 16-year-old athletes advanced in SA, of 17- to
18-year-old athletes who had already attained
skeletal maturity, and of 17- to 18-year-old athletes
who had reached skeletal maturity did not differ,
although athletes 16-18 years old advanced in
skeletal maturity were heavier. Although the data
are cross-sectional, the trend suggests catch-up in
stature of those late in skeletal maturation, but
persistent differences in body weight.

Training and the growth and maturation
of young athletes

Training refers to systematic, specialized practice
for a specific sport or sport discipline for most of
the year or to specific short-term experimental pro-
grams. Physical activity is not the same as regular
training. The measurement, quantification, and
specification of training programs by sport need
further attention. Training programs are ordinarily



specific (e.g., endurance running, strength training,
sport skill training) and vary in intensity and duration.

Many of the changes attributed to regular train-
ing, although not all, are in the same direction as those
that accompany normal growth and maturation. It
is difficult to partition training effects from those
of normal growth and maturation in the currently
available data. Many studies of young athletes tend
to focus on training per se and overlook other
factors that are capable of influencing growth and
maturation. An obvious factor is selection; young
athletes in many sports are rigorously selected
for specific morphologic and maturational features.
Allowing for these caveats, a discussion of training,
growth, and maturation follows.

Growth in stature

Longitudinal data for young athletes that span
childhood and adolescence are extremely limited.
Data for active and inactive boys followed from
late childhood through adolescence indicate no
differences in stature, while corresponding data
for boys active in several sports indicate statures
consistent with average to advanced maturity
status (Beunen ef al. 1992; Malina 1994a,b; Malina &
Bielicki 1996). Longitudinal data for girls are less
extensive. Girls regularly active in a variety of team
and individual sports (track, rowing, swimming,
basketball, volleyball) present a pattern of growth
that is characteristic of average maturing indi-
viduals (Malina 1994a,b; Malina & Bielicki 1996).
Young female athletes in a variety of sports tend
to have less weight-for-height than non-athletes,
suggesting a linear and lean build. There is, of
course, variation by event and/or position within a
sport. This is especially evident in track and field.
Mean heights of adolescent female distance runners
and sprinters 10-18 years of age tend to be at or
above reference medians; mean weights of dis-
tance runners are consistently below the reference
medians, while those of sprinters are generally
quite close to the medians. Distance runners thus
have less weight-for-height. Data for jumpers and
throwers indicate greater heights in jumpers than
throwers, and greater weights in throwers than
jumpers. The heights of jumpers and throwers
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often exceed the 90th percentiles; in contrast, mean
weights of the throwers are close to or above the
90th percentiles, while those of the jumpers are at or
above the reference medians (Malina 2004).

Available short- and long-term longitudinal data
indicate mean statures that maintain their position
relative to the reference values over time, which
suggests that they are not apparently influenced by
the regular training for sport. Short-term longitud-
inal studies of male and female athletes in a variety of
sports (volleyball, diving, distance running, track,
basketball, rowing, cycling, ice hockey) indicate
growth rates within the range expected for non-
athletes (Malina 1994a,b). Intensive training for
distance running has received considerable scrutiny,
but longitudinal data indicate growth rates in male
and female runners similar to those for reference
values for non-athletes (Eisenmann & Malina 2002;
Malina 2004).

In the context of these short- and long-term
longitudinal observations, and allowing for select-
ive criteria in some sports, regular participation in
sport and training for sport has no apparent effect
on attained stature and rate of growth in stature.
Nevertheless, it is consistently suggested that regu-
lar gymnastics training “blunts” growth velocities
in female gymnasts with the inference that the
adolescent growth spurt is also “blunted” (Theintz
et al. 1993; Daly et al. 2005). These conclusions are
based on samples of female gymnasts followed over
short periods (2.0-3.7 years) that do not cover the
age span needed to capture the adolescent growth
spurt in individual girls (see below).

The adolescent growth spurt

Age at PHV is not apparently affected by regular
physical activity and training for sport. The observa-
tions for male athletes are consistent with the data
for SA (i.e., ages at PHV tend to occur early or close
to the average in male athletes). Available data for
female athletes indicate ages at PHV that approx-
imate the average (Malina et al. 2004). Longitudinal
data for females in ballet, figure skating, and diving,
sports in which later maturing girls commonly excel
during adolescence, are insufficient to estimate
ages at PHV. Samples of ballet dancers show shorter
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statures during early adolescence, but late adolescent
statures that do not differ from non-dancers (i.e.,
later attainment of adult stature) (Malina 1994a). This
is a growth pattern characteristic of late maturers
(Malina et al. 2004).

Data for gymnasts of both sexes indicate later
ages at PHV (Malina 1999; Thomis et al. 2005). The
parameters of the adolescent spurt in male and
female gymnasts are similar to those for short, but
healthy, late maturing children with short parents
(Malina 1999). Nevertheless, it has been suggested
that the adolescent growth spurt in female gym-
nasts is “blunted” or absent (Theintz et al. 1993;
Daly et al. 2005). Note that the inference of growth
“blunting” is not discussed for male gymnasts who,
relative to reference data for males, are as short
as and later maturing as female gymnasts (Malina
1994a, 1999). As noted, the duration of the studies
of female gymnasts was not sufficient to accom-
modate the entire duration of the growth spurt
which leads to biased estimates of PHV and age at
PHV (Zemel & Johnston 1994). Individually fitted
growth curves for 13 female gymnasts followed,
on average, from 8.7 to 15.5 years, indicate a later
age at PHV compared to a reference for the general
population (Thomis et al. 2005). Estimated peak
velocities of growth in height, leg length, and sitting
height are only slightly less than in non-athletes and
well within the range of normal variability (Malina
et al. 2004).

Skeletal maturation

Skeletal age does not differ between active and
inactive boys followed longitudinally from 13 to
18 years (Beunen et al. 1992). In boys active in
sport, SA and CA show similar gains prior to the
adolescent spurt, but SA progresses faster than
CA during the growth spurt and puberty in boys,
reflecting their advanced maturity status. In a cor-
responding sample of girls active in sport, SA and
CA progress at the same pace from late childhood
through the growth spurt and puberty (Malina &
Bielicki 1996). Although young athletes in several
sports, including gymnasts of both sexes, differ
in skeletal maturity status, short-term longitudinal
observations indicate similar gains in both SA and

CA (Malina 1994a, 1998a). The data thus imply no
effect of training for sport on skeletal maturation
of the hand and wrist.

Sexual maturation

The pubertal progress of boys and girls active in
sport is similar to the progress observed in boys
or girls not active in sport. The effect of training
for sport on the sexual maturation of boys has not
generally been considered. This may not be sur-
prising because early and average maturation are
characteristic of the majority of young male athletes.
Wrestling is the primary sport among males that has
an emphasis on weight regulation. The emphasis
on weight control, however, is short term, and
longitudinal observations over a season indicate
no significant effects on maturation and hormonal
profiles (Roemmich & Sinning 1997a,b).

Later mean ages at menarche in young gymnasts,
figure skaters, and ballet dancers, and in late ado-
lescent and adult athletes in many sports are often
attributed to regular training for the respective sports
(Malina 1983, 1991, 1998b, 2002). Although some
data are prospective, the majority are status quo
and retrospective, which does not permit establish-
ment of causality. Many biologic and environmental
factors are related to the timing of menarche (e.g.,
genotype, diet, family size, family composition and
interactions, stress) (Clapp & Little 1995; Ellis 2004;
Malina et al. 2004). Given the complexity of factors, it
is essential that they be considered before inferring
causality for training before and/or during puberty
as a factor influencing the timing of menarche
in presumably healthy adolescent athletes (Loucks
et al. 1992; Clapp & Little 1995). The conclusion of
a comprehensive evaluation of exercise and female
reproductive health merits attention in this regard:
“it has yet to be shown that exercise delays menarche
in anyone” (Loucks et al. 1992, p. 5288).

The available evidence thus suggests that regular
training for and participation in sport do not affect
growth in stature, the timing and magnitude of
PHYV, and skeletal and sexual maturation in young
athletes. In contrast to the commonly used indicators
of growth and maturation, systematic training has
potentially beneficial effects on body composition



and specific tissues—skeletal (bone), skeletal muscle
and adipose—but discussion of these is beyond the
scope of this chapter (Malina et al. 2004). Functional
effects of systematic training also have implications
for performance. Resistance and aerobic training leads
to improvements in muscular strength and maximal
aerobic power, respectively, in youth of both sexes,
while improvements in sport-related skills associated
with sport-specific training have not been systematic-
ally evaluated although are often taken for granted
(Malina et al. 2004).

Matching opponents in youth sports

Youth sport programs are ordinarily structured into
chronologic age categories. Given the wide range of
variation in body size, body composition, biologic
maturation, physical performance, skill, psychosocial
characteristics, personality, and behaviour among
children of the same age and especially in the
transition from childhood to adolescence, attempts
to equalize competition are often discussed and
occasionally attempted. Nevertheless, size, maturity,
strength, performance, and skill mismatches are
rather common in spite of attempts to equate par-
ticipants for competition. The potential competitive
inequity and perhaps risk for injury associated
with such mismatches are especially evident in
contact and collision sports (for a classification of
contact and collision sports see American Academy
of Pediatrics 1988). Matching participants by size
and biologic maturity has often been proposed as
a means for reducing differences in size, strength,
motor performance, and skill (e.g., Gallagher 1969;
Seefeldt 1981; Caine & Broekhoff 1987).

Matching criteria

Children and adolescents are ordinarily grouped
for sport by CA and sex. As noted, interindividual
variation in body dimensions, biologic maturity,
body composition, physical performance, and skill
is considerable within a single chronologic year
(e.g.,10.0-10.99 years).

The limitation of CA for grouping youth was
already recognized by Crampton (1908) and Rotch
(1909). Although Crampton did not specifically refer
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to sport (his focus was child labor), he advocated the
use of “physiological age” based on the development
of pubic hair; Rotch, on the other hand, advocated
“anatomical age” based on X-rays of the carpals and
indicated the potential utility of this approach for
sport.

Sports vary with season of the year and this
implies differential cut-off dates to define age for a
given season. Participants born after the cut-off date
are grouped in a younger age category than those
born before the cut-off date. Moreover, coaches tend
to select participants who are born in the months
immediately after the cut-off date.

Although matching participants by size and/or
biologic maturation is often proposed, matching by
size or biologic maturity status independent of CA
is misleading; CA, size, and biologic maturity status
are highly interrelated. Matching by body mass is
common in some sports (e.g., American football,
weight lifting, judo, and wrestling). Weight categories
are often quite broad so that mismatches are still
possible. Moreover, some American youth football
programs place weight limits on primary ball carriers
(offensive players). The rationale for limiting body
weight of ball carriers is that a markedly heavier
athlete will not be able to run into a lighter athlete
playing on defense. However, the weight limitation
on ball carriers does not apply for any defensive
position (i.e., a heavier player could run into a lighter
player while making a tackle).

The most commonly used indicators of biologic
maturity are secondary sex characteristics (see
Chapter 31; Malina et al. 2004). An important issue
is the invasiveness of the assessment of sexual
maturity, although self-assessments are available. The
question remains which indicators should be used
(pubic hair, genital development in boys; pubic hair,
breast development, or age at menarche in girls)?
Although these indicators are correlated there is
considerable variation in the tempo of the transition
from one stage to the next stage and in the sequence
of the stages and indicators (Malina et al. 2004). This
variation presents a practical problem. If secondary
sex characteristics are used to group participants,
how are changes in status that occur during a season
taken into consideration? It is likely that some par-
ticipants will change in status quite quickly over a
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season whereas others will remain in the same stage
leading again to potential mismatches.

SA is the best single indicator of biologic matur-
ity because it spans childhood and adolescence
(Tanner 1962; Malina et al. 2004). However, it requires
an X-ray of the hand and wrist with, although
minimal, exposure to radiation. It is certainly not to
be recommended for use on a large scale in youth
sports. An alternative could be to use percentage
of adult height as a criterion, which implies the
prediction of mature height, or the prediction of
maturity-offset from age at PHV (see Chapter 31).
Similar variability in tempo of biologic maturation
in SA, percentage of mature height and maturity
offset can be expected as for secondary sex charac-
teristics, which presents a practical problem for the
matching process.

While matching based on secondary sex charac-
teristics, SA, or other valid indicators of biologic
maturity may be a practical tool for equitable match-
ing in youth sports, it may not necessarily be accurate
or valid for matching opponents on behavior and
psychologic factors. A younger physically mature
athlete may be matched with older athletes, who are
biologically similar but psychologically more mature
and tactically more proficient as a result of longer
experience. Potential psychologic effects associated
with moving up (e.g., increased competitive stress,
behavioral insecurity) or moving down (e.g., drop-
out, lower self-esteem) associated with maturity
matching also need to be considered (Hergenroeder
1998; Kontos & Malina 2003).

The prudent implementation of matching using a
combination of physical size and maturity, as well
as psychologic, behavioral, and other factors, needs
to be more systematically evaluated. In spite of
being logistically difficult to implement, a matching
system, if implemented properly, may be beneficial
to equalizing competition, to maintaining interest in
participation, and to reducing potential for injury
(Kontos & Malina 2003).

In the context of national or international com-
petition in early entry sports (e.g., gymnastics, diving,
tennis, and figure skating) the issue of CA and bio-
logic age limits needs careful evaluation. Should
biologic age limits be imposed (e.g., skeletal age of
15 years)? Such changes may be desirable for the

sake of the health and well-being of the children
involved.

Challenges for future research

Longitudinal or mixed longitudinal studies of
growth and performance (strength, motor, aerobic,
anaerobic) on sufficiently large samples of female
adolescents are needed. Mixed longitudinal studies
are recommended because information can be
collected over a shorter period, but such studies
need to be carefully planned to include cohorts that
are followed over a short period but are selected so
that they overlap in time (Goldstein 1979). Control
for test or learning effects needs to be built into the
study design (van’t Hof et al. 1976).

The impact of intensive training on saltatory
growth (Lampl et al. 1992) and / or mini-growth spurts
(Hermanussen et al. 1988) needs evaluation.

Muscular strength and endurance and aerobic
power show well-defined adolescent spurts in boys.
Can performance be enhanced by training during the
spurts? This question implies that knowledge about
somatic growth and maturation be incorporated into
experimental studies of various training programs.

There is need for prospective longitudinal studies
of youth training for different sports from the
prepubertal years through puberty. Such studies
should include a variety of somatic, maturity, and
performance characteristics together with specific
information about training programs, nutrition, and
hormonal secretions.

For issues that require invasive methods, animal
models that closely replicate the human situation
may permit experimental control of intervening
variables.

The genetic determination of physical performance
capacities and genotype—environment interactions
(training, physical activity, nutrition) needs study in
children and youth.

In the context of national or international competi-
tions in early entry sports (e.g., gymnastics, diving,
tennis, and figure skating), the issue of age limits—
chronologic and/or biologic—needs consideration.
Should biologic age limits be imposed? Such changes
may be desirable for the sake of the health and well-
being of young athletes.
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Chapter 2

Muscle Development During Childhood and

Adolescence

DAVID A. JONES AND JOAN M. ROUND

When it comes to skeletal muscle, size really does
matter for the adult athlete. Quality is also import-
ant, the power athlete needs large, fast muscles while
the endurance athlete must have relatively small,
slow, and highly oxidative muscles. Skeletal muscle
is very adaptable, responding to different train-
ing regimens but the muscle characteristics of the
elite performers are the result of prolonged training
and the raw material that was laid down in the
embryo, during childhood and adolescence. We will
therefore trace the development of muscle from its
earliest appearance through to the young adult.

Embryonic origins

Skeletal muscle is derived from myogenic cells
in the embryonic mesoderm. At about 6 weeks’
gestation these mesodermal stem cells migrate to
appropriate sites and begin to differentiate to form
myoblasts which proliferate and eventually fuse to
form multinucleate primary myotubes attached at
each end to the developing tendons and skeleton.
Within the developing myotubes a central chain of
nuclei forms surrounded by basophilic cytoplasm
rich in polyribosomes. The transition from myo-
blasts to myotubes is initiated by the expression of a
group of muscle transcription factors, products of
the myf genes. Myoblast proliferation in tissue cul-
ture is strongly stimulated by insulin-like growth
factor 1 (IGF1) and their fusion to form myotubes
can be induced by reducing the IGF1 concentration
in the medium but whether this mechanism applies
in vivo is not clear.
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Mid-way along the primary myotubes further
myoblasts aggregate and fuse to form secondary
myotubes. At first the primary and secondary myo-
tubes share a common basement membrane but
eventually the secondary myotubes develop a
separate membrane, make contact with the tendon,
and become independent of the primaries. The pro-
portions of primary and secondary myotubes may
vary between muscles and between individuals. The
soleus, a “slow” muscle, contains a predominance
of fibers derived from primary myotubes, while in
faster muscles the majority of fibers originate from
secondary myotubes.

In the human fetus the transition from myoblasts
to primary myotubes takes place ataround 7-9 weeks’
gestation and by the end of this period the primordia
of most muscle groups are well defined. At this time
the synthesis of the contractile proteins, actin and
myosin, begins and the first signs of cross-striation
are visible within the myotubes (Fig. 2.1).

From 11 weeks onwards there is a proliferation
of myofibrils leading to an increase in diameter of
the myotubes, which also grow in length. At 16—
17 weeks a further population of myotubes becomes
apparent, known as the tertiary myotubes adhering
to the secondary myotubes and enclosed within the
same basement membrane but by 18-23 weeks the
tertiary myotubes have become independent. At
around this time the nuclei of the more mature
myotubes move to the periphery and this marks
the appearance of fibers that have the characteristic
structure of adult muscle fibers, although being much
smaller in size.



Fig. 2.1 Myoblasts fusing to form myotubes and starting
to synthesize contractile proteins arranged in the
characteristic sarcomeres of skeletal muscle.

Satellite cells

Muscle fibers constitute a syncitium, each fiber
being multinucleate and in this respect they differ
from every other tissue in the body. Although the
majority of myoblasts fuse to form myotubes, about
10% of myoblasts remain as undifferentiated muscle
stem, or satellite, cells that will provide the nuclear
material for future growth and repair. The satellite
cells lie between the plasma membrane and the
basement membrane of muscle fibers and each con-
sists of a large nucleus with a thin layer of cytoplasm.
Nuclei within the muscle fibers are post-mitotic and
do not divide. Consequently, the only source of new
nuclear material for growth is the satellite cells. It
is not clear, however, whether this pool of cells is
sufficient for all future requirements or if the pool
can be replenished, or expanded, by multipotent stem
cells from sources outside the muscle.

Developing fibers express a number of different
myosin heavy chains, these include an embryonic
form and an intermediate fast type 2c form which is
also seen in regenerating adult muscle. The primary
myotubes can be identified throughout embryonic
development as they alone express adult slow
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myosin from about 9 weeks’ gestation (Draeger et al.
1987). In response to the contractile activity imposed
by the motor nerve following innervation by axons
growing out from the spinal cord, the fibers begin to
differentiate so that, eventually, fetal myosins are no
longer expressed and about half the fibers express
slow myosin and half fast myosin. This process,
which is apparent by about 32 weeks’ gestation, is
probably not fully completed in human muscle until
a few months after birth.

Connections between nerve and muscle

In the human embryo, as early as 10-11 weeks’
gestation, axons from motoneurons grow out of the
spinal cord and invade the fetal muscle. At first a
number of axons form synapses with each embryonic
fiber but as the muscle matures all but one of the
synapses are lost. The loss of multiple innervation
appears to be brought about by the contractile act-
ivity of the developing fiber which, paradoxically,
is the result of stimulation by the same attached
nerve endings (Vrbova et al. 1995). The first contacts
between nerve and muscle occur between axons
and the primary myotubes, leading, at first, to mul-
tiple innervation as described above. Later, as the
multiple innervation is lost, the secondary myotubes
become innervated by the axons that have been
rejected by the primary myotubes. This sequence
of innervation may have consequences for the later
development of different fiber types because many
of the fibers derived from primary myotubes are
constrained to become slow type 1 fibers with,
apparently, little opportunity for change. The fibers
derived from secondary myotubes, however, have
the ability to change the expression of a wide range
of contractile and other proteins depending on the
pattern of activity imposed on the muscle.

The athletic potential of an individual is deter-
mined to a large extent by the size and contractile
characteristics of their muscles. Although training
over many years will modify the size, speed, and
fatiguability of their muscles, some individuals,
usually with a mesomorphic body shape, are natur-
ally heavily muscled while others are of a relatively
slight build. Top class sprinters are heavily muscled
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all over their body, not just in the major propulsive
muscles in the lower body and limbs, and their
muscles have a predominance of fast type 2 fibers.
Endurance athletes, on the other hand, tend to be
ectomorphic, with a smaller skeleton and muscula-
ture that has a predominance of slow type 1 fibers.
It is unproven, but nevertheless tempting to specu-
late, that the difference between these two extremes
may originate in the numbers of secondary and
tertiary myotubes. Where there is an excess of the
secondary and tertiary myotubes these can develop
into large, fast muscles. Individuals with minimal
secondary and tertiary myotube development will
have a predominance of slower fibers because the
primary myotubes seem predestined to remain slow.
It is possible therefore that the potential for elite
athletic performance is laid down in the embryo in
the 6—7-week period when the secondary and tertiary
myotubes are developing.

Muscle fiber growth

In the rat, muscle fiber numbers have been shown
to remain constant during life while the mean fiber

cross-sectional area increases nearly 10-fold from
the newborn to adult animal (Rowe & Goldspink
1969). There are considerable practical and ethical
problems involved in making measurements of fiber
size and number in children and adults although
it is clear that there are major changes in muscle
fiber size during development (Fig. 2.2). The cross-
sectional area of fibers in a biopsy from the quadri-
ceps muscle in a normal man range from means of
3500 to 7500 um? and in normal women from 2000
to 5000 um? (Round et al. 1982). The average cross-
sectional area of the quadriceps muscle, measured
at mid femur, is approximately 60 cm? in women
and 80 cm? in men (Chapman ef al. 1984), roughly in
proportion to the muscle fiber cross-sectional areas,
which suggests that the number of fibers is similar
between the sexes. There are very limited data of
this type on children but the indications are that
the ratio of muscle cross-sectional area to that of the
fibers is the same as found for adults, suggesting
that the number of fibers remains constant during
development, as is the case in rats.

Muscle growth requires the deposition of new
proteins and this can occur in two ways. The first is

Fig. 2.2 Growth of muscle fiber
cross-sectional area. Biopsies from
an 8-month-old baby, a 5-year-old
child, a 14-year-old boy, and a

large 23-year-old man. Transverse
sections of quadriceps muscle
samples, stained with trichrome.

An individual fiber has been outlined
in each section to emphasize the
change in fiber size with growth and
maturation.



an increase in the amount of protein synthesized per
unit of DNA, either by increasing transcription or
translation. A decrease in the rate of protein break-
down would also have the same effect. The second
major mechanism for growth is by nuclear divi-
sion and it is established that it is the satellite cell
nuclei that divide (Mauro 1961). In postnatal life the
dividing satellite cells are incorporated into exist-
ing fibers, rather than forming new fibers, thereby
increasing the nuclear material available within
the fiber to support protein synthesis. The notion is
that a muscle fiber nucleus can support a certain
maximum volume of cytoplasm (nuclear domain)
and in order to increase in volume the fiber must
acquire more nuclei. Clearly, both mechanisms are
possible. Cheek (1985) suggested that during the
course of human development there is a 14-20-fold
increase in the DNA content of skeletal muscle and
a twofold increase in the DNA unit size (i.e., growth
being predominantly caused by an increase in nuclear
number). Short-term fluctuations in size and strength,
such as with dietary manipulation or as the result
of prolonged bed rest or immobilization, may be
the result of a change in the protein synthesis per
unit DNA. Long-term increases in muscle size, such
as seen during growth, certainly require nuclear
proliferation. The precise details of which phase
of growth depends on nuclear proliferation and
which on expanding the nuclear domain remain to
be elucidated.

Relationship between muscle size
and strength

In an idealized parallel fiber muscle, the isometric
force generated is proportional to its cross-sectional
area; however, muscle fibers work within a mechan-
ical system of tendons and bones which modifies
the forces exerted on the external world.

Angle of muscle fiber insertion

Very few muscles have fibers that simply run from
end to end; in most cases fibers insert obliquely into
their tendons at angles of around 10-20° and con-
sequently the force transmitted by the tendon is
somewhat less than that generated by the muscle
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fibers (Alexander & Vernon 1975). It is possible that
during development the angle of pennation may
change, thus changing the force produced in relation
to the anatomic cross-section of muscle, but there is
no information available on this point.

Lever ratios

Muscle strength is measured indirectly through
the lever system of the skeleton. Consequently, the
force measured at the ankle or wrist is the force
of the muscle multiplied by the mechanical advant-
age (or disadvantage) of the lever system. For knee
extension, the force measured at the ankle is the
force generated by the quadriceps in the patella
tendon multiplied by the ratio of the size of the
patella tuberocity and the length of the tibia. The
ratiois about 1 : 10 so that a force of 500 N measured
at the ankle represents a force of about 5000 N in
the patella tendon. Because the patella tuberocity
is relatively small, a change in relative location of
a few millimeters could have a major effect on the
ratio and consequently the force measured at the
ankle (Jones & Round 2000). During childhood and
adolescence there is continual remodeling of the
bones and we do not know if the relative dimensions
remain constant or change during development.

Measurement of force, practical
considerations

Much of the information about muscle develop-
ment comes from measurements of force because
repeated biopsies are unsuitable for children and
until the recent developments of magnetic resonance
imaging (MRI) and ultrasound, X-ray and com-
puted tomography (CT) scanning were likewise of
limited application. Strength can be assessed in many
ways. There is sometimes a conflict between the
interests of athletic coaches and sports scientists. The
former need a measure that is “relevant” to their
sport while the physiologist is concerned to make
measurements that reflect the structure and con-
tractile properties of individual muscle groups. The
difficulty is that “relevant” measurements usually
involve complex muscle groups where performance
will depend not only on the size and strength of
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individual muscles, but also on their coordinated
activation. As an example, in most people the indi-
vidual muscles in left and right arms are much the
same size and can generate similar forces, yet if asked
to perform some task such as hitting or throwing
they will do far better with their dominant side. Even
a simple test such as pushing or pulling requires the
coordinated action of stabilizing muscles all over
the body for optimal performance. For these reasons
the measurement of isometric force of major muscle
groups such as the knee extensors (quadriceps), the
forearm flexors (mainly biceps), or plantar flexors
(calf muscles) represents the best option for physio-
logic assessment. It is generally most convenient
to measure force with the appropriate joint at 90°
because it is usually easiest to stabilize the limb in
this position and problems of compensating for the
weight of the limb do not arise. However, it should
be remembered that a joint angle of 90° may not set
the muscle at its optimal length. The optimal angle
depends on both muscle fiber and tendon length
so it is possible that the angle, and thus the force
recorded, will change during development.

It is often suggested that dynamic shortening
contractions are a more “natural” movement and
should be measured. The force generated during a
dynamic contraction, however, is difficult to meas-
ure and the commercial equipment available is
not portable or particularly accurate. If dynamic
measurements are made it should be remembered
that the force recorded will depend on the speed
of the muscle as well as its size, and that speed is
influenced both by the intrinsic fiber type composi-
tion and the overall length of the muscle.

There are two further complications to be aware
of when making measurements of strength. The
first is that a voluntary effort may not fully activate
the muscle. This can be checked by superimposing
electrical stimulation on the voluntary effort and
in healthy adults this reveals that most people can
produce 90-95% full activation (Rutherford et al.
1986). There is generally a reluctance to use elec-
trical stimulation with children but our experience
is that over the age of about 6-7 years children can
activate their muscles in a similar way to adults.
However, below that age children seem to find it
difficult to isolate the movement required.

The other complicating factor is that with every
contraction of an agonist there may also be co-
contraction of the antagonist muscles which will
reduce the force that is measured (Kellis &
Baltzopoulos 1999). Estimates of antagonist activity
during knee extension in adults vary widely and
may well depend on the joint angle, but generally
amount to about 10% of the measured force. Thus,
taking the shortfall in voluntary activation and the
action of the antagonist muscles, the measured
force of the quadriceps may be 15-20% less than
the force the muscle is truly capable of. Provided
this proportion remains constant it will not affect
the conclusion of any survey but the difficulty is
that we do not know if this is the case for children.

Growth studies and the measurement
of strength

There have been a number of longitudinal studies
charting the development of strength during ado-
lescence and a few that include younger children.
Tanner (1962) provides a comprehensive review of
the earlier work. The most frequently quoted early
work relating to strength is that of Jones (1949) on
the adolescent group in the University of California
Child Welfare Study. The static strength of hand
grip, arm pull, and arm thrust were measured using
an isometric dynamometer. The most striking fea-
ture of the results is the clear separation in strength
between boys and girls that occurs at the time of
puberty (Fig. 2.3).

Stoltz & Stoltz (1951) reported data on Californian
boys during adolescence (part of the Fells Growth
Study) and Faust (1977) complemented the Stoltzs’
work with her study of a group of Californian girls
with similar findings to those of Carron & Bailey
(1974) on boys from the Saskatchewan Growth
Study. All of these studies emphasize the fact that,
in sharp contrast to girls, there is a major increase
in strength of boys during puberty. More recently,
Beunen et al. (1988) have measured static, dynamic,
and explosive strength in Belgian boys as part of the
Leuven Growth Study, and motor performance and
similar tests have been used by Kemper & Verschuur
(1985a,b) with Dutch children in the Amsterdam
Growth Study. Round et al. (1999) reported the
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Fig. 2.3 Changes in arm strength with age. Data for “arm
pull” taken from the mixed longitudinal study of Jones
(1949). Note that strength is reported in kilogram force,
equivalent to 9.81 N.

isometric strength of quadriceps and biceps in a
longitudinal study of British children from north
London (Fig. 2.4).

It is generally agreed that during childhood there
is a steady increase in strength with little difference
seen between boys and girls until puberty when both
sexes show a significant increase in the velocity of
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strength gain. At this time boys increase to a greater
final strength than girls and show a disproportion-
ate increase in the upper limb musculature which
reaches a final strength that is nearly double that of
young women.

The only suggestion of a sex difference in strength
before puberty involves muscular actions of the arms.
Jones (1949) reported greater handgrip strength and
others have commented on the superiority of over
arm throwing in boys (reviewed by Malina 1998).
After puberty it is clear that boys’ strength increases
but Jones (1949) remarked that girls seem to decrease
in strength after menarche. This suggestion was
supported by Faust (1977) but she cautioned that
dynamometer strength testing might be unreliable
as a measure of strength in teenage girls and that
the decrease she found was most likely a result of
the teenage girls not trying so hard. Our own experi-
ence of post-menarchial girls is that they showed
no loss of strength (Round et al. 1999); this may be
because we were using isometric strength testing
in which the components of skill and coordination
are minimized.

Early reports on the timing of the adolescent
spurt in strength suggested that it occurred around
the time of the peak of height velocity (Jones 1949;
Tanner 1962) but more recent reports place it about
1 year after peak height velocity and roughly coin-
cident with that of weight velocity (Beunen et al. 1988).

400
350
300
250
200

150

Biceps strength (N)

100

50

1 1
9 10 11 12 13 14 15

0 1
16 17 18

(b) Age (years)

Fig. 2.4 Changes in strength with age. Mixed longitudinal study in which the isometric strength of the quadriceps (a) and
elbow flexors (biceps, b) was measured in boys (filled symbols) and girls (open symbols). Data from Round et al. (1999).
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The old adage that boys may outgrow their strength
at some period during puberty was questioned by
Tanner in the 1960s and finds no support from
modern studies. Neither in the Leuven study (Beunen
et al. 1988) nor the north London study (Round et al.
1999) was there any time during puberty where
strength failed to increase.

Stimuli for muscle growth during
development

Growth and maintenance of all tissues is depend-
ent on the presence of an extracellular environment
containing the appropriate mixture of amino acids,
carbohydrates, and growth factors and it is evid-
ent that muscle is the same as all other tissues in
this respect. Thyroid and growth hormones are
obviously required for normal growth and in their
absence the main consequence is a general retard-
ation of growth affecting all tissues. However, in the
case of growth hormone deficiency in children there
is a change in body composition such that more
adipose tissue is laid down at the expense of muscle
(Rutherford et al. 1990). What is not clear for muscle,
or any tissue, is what drives growth in the early
years when, for instance, growth hormone levels are
relatively low, or what causes growth to stop when
the adult size has been reached.

As the young body grows we might expect the
muscles attached to the long bones to increase in
proportion to the linear dimensions and, if this were
the case, the cross-sectional area of the muscle
(which is the main determinant of isomeric
strength) would then be proportional to the square
of the linear dimensions (Jones et al. 2004). It is evid-
ent, however, that in this situation, strength would
lag behind body weight because weight is propor-
tional to the third power of the linear dimensions.
The observation is that for the quadriceps, strength
is very nearly proportional to body weight during
childhood growth so the stimulus for muscle
growth must be more than the lengthening of the
long bones and the muscle is probably responding
to the load imposed upon it (Parker et al. 1990).
Interestingly, for the biceps, a muscle that is not
weight bearing, strength increases roughly as the
square of the linear dimensions, at least in girls and
also for boys up to the age of puberty.
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Fig. 2.5 Circulating insulin-like growth factor 1 (IGF1)
levels and the changes with puberty. Mean values for
plasma IGF1 measured in a mixed longitudinal study of
boys and girls going through puberty. Data have been
aligned to the time of peak height velocity (PHV;
vertical dotted line). Unpublished data from the study of
Round et al. (1999).

At puberty there is a general rapid increase in
body size, including the skeletal musculature,
which is associated with increased secretion of
growth hormone and circulating IGF1 (Fig. 2.5). For
girls, there is an increase in quadriceps strength
which is commensurate with the increase in weight,
while biceps strength increases minimally. For boys,
however, puberty is a time of considerable increase
in strength with the increases in both quadriceps
and biceps strength far outstripping what would
be expected from the change in body size (Fig. 2.4;
Round et al. 1999).

It is widely believed that testosterone causes
muscle hypertrophy although there is relatively little
evidence about the effects of physiologic levels, as
opposed to the supra-physiologic levels that are
abused in many sports. However, the association
between the increase in muscle strength (especially
of the biceps) in boys and increasing circulating
testosterone is very strong (Fig. 2.6; Round et al. 1999).
Testosterone leads to muscle fiber hypertrophy
which is associated with an increase in the num-
ber of myonuclei per fiber (and thus, presumably,
maintaining a constant nuclear domain) and an
increase in satellite cell number (Sinha-Hikim ef al.
2002, 2003). It is not clear, however, whether testo-
sterone causes proliferation of existing satellite cells
or the differentiation of mesenchymal stem cells
into a myogenic line.
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Fig. 2.6 Increases in biceps strength and circulating
testosterone in boys. Biceps strength of boys, expressed as
a percentage of the strength of girls, compared with the
rise in circulating testosterone levels. Data have been
aligned to the time of peak height velocity (PHV; vertical
dotted line). Data from the study of Round et al. (1999).

On average, 17-year-old boys are 50% stronger
than girls in the quadriceps but have biceps strength
that is almost double that of the girls (Fig. 2.4).
This preferential development of the upper limb
musculature has been noted in a number of studies.
Carron & Bailey (1974) found that measures of upper
body strength in boys increased 3.9-fold between
the ages of 10 and 16 years while for lower body
strength the increase was 2.5-fold. Tanner et al.
(1981) estimated that peak growth velocity of arm
muscles in boys was about twice that in girls while
there were no sex differences in the calf. Kemper
and Verschuur (1985a), in a longitudinal study meas-
uring muscle volumes, showed that sex differences
became apparent at puberty, with a suggestion of
greater differences between boys and girls in the
upper body musculature.

It would appear therefore that muscles of the
upper limb girdle are particularly sensitive to
testosterone and it is interesting to speculate on
the evolutionary significance of the differences in
upper body strength between the sexes. In terms
of hunting and gathering, there would seem to be
little point in women not having the same strength
in the upper body as men, and this leads to the
conclusion that it may be a secondary sexual charac-
teristic analogous to the shoulder girdle develop-
ment seen in many mammalian species, including
other primates and cattle. An unscientific survey
of female staff and students suggests that excessive
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muscular development in men is not particularly
attractive to the opposite sex and consequently the
upper body development seems more likely to have
served in the past as a way of asserting dominance
over other males rather than attracting mates.

Muscle growth, strength, and
performance

The development of motor performance has been
reviewed by Malina & Bouchard (1991) and Malina
(1998) and it is important to consider the role that
development of muscle strength has in this vital
process. Even the simplest task such as jumping or
running depends on the interplay of strength and
coordination with the complex biomechanics of the
musculoskeletal system. For running and explosive
tasks such as jumping, the strength to body weight
ratio would seem to be a critical factor, yet it is
interesting to note that while running speed and
jumping performance improve steadily through-
out childhood, and often dramatically in teenage
boys, the ratio of isometric strength to body weight
remains remarkably constant or decreases somewhat
until puberty (Jones & Round 2000). One aspect of
muscle function that may explain this observation
is the influence of changing muscle length. Isometric
strength is not dependent on muscle length but the
velocity of shortening is directly proportional to the
number of sarcomeres in series and this will increase
approximately in parallel with height. A faster muscle
means that larger forces can be generated at high
speeds, generating more power so the muscle will
be able to impart a greater impulse to the ground
during jumping or move a longer limb at the same
angular velocity to impart a greater momentum to
the hand or foot when throwing or kicking.

One of the consequences of the greater upper limb
girdle development in the male is that perform-
ance in throwing events is very much better than
that of female competitors. In most track events the
differential between men and women is of the order
of 10%, which may be explained (albeit with some
difficulty) by the differences in strength and length
of male and female muscles. For the throwing events,
however, the difference is so marked that women
throw lighter javelins, hammers, and shots and still
do not achieve the same distances as men. World
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class men throw an 800-g javelin about 90 m while
women throw 600 g but achieve only about 70 m.
Although it is tempting for a muscle physiologist to
ascribe all these differences to the preferential muscle
development of the male upper limb girdle, it is
notable that, of all performance indicators, over arm
throwing is superior in boys and is seen long before
the time when sex hormones play their part in
promoting upper limb girdle development (Malina
1998). Although prepubertal boys throw better than
girls, they are not noticeably stronger in the arms com-
pared with girls at this stage (Fig. 2.4). It is possible
therefore that boys acquire the skill of over arm

throwing very early in development and that it is
one of the social or behavioural markers of maleness.
Muscle development is clearly central to normal
growth and development and the growing child
provides fascinating information about the factors
that regulate muscle growth. When trying to account
for changes in performance with increasing maturity,
again muscle strength has a central part to play but
the relationships are complex and muscle strength
has to be seen in the context of many other changes,
in development of the skeletal lever system, of
skill acquisition, and probably also social attitudes
towards certain types of activity and exercise.
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Chapter 3

Development of Maximal Anaerobic Performance:

An Old Issue Revisited

OMRI INBAR AND MICHAEL CHIA

During unsupervised play and exercise, young
people derive energy from the interplay of aerobic
and anaerobic metabolisms. Although there is
increasing recognition of the importance of maximal
anaerobic exercise, research and documentation of
the capability of young people to perform maximal
anaerobic exercise lag behind that for maximal
aerobic exercise. The reasons for this imbalance in
research attention include:

1 The absence of a “gold standard” measure of
anaerobic fitness comparable to that of maximal
oxygen uptake for aerobic fitness;

2 The opinion that anaerobic fitness is less import-
ant than aerobic fitness because the association
between aerobic fitness and health is more apparent
and accepted while the links between anaerobic
fitness and health remain contentious;

3 The importance of aerobic fitness to sports is more
established than that documented for anaerobic
fitness;

4 The relative difficulty in measuring anaerobic
fitness compared to aerobic fitness;

5 Maximal anaerobic exercise is considered as more
strenuous than maximal aerobic exercise for young
and elderly people; and

6 While aerobic fitness is more encompassing of
a person’s overall fitness, anaerobic fitness is more
localized to the muscle or group of muscles.

There are many merits in studying the maximal
anaerobic exercise of young people: (i) many team
sports require young people to perform maximal
anaerobic exercise, interspersed with varying re-
covery periods; (ii) there is greater relevance and
resemblance of anaerobic than aerobic tasks to daily

activities, exercise, and play patterns of young people;
(iii) tests of maximal anaerobic exercise usually last
less than a minute compared to tests of maximal
aerobic exercise, which take 10-20 times longer
to complete; and (iv) the motivation and attention
span of young people can be better harnessed and
ensured during the shorter anaerobic fitness tests.

Knowledge about how maximal anaerobic power
changes with age also provides useful information
about the maturational stages of the anatomic, bio-
chemical, physiologic, and neurologic systems and
functions that are inherently linked to the perform-
ance of maximal anaerobic exercise. Sport scientists
should pay equal attention to the anaerobic and
aerobic fitness of young people because the com-
bined knowledge base provides a composite picture
of the exercising young person.

Maximal anaerobic exercise
nomenclature

A plethora of terms is used to describe maximal
anaerobic exercise in the pediatric exercise literature.
Jargon such as alactacid, lactacid, anaerobic power,
anaerobic capacity, anaerobic work capacity, instant-
aneous power, peak power, mean power, and short-
term power are commonly and often indiscriminately
used to describe non-identical aspects of maximal
anaerobic exercise in textbooks of exercise physiology
and in sports science journals.

Short-term or short duration “all-out exercise”
is different from “maximal intensity exercise”; the
latter is often used to describe the terminal stages
of exercise in a maximal oxygen uptake test. This is
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because the mechanical power elicited during an
all-out anaerobic-type cycling (or running) task is
2-4 times that elicited during a maximal oxygen
uptake cycle test in young people (Bar-Or 1987).
To differentiate between the two distinct types of
exercise, the terms “maximal anaerobic exercise”
and “maximal aerobic exercise” are recommended.
Maximal anaerobic exercise refers to exercise that
requires an all-out exertion, where the predominant,
although not exclusive, energy for the accomplish-
ment of the exercise comes from anaerobic or non-
oxidative metabolism.

Anaerobic fitness can be explained as the capability
of a person to perform maximal anaerobic exercise.
In essence, the competence to generate the highest
mechanical power (peak power, PP) over a few
seconds (an indicator of maximal anaerobic power)
and to sustain the high power output over a short
period of time (usually less than 60 s) (mean power,
MP, an indicator of maximal anaerobic endurance
or maximal muscular endurance) can be considered
as prime indicators of anaerobic fitness (Inbar
et al. 1996; Chia 2000). In describing the maximal
anaerobic exercise competence of young people,
it is important to state explicitly the indicator(s) of
choice (i.e., PP or MP), because although PP and MP
are related, they are not identical (Inbar et al. 1996).

Longitudinal and cross-sectional studies

Data on the evolution of exercise fitness are more
reliable when the results are derived from long-
itudinal studies that encompass the prepubescent,
pubescent and post-pubescent periods (Kemper 1986;
Armstrong et al. 2000). However, as longitudinal
approaches are a heavy burden on resources and
logistics, cross-sectional studies are more common.
Furthermore, cross-sectional studies tend to focus
on male subject cohorts (Inbar & Bar-Or 1986;
Falgairette et al. 1991; Mercier et al. 1992) and even
though there are some data on girls (Inbar 1985,
1996; Dore et al. 2001; Chia 2001), more are necessary
to consolidate and expand the knowledge base.
Performance data on the anaerobic fitness of
young people are derived mainly from results of the
Margaria stair-running test (Margaria et al. 1966; di
Prampero & Ceretelli 1969; Kuroski 1977), and the

Wingate Anaerobic Test (WAnNT) (Ben-Ari & Inbar
1978; Inbar 1985; Blimkie et al. 1986; Inbar & Bar-Or
1986; Falk & Bar-Or 1993; Armstrong & Welsman
1997; Chia 1998). Other performance data on the
anaerobic fitness of young people are based on smaller
subject populations using force-velocity cycle tests
(Sargeant & Dolan 1987; Mercier et al. 1992; Santos
et al. 2003), an inertia-corrected force—velocity test
(Dore et al. 1997), a combination of force-velocity
and WANT (Van Praagh et al. 1990; Falgairette et al.
1991), a motorized treadmill test (Paterson et al. 1986),
a non-motorized treadmill test (Fargreas et al. 1993;
Falk et al. 1996; Sutton et al. 2000), an isokinetic
cycling test (Sargeant & Dolan 1987; Williams &
Keen 2001), and the Quebec-10-s maximal cycle and
maximal knee extension and flexion performances
lasting 10, 30, and 90 s (Saavedra et al. 1991; Calvert
et al. 1993). These data, which are derived from differ-
ent laboratories employing dissimilar test apparatus
and protocols and using different subject cohorts,
cannot be directly compared and the different results
often obfuscate research in the area.

Anaerobic fitness in relation to
chronologic age

Figure 3.1 summarizes anaerobic muscle power and
muscle endurance of the lower limbs and the upper
limbs derived from the WANT in male (n = 306) and
female (1 = 70) subjects plotted over age (Inbar 1985;
Inbar et al. 1996). WANT performance expressed in
absolute power units is positively related to age in
both female and male subjects and the relationship
between power and age is stronger for the lower
limbs than for the upper limbs. However, even when
the WANT power is normalized for body mass, the
power produced by a 9-year-old boy is still only
70-80% of that generated by a young male adult.

In Fig. 3.1, apex values for WAnT power for
the lower limbs are achieved at the end and middle
of the third decade for male and female subjects,
respectively. The highest WANT power for the upper
limbs is correspondingly achieved in the beginning
of the third decade in male subjects. Data on the
WANT power of the upper limbs in female subjects
are sparse and more data beyond the age of 14 years
are required.
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limbs is 60-70% that of WANT power generated by
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anaerobic power (W) is about threefold from 9
to 30 years, the increase of the BM-independent
anaerobic fitness (W-kg™) within the same age range
is still 1.3-1.5 times that of age 89 years (Fig. 3.2).

Fig. 3.2 Improvement in absolute and relative (to body
mass) anaerobic fitness from 9 to 30 years in male subjects.
Based on data from Inbar & Bar-O 1986. PO, power
output; PP, peak power; MP, mean power.

The majority of research dealing with the issue
of growth and development of anaerobic fitness in
young people involves subject samples ranging in
age from 8 years through to 15-16 years (Bedu et al.
1991; Falgairette et al. 1991; Naughton et al. 1992).
Very few studies have included broader age ranges
in their comparisons of maximal anaerobic perform-
ance (Inbar 1985; Inbar & Bar-Or 1986). Nonetheless,
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ample data suggest that the indicators of mechan-
ical power (i.e., PP and MP) as well as various
anaerobic field performances (i.e., 100 m sprint,
high jump and long jump) increase with calendar
age, even with BM accounted for, long after sexual
maturation is achieved (Fig. 3.1). It is interesting
to note that in male subjects between the ages of
16 years (assuming full sexual maturation) and
30 years (when male apex values of maximal power
for the lower limbs are attained), absolute maximal
anaerobic performance and values relative to BM
continue to increase with age by 55% and 45%,
respectively. More recent studies support the
above observations, demonstrating similar changes
in indicators of anaerobic fitness using cycle ergom-
etry in absolute and relative terms during the peri-
ods of childhood, adolescence, and early adulthood
(Hebestreit et al. 1993; Armstrong et al. 2001; Doré
et al. 2001; Williams & Keen 2001; Santos et al. 2003).

Data in Fig. 3.1 suggest that the anaerobic fitness
of female subjects is markedly lower than that of
male subjects, even when BM or muscle mass is
accounted for. For example, PP-kg BM™! generated
by the lower limbs in female subjects is 40% lower
than in male subjects; MP-kg BM™! generated by
the lower limbs is 15% lower in female subjects
than in male subjects. For power generated by the
upper limbs, PP-kg BM~! and MP-kg BM~! in female
subjects are 5-8% and 10-15% lower than in male
subjects, respectively.

As shown above, atleast in male subjects, anaerobic
fitness continues to increase after the attainment of
sexual maturation and peak physical growth into
early adulthood, irrespective whether a correction
for BM has been made or not. These results of labor-
atory tests of anaerobic fitness are also buttressed
by exercise performances in track and field events
under competitive situations (Fig. 3.3). Factors other
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than muscle mass and/or sexual maturation (such
as neural activation, intramuscular coordination) are
suggested to have additional and significant roles in
the development of this essential component of the
human fitness.

To summarize, children and adolescents attain
lower PP and MP than adults during maximal ana-
erobic exercise, whether the performance is expressed
in absolute terms (Margaria et al. 1966; Di Prampero
& Cerretelli 1969; Davies ef al. 1972; Kurowski 1977;
Inbar et al. 1996; Armstrong & Welsman 1997), per
unit BM (Inbar & Bar-Or 1986; Falgairette et al. 1991;
Bar-Or 1995; Inbar et al. 1996; Armstrong & Welsman
1997), per unit fat-free mass (FFM) (Blimkie et al.
1988; Dore et al. 2000), per unit lean limb volume
(LLV) (Blimkie et al. 1988; Saavedra et al. 1991), or
even per unit lower limb muscle mass (LLMM)
(Chia 2001). More recently, such data have also been
scaled to various dimensions of body size using the
analysis of covariance (ANCOVA) (Dore et al. 2000),
and allometric modeling (Chia 1998; Welsman &
Armstrong 2000; Santos et al. 2003).

When comparing subjects of different body size,
the simple division of power by a body size descrip-
tor using simple ratio standards does not always
produce a body size-independent variable, and
alternative scaling techniques such as allometric
modeling may be more appropriate as they can
better accommodate the characteristics of the data
sets (Winter et al. 1991; Armstrong & Welsman
1994; Nevill & Holder 1995; Welsman et al. 1996).
Despite a greater recognition of the pitfalls of using
the simple ratio standards to normalize maximal
anaerobic exercise data in young people, its use
remains rife (see Chapter 5).

It is yet not entirely clear why children have a
deficient maximal anaerobic performance when
compared to adolescents and adults because much
of the available data are equivocal and incomplete.
Both quantitative and qualitative factors are pro-
posed to help explain child—adult and male—female
differences in anaerobic fitness.

Anatomic factors

The capability of a muscle to generate force depends
on its cross-sectional area, while the shortening

velocity during muscle contraction depends on its
length, among other factors. As mechanical power is
the product of force and velocity, power depends on
the volume or mass of the muscle (each of which is a
function of the product of cross-sectional area and
length). Martin and Malina (1998) reported that the
rate of increase in muscle volume during childhood
and adolescence is similar to the rate of increase in
peak and mean anaerobic power, when the power
indicators are normalized for body mass.

Peak muscle mass in male subjects is attained at
about 30 years of age, while female subjects attain
peak muscle mass just before age 20 years. After
7 years of age, male subjects have greater absolute
and relative muscle volume (kg muscle mass-kg
BM). Female subjects have about 50% muscle size
of the upper limb and about 70% of the muscle size
of the lower limb of male subjects after adolescence.
The increase in muscle fiber size is about 3.5 times
in female subjects and 4.5 times in male subjects
between the periods of early childhood and adoles-
cence (Van Praagh & Dore 2000).

The patterns of muscle mass development are
suggested to account for a significant variance in
age- and sex-related differences in power develop-
ment during childhood and adolescence. However,
these previous insights are based on studies using
subject samples with a relatively narrow age range
and the use of simple ratio standards in account-
ing for differences in body size. In describing the
evolution of anaerobic fitness of young people and
adults, future studies should encompass subject
cohorts that represent the whole pediatric range
(8—21 years) and possibly into early adulthood (22—
35 years) because changes in anaerobic fitness con-
tinues beyond the attainment of adulthood, defined
by chronologic age (i.e., 21 years). Researchers should
also use the appropriate statistical approach to ana-
lyze the data when describing anaerobic fitness
thatis independent of body size.

Some muscle biopsy data suggest a greater per-
centage distribution of fast twitch muscle fibers in
adults than in children but these data are not very
convincing because they are based mainly on male
participants, involve very small sample sizes, and
involve participants who are trained and untrained
(Saltin 1977). It is plausible that there could be
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differences in muscle fiber type distribution in the
male and female adults and in children and adoles-
cents. The appreciable age and sex differences in
the fatigue index (FI) obtained during WAnNT, at all
ages and for both the upper and lower limbs (Inbar
et al. 1996), and the close association between power
decay (FI) during the WANnT and muscle fiber dis-
tribution (Bar-Or ef al. 1980; Inbar et al. 1981) allude
to such a possibility.

Neurologic factors

Sprint running, sprint cycling, or skipping at
maximal speed require coordination among muscle
groups. It is well documented that neuromuscu-
lar performance undergoes strong developmental
alterations, because neuromuscular components
are fully developed after puberty (Bosco & Komi
1980; Blimkie 2001). One of the major changes that
occurs throughout childhood is the myelination
of the nerve fibers. Full myelination is completed
in adolescence, and so until then coordination and
reactions will be limited and will not be equivalent
to those documented in adults. Indeed, skills that
require short bursts of high-intensity activities
develop gradually during childhood (Martin &
Malina 1998).

Some evidence suggests that muscle recruitment
and the angle of muscle pennation improve with
age; adults are able to recruit more motor units when
performing maximal exercise tasks compared to
children (Fournier et al. 1982; Blimkie & Sale 1998).

In addition, the coordination of synergistic and
antagonistic muscles also develops with age. It is not
until all the stabilizing muscle groups are developed
and become correctly coordinated with the prime
movers, that the optimal exercise form can be
achieved when performing various types of maximal
anaerobic exercise tasks. Also, adult male subjects
have a greater capacity to utilize stored elastic
energy of muscle, known to be produced during
activities such as running, cycling, or jumping, than
prepubertal male subjects (Moritani et al. 1989).

Although apparently no attempt has been made
to correlate maximal anaerobic performance with
neuromuscular coordination, some data suggest that
such a relationship exists and that it is not incon-

ceivable that changes in neural factors can influence
young people’s capability to perform maximal
anaerobic exercise.

Hormonal and sexual maturation factors

During a short span of 3—-4 years that encompass
puberty, the pediatric subject undergoes tremend-
ous hormonal (as well as metabolic, emotional,
and behavioral) changes, which affect responses to
acute exercise. Studies in rats suggest that lactate
production is related to the level of circulating
testosterone (Krotkiewski et al. 1980). Extrapolating
the results of animal studies to humans, it is sug-
gested, but not confirmed, that the ability of young
boys to produce lactate (Eriksson et al. 1971) or to
generate peak anaerobic power (Ferretti et al. 1994)
depends on circulating levels of testosterone and
other hormonal changes during puberty, such as
increases in growth hormone and insulin-like growth
factors. The relative lower anaerobic performance
of mature female subjects, when compared to male
subjects, and the smaller age-related difference in
generated maximal anaerobic power among females
lend support to such a hypothesis. However, there
is insufficient evidence to allow researchers to state
categorically that the difference between the rate of
glycolysis in boys and men is explained by differ-
ences in male hormone concentrations.

The data presented in Fig. 3.4 demonstrate the
uncertainty of hormonal influence on anaerobic
fitness, by implying a linear increase in mass-
independent anaerobic performance with increased
chronologic age before, during, and after sexual
maturity (Falk & Bar-Or 1993). Such a linear increase
in maximal anaerobic power suggests that sexual
maturation, with all the possible accompanying
hormonal and other physiologic changes, does not
exert any “unusual” or independent influence on
the development of the anaerobic fitness with age.
That is, there is no “maximal anaerobic performance
spurt” at peak height velocity (PHV).

Data presented in a previous volume of this Ency-
clopedia (Inbar 1996) further reinforce the above
assertion by demonstrating that the largest relative
change in muscle endurance (MP) of the upper
and lower limbs seems to occur before late or even



DEVELOPMENT OF MAXIMAL ANAEROBIC POWER 33

14
13
12 +
T 1Mr
[@)]
<
= 10t —O— Pre
== Mid
9t —— Late
—— Linear
8 -
7 1 1 1 1 1 1 1 1 1 1 1 1 1 1
12 14 16 18

Age (years)

Fig. 3.4 Body mass-independent peak anaerobic power
as a function of developmental stage. Data from Falk &
Bar-O 1993.

mid-puberty and prior to the occurrence of PHV
in both sexes.

Nindl et al. (1995) reported significantly greater
ANCOVA-adjusted upper and lower limb WAnT
PP and MP, adjusted for BM, FFM, or muscle cross-
section area (CSA), in 20 adolescent male (age 16.5 +
0.9 years) than in 20 female (age 16.1*1.0 years)
subjects. These gender-related dissimilarities are
evident despite similar sexual maturity status as
assessed using Tanner indices. These findings also
refute the importance of sexual maturity as a
dominant explanatory factor for the competence to
perform maximal anaerobic exercise.

In a series of studies that examined the changes in
WAnNT PP and MP in 10- to 12-year-old children and
adolescents (Armstrong et al. 1997, 2001) and in a
force—velocity test (FVT)-derived optimized peak
power (PPopt) in 12- to 14-year-old adolescents
(Santos et al. 2003), using multilevel modeling, no
significant sex or maturity effect is observed either
for PP or MP, or for PP .. These data also disprove
the assertion that sexual maturation accounts for a
significant change in young people’s competence to
perform maximal anaerobic exercise.

It is important to distinguish between the effects
of body size (mass or stature) and the level of sexual
maturation (hormonal and system development) on
young people’s competence in maximal anaerobic

exercise tasks. Although increases in body size and
the onset of sexual maturation are both age-related,
they may have co-dependent as well as independent
impact on the competence of young people to per-
form maximal anaerobic exercise. Therefore, research
that attempts to prove that sexual maturity and its
associated hormonal effects are a prime factor for the
development of maximal anaerobic performance,
within subjects of a narrow age span (e.g., 9-15 years),
may be missing important information.

Biochemical factors

The markedly lower anaerobic performance of
children reflects, among other aspects, their lower
capability for anaerobic energy turnover. Several
findings support this notion. Table 3.1 summarizes
the characteristics of biochemical substrates within
the muscle that are utilized for muscle contrac-
tion. The main age-related difference between chil-
dren and adults is in the glycolytic capability. The
resting concentration of glycogen, and especially
the rate of its anaerobic utilization, is lower in the
child, who is therefore at a relative functional dis-
advantage compared to the adult when performing
strenuous activities that last 5-60 s.

One method of estimating glycogen utilization
during anaerobic metabolism is by measuring
maximal lactate concentration in the muscle. For
ethical reasons, this method has rarely been used
on children. Figure 3.5 summarizes the few data on
maximal muscle lactate concentration as a func-
tion of age in male subjects. There is an increase in
maximal muscle lactate concentration after maximal

Table 3.1 Qualitative differences in child—adult substrate
availability and utilization. Based on data from Eriksson
et al. 1971, 1974; Haralambi 1982; Berg et al. 1986.

Concentration Utilization
in muscles* Compared  rate during
Substrate  (mmolkg™) with adults  exercise
ATP 3-5 Same Same
PCr 12-22 Lower Same or less
Glycogen  50-60 Lower Much less

ATP, adenosine triphosphate; PCr, phosphocreatine.
* Values reflect wet weight of muscle.
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Fig. 3.5 Maximal muscle lactate levels as a function of
age. After Eriksson et al. 1974.

anaerobic exercise in the second decade of life and
this continues into early adulthood.

Despite its methodologic shortcomings, data on
maximal blood lactate concentration support the
notion that lactate production is limited in chil-
dren compared to adolescents or adults (Robinson
1938; Astrand 1952; Blimkie et al. 1978; Matejkova
et al. 1980; Williams & Armstrong 1991; Hebestreit
et al. 1996; Ratel et al. 2002). There is, however,
some evidence to show that the lower maximal
blood lactate concentration in children may be the
result of faster lactate removal and not necessarily
because of lower lactate production (Beneke et al.
2005).

The rate of glycolysis is limited by the activity of
enzymes such as phosphorylase, pyruvate dehydro-
genase, and phosphofructokinase. The latter enzyme
has been found to be less active in the muscle cells
of 11- to 13-year-old boys (Eriksson et al. 1973, 1974)
or 16- to 17-year-old boys (Fournier et al. 1982) than
in young adults.

Recent data of Kuno et al. (1995), using phos-
phorus 31 nuclear magnetic resonance spectroscopy
(*'P-NRS) support the earlier findings of muscle
biopsy studies, where children and adolescents are
reported to be less able than adults to regenerate
adenosine triphosphate (ATP) via glycolysis during
high-intensity exercise. Additionally, in the cited
study, the activity of the enzyme phosphofructo-
kinase, a major regulator of glycolysis, is reported
to be lower in children and adolescents than in
adults.

An additional indicator of anaerobic capability is
the degree of acidosis at which a muscle can still
contract. On the basis of 3'P-(RS), Zanconato et al.
(1993) showed that during intense contraction of
the calf muscles, children do not attain the low
muscle pH levels that adults do. Kuno et al. (1995)
also reported less acidosis in the thigh muscles of
adolescents compared to adults, following maximal
anaerobic exercise. These findings are also buttressed
by the results of other studies showing less acidosis
in children compared to adults after intense exercise
(Gaisl & Buchberger 1977; Von Ditter et al. 1977;
Kinderman et al. 1979; Matejkova et al. 1980; Ratel
et al. 2002).

Based on the evidence, it is speculated that the
metabolic pathways involved in maximal anaerobic
exercise and the tolerance of acidosis are not fully
mature until after the adolescent growth spurt and
perhaps into early adulthood. These maturational
changes are, however, more pronounced in male
subjects than in female subjects.

Genetic factors

The exercise performances of young people is a
function of environmental, genetic, and interactive
genetic—environmental influences. Thus, anaerobic
characteristics depend, at least to a certain extent, on
a person’s genotype. However, data on the genetic
influence on maximal anaerobic exercise in young
people are scarce, with previous estimates of genetic
contribution ranging from virtually 0 to 100% of
the performance variance (Komi & Karlsson 1979).
Malina and Bouchard (1991) reported that, based
on the results of a maximal 10-s cycle sprint using
siblings and twins, the genetic effects account for
about 50% of the maximal anaerobic performance
variance. However, a heritability estimate of 97%
was reported for the maximal anaerobic power of
the arms in 17 pairs of male twins aged between 11
and 17 years (Malina & Bouchard 1991). In a separate
study, the heritability index (HI) (number to express
the extent of heredity of a certain property) was
reported (Calvo et al. 2002), using the computation
method of Rodas ef al. (1998) on a series of exercise
tests of 32 male monozygotic and dizygotic twins
(age 21.3*2.1years) with similar backgrounds.
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Their results revealed significant (P < 0.05) HI for 5-s
PP (HI =0.74) and 30-s MP (HI = 0.84) in the WAnT
and for maximal post-exercise blood lactate con-
centration (HI = 0.82). However, the HI for FI was
not significant (HI = 0.43; P > 0.05). The HI for the
accumulated oxygen deficit (AO,D) test was also not
significant (HI = 0.22; P > 0.05). It is noteworthy that
the genetic effect on performance using different
maximal anaerobic exercise tests in the same subjects
varied and therefore results must not be extrapolated
to tests with dissimilar characteristics. Other studies
also show that genetic factors accounted for up to
65% and up to 82% for maximal anaerobic concentric
and eccentric exercises, respectively (Thomis et al.
1997, 1998a,b). It was recently suggested that the
genetic effect is more likely to account for about
50% of the variance in maximal anaerobic exercise
phenotype (Van Praagh & Dore 2000).

Furthermore, heredity also affects FEM (Bouchard
et al. 1988), muscle size (Hewitt 1957), proportion
of muscle fiber types (Simoneau & Bouchard 1995),
the ratio between glycolytic and oxidative muscle
enzymes (Bouchard et al. 1986), and the trainability
of high-intensity muscle performance (Simoneau
et al. 1986), all of which could, conceivably, affect the
individual’s anaerobic performance capability.

Conclusions

The assessment of short-term power output in young
people is important considering that daily tasks in
children and adolescents involve both aerobic and
anaerobic function, albeit fewer data are available
for the latter. Researchers have to grapple with
methodologic and ethical constraints when dealing
with young people and this has limited somewhat
the proliferation of the knowledge base on the max-
imal anaerobic exercise competence of children
and adolescents.

The competence to perform maximal anaerobic
exercise improves with age and appears to culmin-
ate in mid-adulthood in male subjects and in late
adolescence in female subjects. The timing and tempo
of anaerobic fitness development is distinctly differ-
ent in male and female subjects.

Both quantitative and qualitative factors account
for the development of maximal anaerobic exercise

capability of young people. Quantitative factors
include increases in muscle mass, muscle CSA, and
muscle fiber diameter, while qualitative factors
include genetics, muscle metabolism, and neural
and hormonal influences. Increases in muscle mass
and CSA (hence muscle size) in male and female
subjects between childhood and early adulthood
are suggested to explain the age- and sex-related
increases and differences in young people’s maximal
anaerobic functionality, but not entirely.

Genetics appear to exert a moderate-to-strong
influence on young people’s maximal anaerobic
performance, especially on PP and MP in the WAnT.
The HI for short-term power generation measured
in the WANT range from 0.74 to 0.82. Longer tests
such as the AO,D test have no significant HI, which
suggests a greater plasticity to environmental influ-
ences such as experience, training, and motivation.
Some data suggest a greater preponderance of type
2 muscle fibers in adolescence and adulthood than
in childhood and therefore help explain the increase
of maximal anaerobic capability from childhood
through adolescence and into adulthood. Caution
is advised, however, in the interpretation of muscle
biopsy studies because of methodologic limitations
and limited sample size, and also the plasticity of
some fiber types to non-genetic factors. Differences
in the muscle metabolism between young people
and adults in their responses to maximal anaerobic
exercise show a reduced reliance on anaerobic
metabolism and perhaps a different regulation of pH
concentration in young people compared to adults.
Improvements in neural adaptations with age (com-
plete myelination of nerve fibers, improved muscle
coordination during multijoint exercise, improved
capability to recruit motor units, or the ability to
activate muscles more fully) can also help to explain
age-related improvements in maximal anaerobic
exercise in young people. However, the suggested
postulations to account for the maximal anaerobic
exercise of young people await further research
attention, a more secure data base, and further
confirmation in male and female subjects within the
pediatric age span.

It is noteworthy that some 20 years ago Inbar
and Bar-Or (1986), in their review article on this
same topic, had already postulated that “Anaerobic
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performance, irrespective of sex, is closely related
to body mass and probably more so to lean tissue
mass, of the growing individual. However, during
growth and even after full physical development, many
modifications occur at the cellular, biochemical,
and physiological levels that sustain the develop-
mental changes in maximal anaerobic performance
beyond those obtained by physical growth alone.”

It is surprising that not much has come forth in
terms of new knowledge of maximal anaerobic per-
formance and its development, although there have
been some refinements in methodology as well as
in statistical approaches used in data analysis.

Future research directions worthy of consideration
include: (i) affirming the relevance of documenting
short term power output for sports, exercise perform-
ance or physical health; (ii) embarking on longitudinal
studies and using appropriate statistical techniques
to model short-term power data from childhood
into mid-adulthood; and (iii) using non-invasive
technologies such as magnetic resonance imaging
(MRI) and magnetic resonance spectroscopy (MRS),
on their own or in combination with other emer-
ging technologies, to examine mechanisms that may
influence the maximal anaerobic performance of
male and female children and adolescents.
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Chapter 4

Cardiorespiratory Responses During Endurance
Exercise: Maturation and Growth

THOMAS W. ROWLAND

Heart and lung function are essential for satisfy-
ing the metabolic, thermoregulatory, and hormonal
demands of sustained exercise and have long been
recognized as critical in defining athletic performance.
Not unexpectedly, a considerable body of research
has focused on identifying the unique anatomic and
physiologic characteristics of adult distance cyclists,
runners, and swimmers. The extent to that these feat-
ures are evident in child and adolescent endurance
athletes has been less thoroughly investigated. How-
ever, there are particular reasons for understanding
cardiopulmonary characteristics and responses to
exercise in growing young athletes.

1 Endurance performance normally improves dur-
ing the pediatric years. The extent that improvements
in cardiopulmonary functional reserve from sports
training might alter this performance curve, or define
its ultimate limits, needs to be delineated. Particu-
larly poorly understood is the relative importance of
genetically endowed talent versus training effects
on cardiopulmonary function in the development of
endurance fitness in this age group. In addition, the
timing of expression of endurance fitness aptitude
as the child ages is pertinent to those interested in
early talent identification.

2 Training studies have suggested that the ability
to improve aerobic fitness (i.e., increase maximal
oxygen uptake) is dampened in the prepubertal years.
Itis not clear if limitations in cardiopulmonary func-
tion can explain this “ceiling” of response.

3 While proper training regimens for optimizing
cardiopulmonary function and performance have
been developed in adult athletes, it is not altogether
clear if these regimens can be appropriately trans-
ferred to younger athletes. Indeed, given information

suggesting maturation-related differences in train-
ing responses, it might be suspected that training
programs in young athletes should be approached
differently.

4 Itis important that physicians caring for children
know whether the clinical features of ventricular
enlargement and/or hypertrophy (“athlete’s heart”)
can be expected in highly trained young endurance
athletes. If not, such findings in this age group would
be approached with much greater levels of concern.
5 Whether limitations should be placed on volume
of training or distance of competitions in child
athletes is problematic. Safety of training regimens
needs to be established to allow coaches greater
confidence in managing young competitors. This is
important not only from a cardiopulmonary stand-
point but involves nutritional, musculoskeletal, and
psychologic aspects as well.

This chapter focuses on a number of these issues,
particularly the cardiac and ventilatory responses
to exercise in young endurance athletes, how these
differ from non-training children as well as adult
athletes, and whether the findings of “athlete’s
heart” are observed in the pediatric age group.
Chapter 19 examines potential cardiac risks asso-
ciated with intense endurance training in children
and adolescents.

Cardiovascular responses to acute
exercise

The usual model for examining cardiovascular re-
sponses to exercise in youth has involved meas-
urement of variables during a bout of progressive
upright cycle exercise. Techniques for assessing
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cardiac output, particularly Doppler ultrasound,
generally require the stability offered by this approach
but leave the possibility that responses might differ
using other testing modalities. This creates a problem
when testing athletes, for only competitive cyclists
will be performing exercise specific to their sport.

Non-trained youth

It is useful when evaluating cardiac responses to
exercise to examine empirically observed patterns
and then consider mechanisms based on what is
“known” from these findings. That is, any proposed
mechanisms for cardiovascular responses to exercise
must be consistent with empirically derived testing
data. What follows is a set of observations of cardio-
vascular responses to acute exercise in healthy,
non-trained children. From these, comparisons with
athletes can be made and proposed mechanisms
considered.

Alterations in cardiac stroke volume do not contribute
to circulatory responses during acute progressive exercise.
Stroke volume rises by 30—-40% in the initial stages
of a progressive cycle test and then plateaus, or
remains stable, at intensities above 50% Vo, ...
This pattern has been consistently recorded in chil-
dren by numerous techniques (for references see
Rowland 2005a). However, when exercise is per-
formed supine, no such initial increase is typically
seen. Values of stroke volume usually remain stable
throughout progressive exercise and are similar to
those observed during the plateau phase of upright
exercise (Rowland et al. 2003) (Fig. 4.1).

These observations imply that the initial rise in
stroke volume during upright exercise represents
a mobilization of blood which was displaced by
gravity into the lower extremities when assuming
the upright position. In the adult this can amount
to 500-1000 mL, a volume that returns to the heart
with contraction of the skeletal muscles of the leg
with onset of exercise. This concept is supported
by measurements of stroke volume supine before
beginning upright exercise (Fig. 4.2). Values that fall
when assuming the sitting position are regained
at the onset of exercise. The early rise in stroke
volume in the upright posture therefore appears to
be simply a “refilling” phenomenon and not part of
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Fig. 4.1 Stroke index responses to progressive exercise
with subjects supine and sitting in boys aged 10-15 years.
From Rowland et al. 2003.
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Fig. 4.2 Average values for stroke index while supine (S),
assuming the sitting position (U), and during progressive
upright cycle exercise to exhaustion in 12-year-old boys.
From Rowland 2001.

the intrinsic mechanisms that determine circulatory
responses to the demands of exercise.

Left ventricular diastolic size and filling volume do
not increase with exercise. Echocardiographic measure-
ments indicate, in fact, that left ventricular end-
diastolic size actually slowly declines as cycling
intensity increases (Rowland & Whatley-Blum
2000a; Nottin et al. 2002a). (The exception to this is a
small rise in volume at the onset of upright exercise
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which is consistent with augmented mobilization of
blood from the dependent legs noted above.) This
indicates that ventricular pre-load does not substan-
tially change as cardiac output rises.

Cardiac contractility increases with greater work
intensity. While left ventricular diastolic size is stable
or slowly declines, end-systolic volume progressively
falls. Consequently, ventricular shortening fraction
(or ejection fraction), reflecting the extent of myo-
cardial contraction, is heightened as work intensifies.
Nottin et al. (2002a) reported an increase in average
left ventricular shortening fraction from 37% at rest
to 47% at maximal exercise in boys. These findings
mimic those of Rowland and Blum (2000a) who
found a mean rise from 31% before exercise to 47%
at exhaustion.

Systemic vascular resistance declines rapidly, mirror-
ing increases in ventricular shortening fraction. During
progressive exercise, mean arterial pressure rises
only slightly (about 20 mmHg), while cardiac out-
put increase about 4 times above resting levels. This
indicates that peripheral vascular resistance falls dra-
matically as work increases, a reflection of arteriolar
dilatation in exercising muscle. In the boys studied by
Rowland et al. (2003), resistance values at maximal
exercise fell to less than half of those at rest.

These empiric observations are consistent with the
following mechanistic scenario. The rise in circulat-
ory flow with exercise is facilitated by peripheral
arteriolar dilatation, which is effected by local fac-
tors sensing metabolic demands of muscular work.
Following the Poiseuille law, Q =P/R, cardiac out-
put (Q) increases as resistance (R) falls, the heart
output maintaining P, systemic pressure. In a sense,
then, the rise in blood circulation with exercise
mimics that of the effects of a low-resistance peri-
pheral arteriovenous fistula. The pumping action of
the contracting skeletal muscle contributes to this
peripheral control of circulation, but its dynamics
remain uncertain (Rowland 2001).

The observation that diastolic filling volume of
the ventricles remains constant while systemic venous
return increases fourfold can only be explained by
a rise in heart rate that matches blood volume
returning from the periphery (the Bainbridge reflex).
The increase in heart rate in effect “defends” left
ventricular size, preventing an increase in left

ventricular diastolic volume which would augment
wall stress (Laplace law).

The left ventricle contracts more vigorously and
completely as work increases, but stroke volume
does not change. This apparent paradox can be solved
by recognizing that the greater contractility serves to
eject the same amount of blood (i.e., stroke volume)
in a shorter systolic time as heart rate increases. That
is, the effect of improved contractility is to maintain
rather than increase stroke volume. If the myo-
cardium fails in this task, as observed in patients
with congestive heart failure, stroke volume falls
during exercise (Rowland et al. 1999b).

This scenario, which is based on contemporary
studies of children mainly using Doppler ultra-
sound, is consistent with traditional concepts of
control of circulation from animal and adult human
studies over the past 100 years (Rowland 2005b).
Moreover, studies involving direct comparisons
of adults and children have revealed no matura-
tional qualitative differences in these patterns of
circulatory adaptations (Rowland et al. 1997, 1999a;
Nottin et al. 2002a). Once variables are adjusted
for body size, current data suggest no maturational
influences on cardiovascular responses to exercise
in healthy subjects.

Responses in young endurance athletes

The circulatory responses to an acute bout of upright
cycle exercise in young athletes have been examined
in five echocardiographic studies reported to date
(Unnithan et al. 1997; Rowland et al. 1998, 2000b,
2002; Nottin et al. 2002b). With the exception of one
involving distance runners (Rowland et al. 1998), all
describe findings in young male adolescent cyclists.
Each but one (that in runners) reveals patterns of
cardiovascular dynamics in this testing model that
are identical to those described above in non-
athletes. The distinguishing feature of young athletes
in these studies—as witnessed in adult athletes—is
the magnitude of cardiac variables, specifically stroke
volume and left ventricular filling dimensions. These
observations imply that the factors controlling and
limiting circulatory responses to acute exercise are
no different in child and adolescent athletes than
non-athletes.
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Fig. 4.3 Stroke index responses to progressive cycle
exercise in well-trained male cyclists (age 12-15 years)
and non-athletic boys. From Rowland et al. 2002.

The two most comprehensive studies (Nottin
et al. 2002b; Rowland et al. 2002) can be discussed
together, as both revealed identical findings. Atrest,
highly trained cyclists (ages 10-15 years) demon-
strated significantly greater stroke index and left
ventricular end-diastolic and end-systolic dimen-
sions (adjusted for body size) when compared with
non-athletes. The pattern of initial rise and plateau
of stroke volume with increasing work intensity
was the same in both groups, the curve in the
athletes simply shifted up and parallel to that of the
non-trained boys (Fig. 4.3). Compared to the non-
athletes, values of stroke index at maximal exercise
were 13% higher in the cyclists described by Nottin
et al. (2002b) and 25% greater in those reported by
Rowland et al. (2002). These data suggest that the
factors responsible for the larger stroke index in the
athletes at maximal exercise are the same as those
that define stroke volume differences from non-
athletes at rest.

Left ventricular shortening fraction at rest was
not significantly different in the athletes and non-
athletes. Although values were always greater in
the athletes, the patterns of change in left ventricu-
lar diastolic and systolic size with increasing work
intensity in the cyclists mimicked those seen in
non-athletes, with a gradual fall in the former and
a more precipitous decline in the latter (Fig. 4.4).
Subsequently, shortening fraction increased equally
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Fig. 4.4 Changes in left ventricular end-diastolic and
systolic dimensions during progressive cycle exercise
in young male cyclists and non-athletic boys. From
Rowland et al. 2002.

in both groups (Fig. 4.5). That is, there was no indica-
tion of differences in cardiac contractility before or
during exercise in the cyclists and non-athletes.
These studies indicated that maximal stroke
volume was the factor that accounted for the higher
maximal cardiac output and Vo, in the cyclists,
as heart rate and arterial venous oxygen difference
at peak exercise were no different than those in
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Fig. 4.5 Left ventricular shortening fraction changes
during progressive upright cycle exercise in young male
cyclists and untrained boys. From Rowland et al. 2002.
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non-athletes. Maximal stroke volume was a reflec-
tion of resting stroke volume, which, in turn, was
a manifestation of factors affecting left ventricular
filling volume, or pre-load. It can be concluded
that determinants such as greater plasma volume,
vagal-induced bradycardia, inherent larger cardiac
dimensions, and chronic volume overload from
training which affect resting ventricular preload
are, at least in part, responsible for the differences
in cardiovascular fitness observed in young cyclists
and non-athletes.

These findings and conclusions in young athletes
are consistent with those traditionally described
in adult endurance athletes. In a comparison study,
Rowland & Roti (2004) reported cardiac adapta-
tions to acute exercise in eight highly trained
adult male cyclists (mean age 30.5 years). Patterns
of response of stroke volume, shortening fraction,
and left ventricular systolic and diastolic dimen-
sions were identical to those seen in the studies in
young cyclists. Compared to child cyclists studied
in the same laboratory (Rowland et al. 2000b), values
of maximal stroke index and cardiac index were
greater in adult cyclists (15.38 £2.40 vs. 13.94 +
1.37 L-min~tm™2 for cardiac index, 85+ 13 vs. 76 +
6 mL-m~2 for stroke index). Maximal arterial venous
oxygen difference was 18.3+3.0 mL-100 mL~! in
men and 13.1 + 0.8 mL-100 mL! in boys, the differ-
ence presumably reflecting higher hemoglobin levels
in the former.

Some studies in adult athletes (Gledhill ef al. 1994)
have indicated a rise in stroke volume throughout
the course of progressive exercise, without plateau
(this was also observed among the young runners
by Rowland et al. 1998). This would imply that
factors occurring during exercise (myocardial con-
tractility, diastolic function) contribute to differences
in maximal stroke volume and cardiac output in
athletes. The explanation for these different findings
of stroke volume patterns in athletes is unclear.

The above observations provided only limited
insights into physiologic differences responsible
for the augmented cardiovascular fitness of young
athletes. There is no information regarding those
peripheral factors that appear to be most crucial to
facilitate (and also presumably limit) these circu-
latory responses. Whether child athletes are, in fact,

characterized by greater plasma volume, enhanced
muscle capillarization, enhanced vasodilatory pro-
perties, and superior muscle pump function as
described in adult endurance athletes (Ingjer 1978;
Hopper et al. 1988; Cameron & Dart 1994) remains to
be revealed. Such information awaits the develop-
ment of non-invasive measurement techniques that
are ethically acceptable in immature subjects.

Based on current research data, however, it appears
that the primary distinguishing factor of young
athletes that defines their superior cardiovascular
fitness is a generalized expansion of the circulatory
system. Advantages in size and volume rather than
alterations in function appear to differentiate these
athletes from non-athletic youth. In this regard, most
data suggest that, at least qualitatively, the patterns
of response to exercise and the factors defining
superior cardiovascular fitness are similar in chil-
dren and adults. Whether quantitative differences
between the two age groups reflect factors such as
length and intensity of training or instead indicate a
“ceiling” of cardiovascular responses to training in
immature subjects is uncertain.

“Athlete’s heart”

Highly trained adult endurance athletes typically
exhibit a set of clinical findings known collectively
as “athlete’s heart.” This includes left ventricular
enlargement, sinus bradycardia, and electrocardio-
graphic features such as left ventricular hypertrophy,
varying degrees of atrioventricular block, and ST-T
wave changes. Although these findings may mimic
those of heart disease (particularly cardiomyopathies),
it is generally agreed that “athlete’s heart” reflects
salutary responses to long-term endurance training
(Rost & Hollman 1983).

It is important for health care providers of chil-
dren and adolescents to know whether these find-
ings of “athlete’s heart” are expected to be observed
in young competitors as well. If they are, these
characteristics should not be confused with cardiac
abnormalities, a conclusion that would lead to un-
necessary restriction from sports play. On the other
hand, if “athlete’s heart” is not typically seen in this
age group, detecting these features in the young
competitor should be viewed with more concern.
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“Athlete’s heart” in adults

Adult endurance athletes typically demonstrate mild
left ventricular chamber enlargement, with a diastolic
diameter of 54-56 mm (compared to 40-52 mm in
non-athletes). This enlargement is accompanied by
a mild degree of eccentric wall hypertrophy, which
minimized wall tension. The hearts of athletes who
train in resistance sports (weight lifting, wrestling),
on the other hand, more often demonstrate more
impressive concentric wall hypertrophy without
chamber dilatation.

The electrocardiogram in the highly trained
runner, swimmer, or cyclist characteristically reveals
sinus bradycardia, with heart rate commonly <60
beats-min~!. An adult endurance athlete has a resting
heart rate that is, on average, about 11 beats-min?
lower than that of the non-athlete. Voltage criteria
for left ventricular hypertrophy are commonly seen,
and a variety of other electrocardiographic find-
ings have been described, including atrioventricular
block, wandering atrial pacemaker, right ventricular
conduction delay, and T-wave inversion.

The etiology for the development of “athlete’s
heart” is not entirely clear. Certainly, autonomic
responses to training, particularly increased vagal
tone, have arole. The general expansion of the circu-
latory system is manifest by increased ventricular
size. While some have implicated intrinsic cardiac
responses for this left ventricular enlargement
(i.e., a response to recurrent volume overload of
training), it is likely that non-cardiac factors such as

Table 4.1 Pre-exercise resting heart rates (beats-min™

endurance athletes compared to non-trained children.

augmented plasma volume and increased diastolic
filling from bradycardia are more important (Perrault
& Turcotte 1993).

Equally uncertain are the relative contributions of
genetic endowment and training effects to the find-
ings of “athlete’s heart.” Detraining studies have
usually indicated some regression of these features,
but values of left ventricular dimension stills remain
greater than those typically seen in non-athletes
(Fagard 1997). It is reasonable to suggest that both
training and genetic factors influence cardiovascu-
lar features in endurance athletes.

Is “athlete’s heart” observed in children and
adolescents?

Assessment of findings of “athlete’s heart” in young
endurance athletes have largely involved male
runners, swimmers, and cyclists. Overall, these
studies indicate that young competitors demon-
strate some but not all of the features seen in adult
athletes.

RESTING BRADYCARDIA

Table 4.1 outlines 11 studies that have compared
pre-exercise (resting but not basal) heart rate in
trained male prepubertal endurance athletes (gener-
ally, ages 10-13 years) with those of non-athletes.
In all but two of these reports, heart rates were sub-
stantially lower in the athletes. If one averages the
values in these studies, mean resting heart rate in

, mean and standard deviation) in studies of prepubertal male

Study Age (years) Gender Sport Athletes Non-athletes
Sundberg & Elovainio (1982) 12-14 M Runners 96 (9) 83 (14)
Rowland ef al. (1994) 11-13 M Runners 71 (6) 73 (8)
Rowland et al. (1998) 11-13 M Runners 67 (10) 90 (14)
Obert et al. (1998) 10-11 M, F Swimmers 69 (7) 83 (14)
Rowland et al. (1987) 8-13 M Swimmers 65 (7) 74 (8)
Triposkiadis et al. (2002) 9-13 M, F Swimmers 62(9) 79 (11)
Rowland et al. (2000b) 10-13 M Cyclists 71(12) 85 (15)
Rowland et al. (2002) 12-15 M Cyclists 73 (10) 90 (14)
Nottin et al. (2002b) 9-13 M Cyclists 75 (6) 78 (11)
Nottin et al. (2004) 11-14 M Cyclists 56 (7) 70 (11)
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Table 4.2 Mean value for echocardiographic resting left ventricular end-diastolic dimension (mm) in studies of

prepubertal endurance athletes compared to non-athletes.

Study n Age Sex Athletes Non-athletes Size adjustment
Swimmers
Obert et al. (1998) 9 10-11 M, F 41.6 39.0% BSA033
Rowland et al. (1987) 11 8-13 M 39.5 36.2% BSA0-3
Ozer et al. (1994) 82 7-14 M, F 46.2 40.4*
Lengyel & Gyarfas (1979) 9 14 M, F 30.3 27.9* BSA
Medved et al. (1986) 72 8-14 M 452 40.5%
Triposkiadis et al. (2002) 25 9-13 M, F 32.3 29.5% BSA
Runners
Gutin et al. (1988) 8 8-11 M 34.3 34.3 BSA
Shepherd et al. (1988) 13 5-12 M 41.0 41.0
Rowland et al. (1994) 10 11-13 M 33.2 33.5 BSA
Telford et al. (1988) 48 11-12 M 46.6 459

37 11-12 F 45.7 459
Cyclists
Rowland et al. (2000b) 7 10-13 M 38.1 36.4 BSA®S
Rowland et al. (2002) 8 12-15 M 41.0 36.4* BSA®S
Nottin et al. (2002b) 10 9-13 M 40.0 37.0% BSAS
Nottin ef al. (2004) 12 11-14 M 38.6 36.0* BSA-05

BSA, body surface area.
* P < 0.05 compared to athletes.

the athletes is 11 beats-min~! lower than in the non-
athletes (70 vs. 81). The magnitude of this difference
is comparable to that observed between adult endur-
ance athletes and non-athletes.

ELECTROCARDIOGRAPHIC CHANGES

Studies that have examined electrocardiograms in
child endurance athletes have found no differences
other than lower heart rate from those obtained in
non-athletic youth (Rowland et al. 1987, 1994, 1998;
Nudel et al. 1989). Specifically, the athletes did not
demonstrate right or left ventricular hypertrophy,
conduction delays, arrhythmias, or repolarization
abnormalities.

LEFT VENTRICULAR ENLARGEMENT

Table 4.2 outlines studies of resting left ventricular
end-diastolic dimension in prepubertal endurance
athletes compared with non-athletes as determined
by echocardiography. Reports in young highly trained

swimmers and cyclists are consistent with data
in adult endurance athletes: left ventricular size is
consistently greater in the young athletes (by about
9%) but with values still within the normal range.
It is an interesting but puzzling observation that a
similar expression of “athlete’s heart” has not been
observed in distance runners.

Fewer studies have been performed in older, post-
pubescent adolescent endurance athletes. Petridis
et al. (2004) found a mean left ventricular end-
diastolic dimension of 51.8+2.5mm in a group
of 15- to 16-year-old male endurance athletes com-
pared to 46.1 £ 4.3 mm in non-athletes with similar
body surface area. Makan et al. (2005) assessed echo-
cardiographic findings in 664 males and 236 females
aged 14-18 years who were athletes training intensely
in a wide variety of endurance and non-endurance
sports. Compared with non-training adolescents,
the athletes demonstrated a greater ventricular
diastolic dimension (50.8 £3.7 vs. 47.9+3.5 mm,
a 6% difference). Similar findings were reported
by Larsen et al. (2000) who found an 11% greater
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ventricular diastolic diameter in 17 members of the
Danish national cycling team (ages 19-20 years)
compared with non-athletes.

CONCLUSIONS

This information indicates that highly trained pre-
pubertal endurance athletes can be expected to
manifest some but not all of the features of “athlete’s
heart.” Resting bradycardia and small increases
in left ventricular size—albeit still within normal
limits—are characteristic of at least swimmers and
cyclists. Moreover, the magnitude of these vari-
ations from non-athletes is similar to that observed in
post-pubertal athletes. Limited data suggest, how-
ever, that electrocardiographic findings of “athlete’s
heart” are not typically observed in young endurance
athletes.

Ventilatory responses to acute exercise

Differences in ventilatory responses to exercise
between athletes and non-athletes should not neces-
sarily be expected to mimic those of circulatory
adaptations. Besides adjusting for demands of gas
exchange, respiratory patterns during exercise are
dictated by the carbon dioxide released from buffer-
ing of lactic acid as well as compensation for meta-
bolic acidosis. Thus, the responses seen in V}; with
acute exercise reflect not only demands of increased
metabolic rate, but also challenges to maintaining
acid-base balance.

Moreover, although critical for aerobic fitness, the
respiratory system is not pushed to its functional
limits during an acute bout of maximal progressive
exercise. In defining limits of endurance exercise, the
contributions of respiratory muscle fatigue, terminal
hypoxemia, and energy “steal” of ventilatory work
are less than minor in highly trained adult endur-
ance athletes (Wetter & Dempsey 2000). However,
ventilatory factors have not generally been con-
sidered to define limitations of endurance exercise.

Descriptive studies

In contrast to circulatory findings, no increased
dimensions of the lungs and airways are witnessed

in adult athletes, and in most studies these compet-
itors do not demonstrate any characteristic findings
in resting lung function or airway dynamics (Wetter
& Dempsey 2000). The same appears to be true in
child and adolescent endurance athletes (Vaccaro &
Clarke 1978; Vaccaro & Poffenbarger 1982). There
have, however, been exceptions. Andrew et al. (1972),
for example, found greater values of vital capacity
and forced expiratory volumes in 8- to 18-year-old
swimmers compared to non-athletes.

At maximal exercise, young endurance athletes
demonstrate higher levels of size-relative minute
ventilation than non-athletic children, consistent with
their superior Vo,_ . . Unnithan (1993) found mean
peak V values (in L-kg':min™) of 1.92 in a group of
trained child runners (mean age 11.3 £ 0.9 years) and
1.63 in non-runners. Respective Vo, for the two
groups was 60.5 and 51.1 mL-kg~!min~!. Similarly,
in the 11- to 13-year-old runners studied by Rowland
and Green (1990), V... per kg was 16% greater than
that of non-athletes (2.05 vs. 1.75 L-kg~\-min~!). The
greater minute ventilation in the athletes reflected
their larger tidal volume at peak exercise (mean 35
vs. 28 mL-kg™!) as maximal breathing rates were
similar to the non-trained children.

These characteristics are similar to those observed
in adult endurance athletes. The extent that other
ventilatory features, such as resistance to respirat-
ory muscle fatigue and alterations in pulmonary
diffusion capacity, contribute to ventilatory responses
to exercise in trained athletes has not been clarified
in adult athletes and remains unstudied in younger
competitors (Wetter & Dempsey 2000).

At submaximal exercise, both child and adult
endurance athletes demonstrate a lower minute
ventilation at a given work rate than non-athletes.
This difference typically is not evident at low work
levels but becomes more pronounced as intensity
rises, becoming most prominent near the anaerobic
threshold. Rowland & Green (1990) demonstrated
this finding during treadmill running in trained
versus untrained children. Group differences in
minute ventilation rose with increasing treadmill
speed, and at 9.6 km-hr™! (6 mph), V was 17% higher
in the non-athletes, a magnitude typically seen in
studies of adult athletes. This dampened ventilatory
response at submaximal exercise in athletes could
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reflect lower blood lactate levels, increased fat utiliza-
tion (with less carbon dioxide production), or dimin-
ished central command (Wetters & Dempsey 2000).

Maturational influences

It can be inferred from the above descriptive infor-
mation that ventilatory responses to acute exercise
are different in child athletes and non-athletes in the
same way that these patterns vary between trained
and untrained adults. Moreover, these data imply
no obvious maturational influences on these adap-
tations. However, there are recognized differences
in ventilatory responses to exercise in populations
of non-athletic children compared with adults (for
review see Rowland 2005a), and these maturational
features may be manifest in athletes as well.

Children have a lower glycolytic capacity than
adults and hence generate less lactic acid during
exercise. Consequently, the ventilatory anaerobic
threshold (VAT, or exercise intensity at which VE
begins to rise disproportionally to Vo, because of
CO, produced by lactate buffering) is higher relative
to Vo, in children. Highly aerobically fit athletes
are also expected to demonstrate a higher VAT
than non-athletes. Reported relative values during
treadmill running in endurance trained children are
typically 70-80% Vo,,... (Wolfe et al. 1986; Faria et al.
1989; Nudel et al. 1989), compared with approximately
60% in untrained youth. In untrained adult subjects,
VAT is usually about 10% lower than that seen
in children. No direct comparisons of VAT in child
and adult athletes have been performed. Values of
75% VO, are typically observed in adult distance
runners (Withers ef al. 1981).

Children breath more frequently (fy) than adults
to achieve a given minute ventilation. The explana-
tion for this higher ratio of breathing rate to tidal
volume, even when adjusted for body size, is not
immediately obvious. The same phenomenon is
observed in child athletes. The runners and non-
athletes studied by Rowland & Green (1990) had
similar fy/V; per kg while running at 9.6 km-hr!
(6 mph), but values were almost twice that seen
in adults.

Prepubertal subjects hyperventilate during exercise
compared to adults. That is, they demonstrate a

greater V for any given metabolic rate (the venti-
latory equivalent for oxygen, or V;/V0,). Whether
this reflects maturational differences in ventilatory
neural drive, airway dimensional factors, or even
testing artefact (higher equipment dead space) is
unclear.

Little information is available in child athletes.
Rowland and Green (1990) found that V;/Vo, at a
treadmill speed of 9.6 km-hr™! was 27.6 £ 3.5 in non-
athletic children and 25.1 +2.2 in child runners, a
difference that was not statistically significant.

Challenges for future research

It is evident from the foregoing discussion that
considerable gaps exist in our understanding of
cardiopulmonary responses to exercise in young
athletes. Virtually nothing is known, for example,
of the characteristics of the peripheral mechanisms
that facilitate and control circulatory adaptations
to exercise. Do young athletes have enhanced
skeletal muscle pump function, enhanced arteriolar
dilatation, and improved muscle capillarization com-
pared to non-athletes? If so, are there qualitative or
quantitative differences in these characteristics from
adult endurance athletes?

All studies in child athletes to date have described
cardiovascular responses in the same testing model-
progressive cycle exercise to exhaustion. Because
not even competitive cycling mimics this pattern
of exercise, there is a need to better define cardio-
vascular adaptations to various forms of exercise in
the manner they are performed in sports training
and competition.

Virtually all studies of cardiopulmonary features
of young athletes have involved males. There is a
need to understand if gender differences exist in
these characteristics.

Do anatomic and physiologic features of young
athletes reflect inherent or training-acquired traits?
If training itself is influential, which mechanism
triggers the development of these features? We
know little regarding the extent that physiologic (and
performance) improvements that can be gained from
training of prepubertal endurance athletes. Until
this is understood, appropriate training regimens in
this group can only be surmised.
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Chapter 5

Scaling for Size: Relevance to Understanding the
Effects of Growth on Performance

JOANNE R. WELSMAN AND NEIL ARMSTRONG

Examination of any graph of children’s physiologic
performance (such as peak oxygen uptake (peak
Vo,, short term power, or peak torque) expressed in
absolute terms plotted against body mass will reveal
a strong positive relationship. The data presented in
Fig. 5.1 exemplify this relationship with the Pearson
correlation between body mass and peak Vo, in 11-
to 14-year-old girls and boys of r=0.87 and 0.86,
respectively. Even within a narrow chronologic age
range, body mass varies widely between individuals
and the effect is accentuated during the pubertal years
as a result of individual differences in maturational
status. For example, in our longitudinal study of 10-
to 17-year-olds the magnitude of the difference in
body mass between the lightest and heaviest boy was
37.8 kg at 10-11 years, 54.8 kg at 12-13 years, and
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Fig.5.1 Peak oxygen uptake in 11- to 14-year-old boys
and girls. The line is showing the simple linear
relationship assumed by conventional ratio scaling
(Y=aX).
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51.8 kg at the final test at 16—17 years (unpublished
data). Therefore, if we wish to elucidate age and
maturational effects upon physiologic performance
we need appropriate methods for controlling or
removing the effects of body size. This process is
often referred to as scaling.

The aim of any scaling technique is to remove
the effects of the body size variable (usually body
mass but it can be stature, lean body mass, leg
volume) such that the computed scaled variable
(e.g., peak Vo2 in mL~min‘1-kg‘b) retains no signific-
ant correlation with the performance variable. The
importance of selecting an appropriate scaling
technique cannot be overemphasized; applying a scal-
ing technique that does not remove size effects can
lead to erroneous interpretation of the physiologic
data. Therefore, this chapter both critically reviews
the techniques available and demonstrates simple
techniques for evaluating whether or not a scaling
method has achieved this objective using examples
both from the literature and from unpublished
data collected in the Children’s Health and Exercise
Research Centre, Exeter, UK.

Traditional approaches to scaling
cross-sectional data

Conventional ratio scaling

Since the pioneering laboratory studies of young
people’s physiologic performance by Robinson (1938)
and Astrand (1952), interindividual size differences
have been traditionally controlled for by simply
dividing the absolute value of the measure by



body mass. Thus, a simple “per body mass ratio” is
constructed (e.g., mL-kg™-min~! for oxygen uptake,
W-kg! for mechanical power, and Nm-kg™! for
maximal torque). Although this approach has long
been criticised on both theoretical and practical
grounds (Tanner 1949, 1964; Astrand & Rodahl 1986),
and alternative approaches embraced in other dis-
ciplines (Schmidt-Nielsen 1984), within pediatric
exercise science the use of simple ratio scaling still
appears to dominate despite increasing documenta-
tion of its limitations when applied to pediatric
exercise data (Armstrong et al. 1995; Welsman et al.
1996; Armstrong & Welsman 2001). That is not to
say, however, that ratio scaling should never be used.
There are instances where it remains appropriate,
notably in the interpretation of running performance
(Nevill et al. 1992, 2004a); however, only where this
is statistically verified.

Ratio scaling implies the following statistical rela-
tionship between the performance measure (Y) and
the body size variable (X):

Y=aX+e¢

a relationship that describes a straight line pass-
ing from the origin (zero) through the intersection
of the mean values of the Y and X variables. The
additive error term (g) suggests that error variance
is consistent throughout the numerical range of the
data. In Fig. 5.1 this relationship has been super-
imposed upon the data. It is immediately clear that
the assumption of constant error does not hold for
this data set. Instead, the distance between the
data point and the regression line (called the error or
residual) is greater at higher levels of body mass and
peak Vo,. Thus, the data display non-uniform error
or “heteroscedasticity” suggesting that the simple
linear model will be unable to provide a good
statistical fit to the data. This “fanning” of error is
very typical of size-related physiologic measures
and is observed in both adults and young people.
Several authors have emphasized the importance
of evaluating that ratio adjustments are performing
as intended (i.e., are truly removing the influence
of body size) (Tanner 1949; Albrecht et al. 1993). The
following summarize the methods these authors sug-
gest which are easily computed to check the validity
of a ratio adjustment. Tanner (1949) demonstrated
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how a ratio standard was only appropriate where
the following relationship could be demonstrated
between the dependent (X) and independent (Y)
variables:

Vy/Vy=ryy

where V is the coefficient of variation and r is the
Pearson product moment correlation coefficient.
For the girls” data summarized in Fig. 5.1 the values
for this relationship are as follows: V/V, =1.31and
r = 0.86. Clearly, this data set does not comply with
this criterion suggesting that the application of a per
body mass ratio would be inappropriate.

The three criteria suggested by Albrecht et al.
(1993) are based upon statistical, graphical, and alge-
braic evaluation of the data. To satisfy the statistical
criterion, the Pearson product moment correlation
coefficient between the mass-adjusted value and
body mass should not be significantly different
from zero. If this criterion is applied to the data set
presented in Fig. 5.1, significant (P < 0.01) negative
coefficients of r =—0.472 and —0.622 are obtained for
boys and girls, respectively (Fig. 5.2).

The graphical criterion examines in more detail
the exact nature of the relationship between the
adjusted variable and body size. If the influence
of body size has been removed effectively from
the criterion variable, the relationship between the
mass-adjusted variable and body mass should result
in a horizontal line when plotted against each other.
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Fig. 5.2 Mass-adjusted peak oxygen uptake in 11- to
14-year-olds illustrating residual significant (P < 0.05)
negative relationship and negative slope coefficient.
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In other words, the slope of the least-squares regres-
sion line should not be significantly different from
zero. It is evident from the data presented in Fig. 5.2
that mass-related peak Vo, remains size-dependent
with significant (P < 0.01) negative regression slope
coefficients of b =—0.24 and —0.28 for boys and girls,
respectively.

The algebraic criterion states that the expected
value of adjusted Y is algebraically equal to a
constant (e.g., b). It is important to emphasize that
these three criteria are equivalent when assessing
a linear relationship between two variables (ie., a
correlation coefficient of zero implies a horizontal
regression line whose equation is equal to a constant)
(Albrecht et al. 1993).

The problems of using ratio scaling where not
justified are illustrated in more detail below, but
to summarize this model will overestimate fitness
in light individuals and penalize heavy people.
This effect is particularly critical in comparisons of
overweight or obese children with normal weight
counterparts. For example, in unpublished data
collected in our laboratory we identified a 13.6%
difference between the mass-related peak Vo, of
overweight (>120% mass for stature for age) vs. lean
11-year-old children. This difference was reduced
to 5.2% when comparisons were based upon allo-
metrically adjusted values.

Further inaccuracies in interpretation can arise
where ratio-adjusted scores are used in subsequent
correlational or regression analyses. To exemplify
this, Bloxham et al. (2005) examined the influence
of scaling technique upon the interpretation of rela-
tionships between peak Vo, and short-term power
in 12-year-olds. Their findings demonstrated that
in all comparisons the magnitude of the relation-
ship decreased substantially when allometric scaling
was used to adjust for body mass compared to ratio
scaled values. In one comparison a significant
relationship (between Wingate anaerobic test mean
power and cycle peak Vo,) became non-significant
once appropriately adjusted.

Alternative approaches for
cross-sectional data

If we accept that the simple linear model implied by
the per body mass ratio often fails to provide a size-

free variable, what alternative scaling techniques
are available and what evidence is there that these
represent a better solution for scaling young people’s
physiologic data?

Linear regression scaling

Several authors (Williams ef al. 1992; Eston et al.
1993; Welsman et al. 1996) have applied a scaling
technique based upon standard linear regression,
the equation for which is:

Y=a+bX+e

where Y is the dependent variable, X the independ-
ent (body size) variable, a represents the intercept
of the regression line on the y axis, b describes the
slope of the line and ¢ is an additive error term.
Using this technique, regression lines are constructed
for each group (or groups) in a comparative study
and the slopes and intercepts of these individual
regression lines compared using a standard statistical
technique, analysis of covariance. The data pres-
ented in Fig. 5.3 are unpublished data drawn from
our database and replicate the findings of Williams
et al. (1992). They represent the peak Vo, values
of 13-year-old boys divided into two groups by
maturity status (prepubertal vs. post-pubertal). Based
upon a traditional per body mass ratio, the inter-
pretation of these data would be that there was no
significant difference (P > 0.05) in peak Vo, between
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Fig. 5.3 The linear regression relationship between

peak oxygen uptake and body mass in prepubertal and
post-pubertal boys.



the two groups, with values of 54 ml-kg~\-min!

compared to 55 ml-kg'-min! for the prepubertal
and post-pubertal groups, respectively.

However, the results of the analysis of covari-
ance suggest otherwise. The data for each maturity
group have been fitted separately with least-squares
linear regression lines. The regression slopes iden-
tified were 0.028 and 0.035 for prepubertal and
post-pubertal groups, respectively. Analysis of covari-
ance demonstrated that these were not significantly
different (P > 0.05) (i.e., examination of interaction
effect of maturity group by body mass yielded a non-
significant result) and a common slope of b = 0.030
was identified.

Statistical verification of common slope is an
important underlying assumption of analysis of
variance and if this is violated the analysis should
not be pursued. Subsequent comparison of the
elevations (intercept values) of the group regression
lines yielded significantly different values of 1.57
and 0.90, respectively, confirming the higher peak
Vo, of the post-pubertal group.

Using this technique, “adjusted means” or
“regression standards” can be computed by adding
the value of each individual subject’s residual from
the least-squares regression line to the group mean
value. Although these are reported in absolute
terms, the adjusted values have had the influence
of body mass covaried out. Therefore, for this data
set the observed mean absolute peak Vo, values
were 2.12 and 3.57 L-min~! for prepubertal and post-
pubertal groups, respectively. Once adjusted for
body mass the absolute values change to 2.51 and
3.18 L-min}, confirming that once adjusted for body
mass, post-pubertal boys score higher for peak Vo,
than prepubertal boys of the same age.

Although in this example linear regression scaling
was able to distinguish an important group difference
in peak Vo, that was masked by the conventional
per body mass ratio, there are well-documented
limitations with linear regression scaling, recently
reviewed by Nevill et al. (2005), which caution against
its routine use. Specifically, the assumption that the
relationship between the Y and X variable is linear
with constant error variance is clearly violated in
this heteroscedastic data set (Fig. 5.3). Furthermore,
the biologically implausible intercept parameter “a,”
suggesting a physiologic response exists for a body
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size of zero, has been highlighted by several authors
(Welsman et al. 1996; Nevill et al. 2005).

Allometric (log-linear) scaling and
power function ratios

From the discussion so far some of the requirements
of a statistical model for scaling pediatric exercise
data are becoming clearer: in contrast to simple ratio
and linear regression scaling techniques, the model
must be able to accommodate heteroscedastic data
(i.e., a multiplicative rather than additive error term
is required). Second, in order to provide biologic-
ally plausible results the technique should regress
through zero.
The simple allometric model:

Y=aXP.e

fulfills both of these requirements. This equation
describes the curvilinear relationship depicted in
Fig. 5.4(a) where it has been applied to the rela-
tionship between peak Vo, and body mass in
13-year-old girls. The exponent “b” describes the
curvature of the line. Where, as in this example,
the Y variable (e.g., peak V0,) increases at a slower
rate to the X variable (e.g., body mass), b is less
than 1.0. In cases where the opposite is true and
Y increases faster than X, the b exponent is greater
than 1.0 and the line curves upwards. Where a
directly proportional relationship exists, the rela-
tionship is linear with a slope equal to 1.0 (ie.,
the data conform to the simple ratio relationship
described earlier).

The curvilinear allometric relationship can be
transformed into a linear one simply by taking the
natural logarithms (log,) of the Y and X data. This
linearizes the relationship to:

log Y =log,a+blog,X+log, ¢

and simple linear regression can be used to solve for
the values of a and b. This is illustrated in Fig. 5.4(b).
Thus, intergroup comparisons are facilitated as
analysis of covariance can be applied to compare
the slope and intercept terms for different groups
as described for linear regression modeling above.
This analysis can also be extended to include other
concurrent covariates (e.g., stature or thigh muscle
volume) (Nevill 1994; Welsman et al. 1996).
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Fig.5.4 (a) The allometric and (b) log linear relationship between peak oxygen uptake and body mass in

13-year-old girls.

Identification of the value of the b exponent also
enables the calculation of power function ratios
(Welsman et al. 1996; Nevill et al. 2005). Here, the
absolute value of the performance variable is divided
by body mass raised to the power “b”. For example,
in Fig. 5.4, the b exponent of the allometric relation-
ship (slope of the log linear regression) in the girls
was 0.64. Therefore to remove the effects of body
mass in this sample, peak Vo, in mL-min~! should
be divided by mass®® to yield the power function
ratio mL-kg%®4-min~L.
Theoretical vs. sample-specific
exponents

A question that has long challenged proponents
of allometric scaling and continues to be strongly
debated relates to the “true” value of the exponent
that describes the relationship between body mass
and metabolic rate, both at rest and at peak Vo,.
Within the pediatric literature some authors have
recommended using allometric mass exponents of
either 0.67 (Rogers et al. 1995) or 0.75 (Svedenhag
1995) to express young people’s peak Vo, and these
recommendations have been taken up in recent
studies (Eisenmann et al. 2001; Dencker et al. 2006).
These values of 0.67 and 0.75 have derivations
which are comprehensively reviewed elsewhere
(Astrand & Rodahl 1986) but, to summarize briefly,
the value 0.67 is most simply explained with reference

to two cubes—one small and one large. The two
cubes can be described as geometrically similar or
“isometric,” as corresponding linear dimensions are
related in the same proportion and corresponding
surface areas are related in the same proportion
squared. The volumes of the cubes are related in the
same proportion to the third power. These relation-
ships can be summarized as:

Surface area o length?
Volume e length®

Surface area < volume?/3

Extrapolating this theory to human physiology,
assuming that individuals are isometric, all linear
measures such as stature and breadths have the
dimension L, all measurements of area including
body surface area and muscle cross-sectional area
have the dimension L? and body mass and volume
(e.g., heart and lung volumes) have the dimension
L3. In physiologic systems time has the dimension L.
Therefore, as peak Vo, is a volume per unit time it
should be proportional to L>L™! = L2. This relates to
stature? or its analog in isometric bodies, mass?/
(i.e., mass®®7).

The alternative value of 0.75 derives from empir-
ical observations that in many homeotherm species
metabolic rate increases proportional to mass®”
(analogous to stature?>?) and does not conform to
these theoretical predictions (Kleiber 1932). In the
biologic sciences arguments have been put forward



to both explain (McMahon 1973) and refute (Heusner
1982) the 0.75 exponent but both values continue
to be explored as valid alternatives for the inter-
pretation of performance data in children.

Identifying a universal alternative is an attractive
proposition as it both simplifies data analysis and
facilitates comparisons between studies. However,
to establish whether or not one of the proposed
exponents offers a valid alternative for generic
acceptance vs. traditional ratio scaling requires con-
sideration of both theoretical concerns and the
empirical evidence.

A fundamental assumption of the mass expon-
ent 0.67 is that individuals demonstrate geometric
similarity. Although it is well documented that
body proportions alter during the first decade of life
(e.g., the characteristic shorter limbs and longer torso
of babies and young children), it has been gener-
ally accepted that from the age of around 10 years
geometric similarity can be assumed (Astrand &
Rodahl 1986). Recent work has challenged this
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assumption, albeit in adult subjects: Studies by
Nevill ef al. (2004b) have demonstrated that human
physiques are not geometrically similar in that body
circumferences and limb girths develop at rates
different to that anticipated by geometric similarity.
These authors have also used this information to
demonstrate that the exponent mass’”® derived in
many studies reflects a disproportionate increase in
muscle girth which, if subsequently accounted for
in an allometric analysis, reduces the mass exponent
to values approximating 0.67 (Nevill et al. 2004c). A
similar effect has been noted in a previous study of
scaling of adolescent thigh volume, where a mass
exponent of 1.1 confirmed that muscle volume
increases at a faster rate than body mass even in
younger subjects (Nevill 1994).

With regard to the empirical evidence, Table 5.1
summarizes the range of body mass exponents
reported in the literature for children encompassing
the age range 618 years. The data are arranged by
magnitude of exponent to facilitate insight into the

Table 5.1 Allometric body mass exponents for peak Vo, in children and adolescents: cross-sectional studies.

Sex (M/F) Mass exponent Mode of

Study Age (years) Trained (T) n (SE) exercise
McMiken 1976* 10-15 M (T) 14 1.07 Treadmill
Paterson et al. 1987 11-15 M 18 1.02 (0.04) Treadmill
Cooper et al. 1984 6-18 M, F 109 1.01 (0.06) Cycle
McMiken 19761 12-16 F(T) 30 0.97 Cycle
Loftin et al. 2001 7-18 F 47 0.92 Treadmill
McMiken 19761 7-13 M 50 0.88 Treadmill
Welsman et al. 1996 10-11,13-14,22-23 M, F 156 0.80 (0.04) Treadmill
Sjodin & Svedenhag 1992 11-15 M(T) 8 0.78 (0.07) Treadmill
Chamari et al. 2005 14 M (T) 21 0.72(0.04) Treadmill
Nevill ef al. 2004a 12 M 36 0.71 (0.09) Cycle
Armstrong & Welsman, unpublished 13-14 M, F 105 0.69 (0.06) Cycle
Armstrong et al. 1995 10-11 M, F 164 0.66 Treadmill
Bloxham et al. 2005 11-12 M, F 58 0.65 (0.06) Cycle
Bloxham et al. 2005 11-12 M, F 58 0.65 (0.06) Treadmill
Winsley et al. 2006 13-14 M, F 52 0.61 Treadmill
Fawkner & Armstrong 2004 10-11 M, F 48 0.55 (0.09) Cycle
Rogers et al. 1995 7-9 M, F 42 0.52 Treadmill
Rowland et al. 2000 11.3-13.2 F 24 0.52(0.02) Cycle
Fawkner et al. 2002 11-12 M, F 30 0.44 (0.12) Cycle

* Data from Daniels and Oldridge (1971).
1 Data from Astrand et al. (1963).
1 Data from Klissouras (1971).
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factors influencing the value derived. Standard errors
are included where reported in the original papers.
Itis immediately evident that the highest exponents
have been identified where the age of the subject
group varies widely. In subject groups encompass-
ing a single chronologic age values approximate
or are lower than 0.67. In the very large, single age
group data sets, values are closest to 0.67, signaling
sample size as having a critical influence upon the
value of the mass exponent obtained—a finding
echoed by other authors (Jensen et al. 2001).

A further factor contributing to variability in the
value of the mass exponent is the extent to which
the sample size is heterogeneous for body mass. It
has been suggested that a wide spread of body mass
within a subject group will yield a mass-exponent
closer to the theoretical value than in a restricted
set (Calder 1987) and this has been supported by
the results of our studies (Armstrong et al. 1995;
Welsman ef al. 1997).

Taken together, the available evidence does not
yet support the adoption of a single body mass
exponent as a universal alternative to ratio scaling—
at least for peak Vo, Mass exponents are clearly
sample-specific and if differences between groups
or relationships between performance variables are
to be examined sample-specific mass exponents
should be used.

Allometric scaling in longitudinal
comparisons

Longitudinal studies are optimal for understanding
the interactions between physical growth, chrono-
logic age, maturation and physical performance.
In such studies a wealth of information is usually
collected and controversy exists as to the best way to
analyze the findings.

Traditionally, the interpretation of longitudinal
data has been fraught with methodologic problems
—particularly where an allometric framework is
desired. Extending the analysis of covariance
described for cross-sectional data sets to a repeated
measures ANCOVA is not a satisfactory option
as varying covariates are not usually allowed (i.e.,
only one measure of mass can be covaried out)
which is clearly unsatisfactory, particularly when
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Fig. 5.5 Longitudinal changes in peak oxygen uptake and
body mass in four individuals tested between the ages 10
and 17 years.

children are measured longitudinally throughout
their adolescent growth spurt.

Ontogenetic allometry

One solution reported by several studies has been
to apply ontogenetic allometry (Rowland et al. 1997;
Beunen ef al. 2002). This reflects the dimensional
relationship between peak Vo, and body mass over
time at the individual level. Figure 5.5 illustrates
the ontogenetic relationship between peak Vo, and
body mass in five individuals who participated in a
longitudinal study in our laboratory spanning the
age range 10-17 years. Peak Vo, was determined at
approximately yearly intervals from 10 to 14 years
and again at 17 years. In the small subsample illus-
trated individual exponents ranged from b = 0.77
to 1.31 with a mean value of b = 1.06. Other studies
have reported a similarly large interindividual range
in ontogenetic exponents. For example, Beunen et al.
(2002) reported values in 8- to 16-year-old boys
ranging from 0.56 to 1.18 with a mean of 0.87. Such
variation in ontogenetic exponents is not surprising
and exemplifies the difficulties of interpreting size-
related performance during growth and maturation.
Although using this scaling technique the individual
relationship between mass and performance is well-
described, it neither allows for quantification of the
average magnitude of change in peak Vo, over the



adolescent period nor enables the influence of other
covariates to be examined simultaneously.

Multilevel regression modeling

Our understanding of longitudinal changes in
size-related exercise performance data has been
revolutionized in recent years by the availability of
programs enabling multilevel modeling (Rasbash
et al. 2000).

The data collected in longitudinal studies of
growth, fitness, or performance can be seen to exist
at different levels. This hierarchical structure is illus-
trated in Fig. 5.5. Within the multilevel structure,
each individual’s measurement occasions represent
level 1 of the analysis. As shown in Fig. 5.5 these
individual data points can be summarized by an
individually computed regression line that represents
the second level of the analysis.

What is clear from Fig. 5.5 is that the slope and
intercept values for each individual vary reflecting
each individual’s rate of growth and maturation.
Furthermore, it is evident that some individual’s
measurement occasions vary more markedly around
their regression line (i.e., greater residual error)
while others scarcely deviate from it. The advantage
of a multilevel analysis is that it allows the mean
response of the subject population to be described
while simultaneously capturing the element of vari-
ation both within the individual (level 1 variation)
and between individuals (level 2 variation). A
two-level multilevel analysis thus comprises two
components: a “fixed” part describing the average
value of slope and intercept for the subject group,
and a “random” part consisting of variances which
summarize variability in individual slopes and
intercepts from the mean values and also the extent
of any covariance between slope and intercept values
at different levels of the analysis if required.

Additional and higher levels of analysis may be
defined as necessary; for example, in a mixed long-
itudinal design the responses of similar populations
belonging to different cohorts may be of interest,
with cohort forming a third level of analysis (Martin
et al. 2003).

A major advantage of a multilevel approach is
that complete longitudinal data sets are not required.
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That is, both the number of measurement occasions
per individual and the temporal spacing of these
occasions may vary. For example, in Fig. 5.5 two
of the subjects were only tested on four occasions.
Furthermore, the age at each test occasion varied
between individuals; for example, at the first test
occasion from 10.4 to 11.5 years. Such variation is
unavoidable in large-scale longitudinal studies but,
in contrast to traditional repeated measures analyses,
all available data points can be incorporated into
and contribute to the final multilevel analysis.

Although multilevel analyses can be conducted
using both polynomial (linear) and multiplicative
(allometric) approaches it is the latter that is pre-
ferable when modeling size-related performance
measures during growth and maturation for the
reasons described in earlier sections. For example,
Baxter-Jones et al. (1993) used a polynomial, addit-
ive approach to analyze peak Vo, and strength data
in young athletes. Subsequently, these data were
reanalyzed following logarithmic transformation to
provide an allometric framework (Nevill et al. 1998)
with a variety of statistical techniques used to evalu-
ate model fit. This latter study demonstrated that
the multiplicative, allometric approach produced a
solution that was not only physiologically plausible
but represented a significantly better statistical fit,
requiring fewer fitted parameters than the original
solution, and accommodating the heteroscedasticity
evident in the raw data.

Subsequent to these reports, the number of pub-
lications applying multilevel allometric modeling
to the understanding of growth and maturational
influences upon health and exercise performance
have burgeoned providing valuable insights into
the factors influencing the development of peak Vo,
(Armstrong et al. 1999, 2001; Beunen et al. 2002); sub-
maximal Vo, (Welsman & Armstrong 2000); cardio-
vascular responses (Armstrong & Welsman 2002);
isokinetic strength (De Ste Croix et al. 2002); short-
term power (Armstrong et al. 2000b, 2001; De Ste
Croix et al. 2001; Martin et al. 2003; Santos ef al. 2003);
and physical activity (Armstrong et al. 2000a).

To illustrate the way in which multilevel model-
ing has enabled insights into the development of
aerobic fitness, Table 5.2 presents the results of our
study (Armstrong & Welsman 2001) describing the
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longitudinal development of peak Vo, in healthy,
untrained 11- to 17-year-olds.

The focus of this study was to elucidate the
development of peak Vo, in relation to age, sex,
and maturation having simultaneously controlled
for the influence of selected variables related to
body size and composition. Following evaluation
of several model formulations, Nevill and Holder
(1994) proposed the following equation as an initial
model for investigation in multilevel analyses:

- K1, k2, +b. .
Y =mass* stature**-exp (a; + byage) g;

In this model all parameters are fixed with the
exception of the constant (intercept, a) and age
parameters which are allowed to vary randomly at
level 2 (between individuals) and the multiplicative
error ratio (sij) which varies randomly at level 1,
describing the error variance between test occasions.
With logarithmic transformation this equation is
linearized to:

Log.Y =Log.mass-k; + Log staturek, +a,+ b-age
+ Logesij

and thus can be solved using multilevel regression.
From this baseline model, additional explanatory

variables can be investigated, including in this
example sum of two skinfolds, blood hemoglobin
concentration. Sex and stage of maturity are also
investigated by incorporating them into the model
as “dummy” or indicator variables. For example,
sex is coded “0” for boys and “1” for girls. A similar
procedure is followed for maturity stage. By doing
this, the baseline model reflects the average response
of a prepubertal boy from which responses for girls
and children of different maturity status deviate.
Interaction terms may also be computed and invest-
igated such as age by sex or maturity stage by sex.
During the multilevel modeling process, explan-
atory variables can be entered into and taken out
of the analysis. If a variable is making a significant
contribution to the dependent variable, the value of the
estimate is more than twice the value of the standard
error (Duncan et al. 1996). The —2*loglikelihood is a
measure of the overall statistical fit of the model; the
more negative the value, the better the statistical fit.
In Table 5.2 the results are interpreted thus. In
model 1, both body mass and stature proved to be
significant explanatory variables with exponents of
0.44 and 1.01, respectively. These values are inter-
preted exactly as for the b exponent in the allometric

Table 5.2 Multilevel regression

MO_dEI 1 MO_dEI 2 models for peak oxygen uptake
Parameter Estimate (SE) Estimate (SE) (1=388). Age centred on the group
) mean age of 12.9 years. Data from
Fixed Armstrong and Welsman (2001).
Constant —1.2023 (0.1474) —1.9005 (0.1400)
Log, mass 0.4454 (0.0460) 0.8752 (0.0432)
Log, stature 1.0082 (0.1607) Not significant (P > 0.05)
Log, skinfolds Not entered —0.1656 (0.0174)
Age 0.0452 (0.0101) 0.0470 (0.0094)
Sex ~0.1608 (0.0135) ~0.1372 (0.0121)
Age x Sex —0.258 (0.0051) —0.0214 (0.0053)
Maturity 2 0.0511 (0.0116) 0.0341 (0.0094)
Maturity 3 0.0665 (0.0135) 0.0361 (0.0102)
Maturity 4 0.0988 (0.0169) 0.0537 (0.0116)
Maturity 5 0.0770 (0.0301) Not significant (P > 0.05)
Random
Level 2 constant 0.0042 (0.0007) 0.0030 (0.0005)
Level 2 age 0.0002 (0.0001) 0.0004 (0.0001)
Level 1 constant 0.0033 (0.0004) 0.0032 (0.0004)
—2*loglikelihood —844.2189 —870.6431




equation described above. The positive estimate for
age demonstrates that even with effects of body size
accounted for, peak Vo, increases with age in 11-
to 17-year-olds (supporting the findings of previous
cross-sectional allometric comparisons; Welsman
et al. 1996). However, this increase with age is sub-
stantially greater in boys than girls as shown by the
negative coefficient for the age by sex interaction
which is deducted from the age coefficient for girls
only. Furthermore, the negative effect of sex reflects
the overall lower peak Vo, of girls compared with
boys. This analysis also showed positive, incremental
increases in peak Vo, with maturation—an effect
over and above that due to chronologic age.

In model 2, sum of two skinfolds was entered as
an additional fixed explanatory variable yielding
a significant, negative coefficient. As a result, the
effect of stature was negated and the value of the mass
exponent was increased to 0.88, highlighting that
the value of the mass exponent is to a large extent
dependent upon what additional covariates are
included. The addition of a measure of body fatness
also explained some of the variation due to maturity
as the coefficients for stages 2-4 were reduced and
that for maturity stage 5 became non-significant.
Similarly, the age and sex coefficients were slightly
reduced but remained significant. Therefore, over-
all the combined effect of the positive coefficient
for mass and the negative effect for skinfold thick-
ness indicate that lean body mass is a key factor
in explaining developmental changes in peak Vo,
and, in particular the divergence in male and female
scores throughout the age range examined.

That model 2 provides a better fit for the data
is reflected in the change in the -2*loglikelihood
(sometimes referred to as the deviance statistic).
Where models are “nested” (in this example where
model 1 was modified by the addition of skinfold
thickness), the smaller the number the better the
model fit. The change in this value is interpreted
relative to the change in the number of fitted
parameters. Thus, in model 2, there is a deviance
of —26.42 for one fewer fitted parameters (i.e.,
one fewer degrees of freedom as maturity stage 5
becomes non-significant) compared with model 1.
This exceeds the y? critical value of 3.84 for signific-
ance at P < 0.05.
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The random parameters reflect the error associated
with specified terms at both levels of the analysis
(i.e., they represent the part of the model unexplained
by the fixed parameter estimates). The random struc-
ture of the models presented in Table 5.2 was com-
paratively simple. In models 1 and 2, the random
variation associated with the intercept (constant)
reflects the degree of variation from the average
intercept both between (level 2) and within (level 1)
individuals. There was significant random variation
at level 2 (between individuals) for age, allowing
each child to have their own growth trajectory.

To briefly return to the earlier discussion of what
factors influence the value of the mass exponent,
the results of studies using multilevel modeling,
both alone and in comparison with preceding cross-
sectional analyses of the same data sets, provide some
interesting and informative insights. For example,
Armstrong et al. (1995) reported a mass exponent for
peak Vo, in prepubertal children of 0.66. Data from
these children were subsequently reported after 3
and 7 years follow-up, respectively (Armstrong et al.
1999; Armstrong & Welsman 2001). In the latter
studies, when modeled with mass as the sole covari-
ate in the multilevel model, values identified for
the mass exponent were 0.67 and 0.73, respectively.
However, as already discussed and illustrated in
Table 5.2, these values altered markedly as other
covariates were entered into the analysis. This raises
interesting questions regarding the interpretation
of longitudinal data, the relative importance of
explanatory variables, and how the interpretation
of a performance variable may change according
to which covariates are available for incorporation
into a model.

Beunen et al. (2002) used multilevel modeling
to interpret growth and maturational influences
upon peak Vo, in boys aged 8-16 years. In addition
to body mass they identified a significant effect of
physical activity and significant interactive effects
of maturity age (years from peak height velocity)
and physical activity upon peak Vo,. However, they
did not include any measure of body fatness, which
has been shown to be a key covariate in the inter-
pretation of peak Vo,, nor did they separate the
contributions of chronologic age vs. maturational
age. In contrast, our longitudinal study (Armstrong
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etal. 1999), albeit with a smaller age range, identified
no significant effect of physical activity once age,
sex, maturity, body mass, and sum of skinfolds had
been controlled for. Clearly, there are methodologic
differences between these studies that may explain
the discrepant findings but they do serve to illus-
trate how the interpretation of a given physiologic
variable may be influenced by the availability of
covariates in a multilevel analysis and also highlight
the importance of careful consideration of variables
of interest in the design of prospective longitudinal
studies.

Conclusions

In summary, this chapter has illustrated the pitfalls
of conventional ratio scaling and demonstrated
simple methods for verifying that a given scaling
technique is performing as intended (i.e., is creating
an adjusted variable that retains no correlation with
body size).

The application of simple ratio scaling without
verification of its goodness of fit is likely to lead to
erroneous interpretation of results particularly with
reference to age, sex, and maturational effects.

The pros and cons of alternative scaling techniques
have been reviewed and allometric scaling shown
to be preferable from both statistical and theoret-
ical standpoints. Using studies reporting allometric
scaling of peak Vo,, variability in mass exponents
has been highlighted and related to sample size and
composition. Although theoretical alternatives to
simple ratio scaling have been proposed, a review of
published exponents does not yet support universal
acceptance of either 0.67 or 0.75 and suggests that
sample-specific mass exponents should be derived
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Chapter 6

Muscle Strength, Endurance, and Power: Trainability

During Childhood

CAMERON J.R. BLIMKIE AND ODED BAR-OR

Regrettably, there has been a paucity of new studies
on the trainability of muscle strength and power in
childhood since our earlier overview of this topic in
Volume VI of the Encyclopaedia of Sports Medicine:
The Child and Adolescent Athlete (Blimkie & Bar-Or
1996). The current chapter supplements the previ-
ous review and provides an update of the published
literature on this topic. The main focus of the chap-
ter is the trainability of strength, muscle endurance,
and power in normal healthy children; however, a
brief section is also included relating to the rationale
for, and application of strength training in selected
pediatric clinical populations, some of whom may
also be involved in sports participation (e.g., chil-
dren with a specific pediatric condition or illness
such as asthma or obesity), as some of these children
might benefit from this type of training.

Strength is defined as the maximal force or torque
generated by a muscle or muscle group either dur-
ing a single maximal voluntary effort or in response
to electrical stimulation. Muscle endurance is defined
as the number of repetitions of a given strength
exercise at a certain intensity (usually expressed as a
percentage of the 1 repetition maximum [1 RM]
load). Power is defined as the rate at which mechan-
ical work is performed during a given period of time
(Sale 1991). Strength and power are inextricably
linked as depicted in the well-known force—velocity
—power relationship (Fig. 6.1). Muscle strength,
endurance, and power are important prerequisites
for activities of daily living and success in sports
during childhood; however, the relative importance
of these capacities may vary, depending on the
nature of the activity or sport, and the health status
of the child.
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Fig. 6.1 Theoretical relationship between muscle force,
velocity of muscle contraction, and muscle power. F,
peak force during an isometric contraction at 0 velocity;
V,, peak rate of muscle contraction; PP_, , maximum
peak power; V,,, rate of contraction that elicits PP

F, o muscle force that elicits PP, at V.
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There is substantial information about the factors
that determine strength, endurance, and power, and
the trainability of these capacities in adults (Green
1991; Komi 1992). Although not as extensively stud-
ied as in adults, there is increasing information
about the developmental determinants of strength
and power in children (Blimkie 1989; also see Chap-
ters 2 and 3 in this volume). By comparison, little
is known about the trainability of these capacities
during childhood.

Skeletal muscle strength

There has been substantial interest during the past
two decades, from both the general public and the
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scientific community, in resistance or strength train-
ing during childhood. The key areas of concern
relate to the risk of injury, the effectiveness of
training to increase strength especially during the
prepubertal and early pubertal years, and the mech-
anisms underlying training induced strength gains,
and changes in strength during detraining. Many of
these topics have been addressed thoroughly in
recent reviews and position papers (Kraemer et al.
1989; Sale 1989; Weltman 1989; American Academy
of Pediatrics 1990, 2001; Freedson et al. 1990; Webb
1990; Blimkie 1992, 1993a,b; Faigenbaum et al. 1996;
Faigenbaum 2001; Guy & Micheli 2001; Strong et al.
2005). The first part of this review is restricted to the
topics of the trainability of strength and muscle
endurance, the mechanisms underlying training
induced strength gains, and changes in strength
during detraining at different developmental stages
during childhood.

Muscle strength, at a given velocity will increase
as a function of growth during childhood (Blimkie
1989; Froberg & Lammert 1996; see also Chapters
2 and 5). Strength or resistance training has been
proven effective in increasing strength in adults
(Fleck & Kraemer 1988) and the possibility also
exists that it may be effective in increasing strength
beyond growth-related increases during childhood.
Resistance training in the context of this review
implies the use of progressive resistance training
methods to exert or resist force (Cahill 1988) and this
term will be used interchangeably with strength
training. Resistance training methods vary in terms
of program design, in training mode, and in rela-
tive strain or intensity of the applied resistance.
Resistance training studies involving children have
incorporated a variety of training methods, and
these differences have confounded interpretation of
resistance training studies in this population.

Effectiveness of resistance training

Until the mid-1980s, it was generally believed that
resistance training would be ineffective in increas-
ing strength prior to adolescence. This belief was
based partly on the presumption that strength gains
were not possible until circulating testosterone
levels increased substantially during mid- to late

puberty, and partly on results from a limited num-
ber of training studies, which, despite their design
limitations, were interpreted as lending support to
this notion.

Several studies in this area failed to show any
increase in back (Kirsten 1963) or arm and leg
strength (Ainsworth 1970; Vrijens 1978; Docherty
et al. 1987) in prepubertal children following various
types of strength training programs. These studies
either utilized fairly modest training loads by
today’s standards or were of very short duration.
The largely negative results from these studies can
therefore not be taken as proof of the ineffectiveness
of strength training during the pre-adolescent years.

Studies that have controlled for the confounding
effects of growth and motor skill acquisition on
strength gain, and have incorporated moderate to
high training loads, provide rather convincing evid-
ence that strength training can result in substantial
and significant increases in strength in either sex
during pre-adolescence (Nielsen et al. 1980; Pfeiffer
& Francis 1986; Sewall & Micheli 1986; Weltman
et al. 1986; Sailors & Berg 1987; Hakkinen et al. 1989;
Mersch & Stoboy 1989; Hassan 1991; Ozmun et al.
1991; Fukunga et al. 1992; DeRenne et al. 1996;
Lillegard et al. 1997; Morris et al. 1997; Tsolakis et al.
2004; Feigenbaum et al. 2005).

The results of the longest and perhaps most inten-
sive randomized controlled trial of strength training
to date involving pre-adolescents (Ramsay et al. 1990)
also support this view. In this study, emphasis
was placed on providing high resistive loads to the
elbow flexor and knee extensor muscle groups
using dynamic resistance training (Global Gym).
The training involved progressive resistance load-
ing (resistance was increased as subjects became
stronger), a similar frequency and intensity of train-
ing as commonly used in strength training pro-
grams for adults (Fleck & Kraemer 1987), and strength
testing that was both training mode specific (1 RM
lifts) and non-specific (isometric and isokinetic test-
ing). Additionally, the effects of skill acquisition
or motor learning were controlled by performing
interim testing. Twenty weeks of training resulted
in significant increases (Fig. 6.2) in the 1 RM bench
press (35%), the 1 RM double leg press (22%), maximal
voluntary isometric elbow flexion (37%) and knee
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Fig. 6.2 Effects of 20 weeks of heavy resistance training on various measures of strength in pre-adolescent boys. From

Ramsey et al. 1990.

extension (25%) strength, and maximal voluntary
isokinetic elbow flexion (26%) and knee extension
(21%) strength (Ramsay et al. 1990). More recently, a
non-randomized school-based study of even longer
duration reported significantly larger strength gains
in prepubertal boys who performed multiple sets of
twice weekly low to moderate intensity resistance
training for 21 weeks, compared with controls who
participated in standard physical education classes
(Sadres et al. 2001).

Collectively, the results from these longer term
studies and the other studies cited above provide
fairly compelling evidence that strength training
can be effective in increasing strength during the
pre-adolescent period. The results of these studies
have been summarily reported in meta-analyses of
this topic (Falk & Tenenbaum 1996; Payne et al. 1997).
The effectiveness of training appears, as it does also
in adults, to be dependent primarily on the provi-
sion of a sufficient training intensity and volume,
and to a lesser degree on training duration. Strength
improvements have been reported using isometric,
isotonic, and isokinetic training methods involving
high-intensity loading. However, the optimal com-
bination of training method, mode, intensity, vol-
ume, and duration of training for maximal strength
gain during pre-adolescence has yet to be deter-

mined. Recent studies suggest that strength gains
are realized in prepubertal children within 8 weeks
of training, with as little as one set of moderate
(1520 repetitions at 60-75% of the 1 RM: 15-20 RM)
or high (6-10 repetitions at 75-85% of the 1 RM:
6-10 RM) intensity strength exercises (Faigenbaum
et al. 2005), and with as few as 2 weekly training
sessions (Falk & Mor 1996; Sadres et al. 2001;
Faigenbaum et al. 2005). While the data are limited,
there appears to be little difference in maximal
strength gains (1 RM) between moderate and high
intensity training programs in prepubertal children;
however, adaptations in local muscle endurance
(number of repetitions at the pre-training test load)
seem more specifically related to type of training,
as improvement was greater with lower intensity,
higher repetition training compared to higher
intensity, lower repetition training (Faigenbaum et al.
2005). The relationships between training intensity,
strength, and endurance gains in children remain
to be more clearly established.

Compared to pre-adolescence, the trainability
of strength for both sexes during adolescence is a
less contentious issue. Significant strength gains
have resulted from isometric training (Wolbers &
Sills 1956; Rarick & Larsen 1958; Kirsten 1963;
Fukunaga 1976; Komi et al. 1978; Nielsen et al. 1980;
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DeKoning et al. 1984), dynamic or isotonic weight
training (Gallagher & DeLorme 1949; Delorme
et al. 1952; Kusinitz & Keeney 1958; Vrijens 1978;
Westcott 1979, 1991; Gillam 1981; Munson et al. 1985;
Pfeiffer & Francis 1986; Witzke & Snow 2000), isoki-
netic (McCubbin & Shasby 1985), and hydraulic
resistance training (Blimkie ef al. 1993). With dynamic
or isotonic training, strength gains appear to be
directly related to the frequency of training (Gillam
1981); nevertheless, as for the pre-adolescent popu-
lation, the optimal combination of training mode,
intensity, volume, and duration of resistance train-
ing for strength increases during adolescence has
yet to be established.

Comparative trainability

Although it appears that significant improvements
can be made in strength during pre-adolescence, the
question remains as to the relative effectiveness of
strength training at this stage of development com-
pared to training during adolescence, and adult-
hood. This question can be considered both in terms
of percentage or proportional strength gains (rela-
tive strength gain), as well as in terms of the abso-
lute strength gains, compared to pre-training levels.

Results from a number of early studies in this area
suggested that pre-adolescent children had either
the same or lower relative trainability, but lower
absolute trainability for isometric back, arm, and
leg strength than adolescents and young adults
(Hettinger 1958; Kirsten 1963; Vrijens 1978). How-
ever, the conclusions from these studies are ques-
tionable, given the relatively low training loads used,
and the failure in some cases to clearly formulate
groups on the basis of distinct maturity levels, espe-
cially during the circumpubertal years.

Results from studies that used similar training
programs across developmental stages, incorporated
moderate to high training intensities and volumes,
and that separated groups more clearly on the basis
of maturity, have consistently reported comparable,
and sometimes greater relative strength trainability
in pre-adolescents, compared to adolescents and
adults (Westcott 1979; Nielsen et al. 1980; Pfeiffer
& Francis 1986; Sailors & Berg 1987; Sale 1989).
One of the more recent studies (Hakkinen et al. 1989)
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Fig. 6.3 Comparative strength changes in pre-adolescent,
adolescent, and adult males in response to 9 weeks of
resistance training. From Pfeiffer & Francis (1986).

likewise reported greater relative squat extension
strength gains in pre-adolescent boys, compared
with a group of elite junior weightlifters following
1 year of weight training. The results from this study,
however, cannot be taken as support of greater
relative strength trainability of pre-adolescents
because there were differences in initial level of
training experience, and the training programs
differed considerably between groups. A summary
of the results from the study of Pfeiffer and Francis
(1986) is provided in Fig. 6.3.

There is less information about the trainability of
absolute strength; four studies have reported lower
absolute strength trainability in pre-adolescents
compared with adolescents (Hakkinen ef al. 1989) and
adults (Sailors & Berg 1987; Sale 1989; Fukunga et al.
1992), whereas a fifth study, which may be criticized
because of its small sample size (Westcott 1979),
reported greater absolute strength gains in pre-
adolescent girls compared with adolescent and
adult females. Whether or not there is a sex differ-
ence in strength trainability remains to be estab-
lished; one study (Lillegard et al. 1997) reported a
trend towards larger strength gains in pre- and early
post-pubescent males compared with maturity-
matched groups of females, but these findings
remain to be confirmed.
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Based on the available information, however lim-
ited, it appears that pre-adolescents are probably
less trainable in terms of absolute strength gains, but
equally if not more trainable in a relative or propor-
tional sense (percentage improvement) compared to
adolescents and young adults. Additional studies
that include distinct maturity groups, identical
training programs across levels of maturity, and
that also control for age- and sex-associated differ-
ences in background level of physical activity and
training are required, however, before the ques-
tion of comparative strength trainability is unequi-
vocally resolved.

Persistence of strength gains

After having begun a strength training program,
the child will, for various reasons (e.g., disinterest,
injury, illness, time constraints), probably discon-
tinue training sometime afterwards. Because train-
ing appears to be effective in increasing strength,
the question arises whether prior training induced
strength gains will be maintained or lost (will they
persist or desist?) during periods of partial or com-
plete withdrawal from training (detraining). The
answer to this question is not as straightforward as
it first appears, because any loss in strength brought
about by a partial or complete reduction in training
may be masked by the growth-related increase in
strength that will occur concomitantly during the
detraining period. The growth-related strength
increase may wholly or partially mask the effect
of the withdrawal of the training stimulus on the
strength gain achieved through prior training. A
simple model of the potential interactions between
growth and training-detraining during childhood
is presented in Fig. 6.4.

Only a few studies have investigated the question
of the persistence of strength gains during detrain-
ing in children; all involved pre-adolescents, and all
have design limitations (Sewall & Micheli 1986;
Blimkie et al. 1989a; Faigenbaum et al. 1996; Sadres et
al. 2001; Tsolakis et al. 2004). If strength gains are
maintained, one would expect strength for a previ-
ously trained group to increase by the same magni-
tude as the change in a control group (simple
additive effect of the growth-related increase in

Strength change

Maintenance/
detraining

Pre-training Post-training

Fig. 6.4 Model of expected strength changes with growth
(G), resistance training (RT), maintenance training (MT),
and detraining (DT) during childhood. Section G,
strength increases resulting from growth and
maturation—serves as a control for growth and
maturation in training studies during childhood. Rates
may vary depending on developmental stage; Section
RT!, strength increases rapidly during the initial stage of
training because of growth and training effects—assumes
that learning effects are controlled; RT,, strength increases
more slowly during the later stages of training and is a
result of growth and a dampened training effect; MT,
strength increases beyond the post-training level caused
solely by growth—the post-training difference in strength
is sustained during this period as indicated by the equal
length long arrows; DT, strength decreases below the
post-training level resulting from the complete
withdrawal of training—the post-training strength
difference is lost progressively with time and may
converge with the control level (G), as indicated by the
diagonal arrows of diminishing length.

strength) during the detraining period, and persis-
tence of the strength difference that had been estab-
lished at the end of training. If strength gains are not
permanent, and there is a loss in strength because of
detraining, then there will be a gradual regression in
the strength curve of the previously trained group,
and a convergence with the strength curve for the
control group at a level below the peak strength
achieved at the end of training (Fig. 6.4).

In three of the studies that included control
groups (Blimkie et al. 1989a; Faigenbaum et al.
1996; Tsolakis et al. 2004), the majority of strength
measures in the previously trained group con-
verged over periods ranging from several weeks to
several months toward the control values, suggest-
ing that training induced strength gains during
pre-adolescence were probably impermanent. In
another study, strength training induced gains
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appeared to be maintained over a 12-week period of
relative detraining for a specific exercise (bench
press) in groups that performed either one or two
maintenance training sessions per week, but lost for
leg press and pull-up strength measures, regardless
of the number of maintenance training sessions
(DeRenne et al. 1996). In the most recent study of this
issue, strength gains elicited by prior training were
sustained over the summer holiday period (dura-
tion unspecified) even without a specific strength
maintenance program (Sadres ef al. 2001); there was
no control, however, over the amount or intensity
of activity and sports participation in the trained
or control groups during the detraining period,
making it difficult to unequivocally address this
issue. Whether the strength gains will revert fully to
the growth-adjusted control levels will probably
depend upon the magnitude of the initial strength
gains, the duration of the detraining period, and the
amount and types of physical activity that the previ-
ously trained child is exposed to during the detrain-
ing period. If level of physical activity is high,
involves a high level of general muscle strength, and
isolates muscle groups that were previously tar-
geted in the training program, then the probability
of persistence of strength gains is likely.

Only two studies have investigated the question
of maintenance strength training during childhood.
In the earliest study (Blimkie et al. 1989a), a once
weekly high-intensity strength training session was
not sufficient to conserve prior training induced
strength gains in a group of pre-adolescent boys.
The training induced strength gains regressed
toward the growth-adjusted control level in a man-
ner identical to that for a totally detrained group. In
the more recent study (DeRenne et al. 1996), bench
press strength gains were maintained with one rela-
tively high intensity strength training session over a
12-week period, whereas neither 1 or 2 weekly high
intensity maintenance sessions were sufficient to
sustain strength gains for the leg press or pull-up
strength measures over the same period.

Clearly, no firm conclusions can be drawn about
the persistence of strength training induced strength
gains or the requirements for maintenance training
during either pre-adolescence or adolescence based
on the available literature. Nevertheless, it appears

from the few studies that have investigated these
questions that training induced strength gains are
probably impermanent, and that one high intensity
training session per week is probably insufficient
for maintenance training to fully conserve prior
training induced strength gains, at least during
pre-adolescence.

Mechanisms underlying strength
changes

What are the physiologic adaptations, and the
mechanisms underlying training and detraining
induced strength changes during childhood? Are
the adaptations and mechanisms similar during pre-
adolescence and adolescence, and in comparison
to adulthood?

Morphologic adaptations during training

The possibility of strength training induced mor-
phologic adaptations in muscle size during pre-
adolescence has been assessed using both indirect and
direct measurement techniques. Training induced
changes in gross limb morphology and, by infer-
ence, changes in muscle size, have been assessed
mostly using indirect anthropometric measurement
techniques. In brief, there is no evidence based on
these indirect techniques from any of the studies
that reported significant increases in strength, of
resistance training induced muscle hypertrophy
during pre-adolescence (Siegel et al. 1989; McGovern
1984; Weltman et al. 1986; Sailors & Berg 1987;
Blimkie et al. 1989b; Hakkinen et al. 1989; Ramsay
et al. 1990; Hassan 1991; Ozmun ef al. 1991).
However, the effect of strength training on mus-
cle size in pre-adolescents has also been studied
using more sensitive imaging techniques, including
soft-tissue roentgenography, ultrasound, comput-
erized axial tomography, dual energy X-ray absorp-
tiometry (DEXA), and magnetic resonance imaging
(Vrijens 1978; Mersch & Stoboy 1989; Ramsay et al.
1990; Fukunga et al. 1992; Morris et al. 1997). Despite
demonstrating significant improvements in muscle
strength, Ramsay et al. (1990) found no evidence of
upper arm or thigh muscle hypertrophy measured
by computerized tomography in pre-adolescent



STRENGTH, ENDURANCE, AND POWER 71

boys following 20 weeks of high intensity strength
training. Vrijens (1978), using roentgenography,
likewise found no evidence of strength training
induced muscle hypertrophy in the upper arm or
thigh in pre-adolescent boys. This is perhaps not
all that surprising, because this study failed to
demonstrate a significant training induced strength
improvement.

Two other studies, however, have reported resis-
tance training induced muscle hypertrophy in pre-
adolescents. Mersch and Stoboy (1989) reported
significant strength training induced increases in
both knee extension isometric strength and quad-
riceps muscle cross-sectional area determined by
magnetic resonance imaging in two pre-adolescent
twin boys. This is the first study to report muscle
hypertrophy resulting from strength training in pre-
adolescents. Likewise, Fukunga et al. (1992) reported
significant increases in upper arm isometric and
isokinetic strength and lean (muscle and bone)
cross-sectional area determined by ultrasound in
pre-adolescent Japanese girls and boys. The abso-
lute increase in muscle size, however, was only half
of the typical change observed in adults in response
to similar training. It is difficult given the small
sample and other peculiarities in the data of Mersch
and Stoboy (1989), and the imprecision inherent in
the ultrasound technique employed by Fukunga
et al. (1992), to totally discount the largely negative
results from all the other studies in this area.
Nevertheless, these results leave open the possibil-
ity of strength training induced muscle hypertrophy
even during pre-adolescence.

At the whole body level, a recent study involving
a 10-month exercise program, including a compo-
nent of resistance exercise, reported a significant
increase in lean tissue mass (a proxy measure of
muscle) by DEXA in pre-menarcheal girls, also sup-
porting the possibility of gross morphologic adapta-
tion to training even prior to full puberty (Morris
et al. 1997). In an even more recent study, strength
training gains in prepubertal boys were associated
with increased levels of testosterone, considered by
the investigators to be a marker of protein anabolism
(Tsolakis et al. 2004). However, there were no direct
measures of changes in protein or muscle mass in
this study to support the inference of increased

anabolism as a potential mechanism underlying the
training related strength adaptations.

Skeletal muscle clearly is capable of hyper-
trophy even during pre-adolescence, as evidenced
by increased muscle size in children with the rare
congenital disease myotonia congenita (Israel 1992).
Whether resistance training in the context of recre-
ational, fitness, or sport-based programs provides
sufficient additional mechanical strain beyond nor-
mal levels of generally high background muscular
activity to induce muscle hypertrophy in other-
wise healthy pre-adolescent children remains to be
unequivocally established.

Surprisingly few studies have investigated the
mechanisms underlying strength gains with resis-
tance training in adolescents. Strength training
induced increases in muscle size have been inferred
both from indirect anthropometric measures of
increased arm and thigh girths (DeLorme et al. 1952;
Kusinitz & Keeney 1958; Hakkinen et al. 1989) and
from roentgenographically determined increases
in arm and thigh muscle cross-sectional areas
(Vrijens 1978) in adolescent boys. Only two studies
have investigated this issue in adolescent females.
Fukunaga (1976) reported an 8.3% increase in upper
arm lean area (bone and muscle) determined by
ultrasound in a group of 13-year-old Japanese girls
following a 3-month program of isometric training
which elicited a 93.4% increase in absolute isometric
strength. In another study (Blimkie et al., unpub-
lished results), 26 weeks of heavy resistance train-
ing, which resulted in significant strength increases,
failed to cause any increase in anthropometrically
determined upper arm girth or quadriceps muscle
cross-sectional area determined by computerized
axial tomography in adolescent females.

It appears from these studies that training
induced muscle hypertrophy may be possible, but is
probably unlikely during pre-adolescence. By com-
parison, muscle hypertrophy appears to be a more
consistent outcome of strength or resistance training
during adolescence, especially for males. Although
based on only two studies, it appears that the hyper-
trophy response may be more variable and of a
smaller (absolute) magnitude in adolescent females
compared to males. However, there are no studies
to date that permit a valid comparison between
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sexes of the relative hypertrophy responses to
identical training programs during adolescence, or
between adolescence and adulthood. Whatever the
hypertrophy response, it is evident from the results
of all of these studies, regardless of developmental
status, that the magnitude of this morphologic
adaptation is small in comparison to the reported
strength gains. Other factors besides changes in
muscle size must also contribute to the strength
gains observed.

Neurologic adaptations during training

Only a few studies have investigated the contribu-
tion of neurologic adaptations to training induced
strength gains in pre-adolescents. By inference, and
based solely on the lack of evidence for muscle
hypertrophy, training induced strength increases
in pre-adolescent boys have been attributed to
undefined neurologic and neuromotor adaptations
(Weltman et al. 1986; Hakkinen et al. 1989; Hassan
1991). These studies provide only weak indirect
support for unspecified neurologic and motor coor-
dination contributions to strength training induced
strength gains in pre-adolescents.

A more direct means of neurologic assessment,
the twitch interpolation technique (Belanger &
McComas 1981), has been used by Blimkie et al.
(1989b) and Ramsay et al. (1990) to assess the con-
tribution of changes in motor unit activation (MUA)
to training induced strength increases in pre-
adolescent boys. MUA of the elbow flexors and knee
extensors increased by 9% and 12%, respectively,
after 10 weeks of training, and an additional 10
weeks of training resulted in much smaller increases
of only 3% and 2%, respectively. The percentage
increases in MUA were less than the increases in
strength for both muscle groups. Most recently,
Ozmun et al. (1991) used electromyography to
measure strength training induced changes in neu-
romuscular activation of the elbow flexors in pre-
adolescent boys and girls. Eight weeks of training
resulted in significant increases in both integrated
electromyographic (EMG) amplitude (16.8%) and
maximal isokinetic strength (27.8%). Results from
these studies provide direct evidence that training
induced strength gains in pre-adolescents, espe-
cially during the early stages of strength training,

are attributable at least in part to increases in neuro-
muscular activation.

Likewise, the contributions of neurologic adapta-
tions to training induced strength gains have not
been extensively studied in adolescents. Con-
comitant increases in isometric strength and max-
imum integrated electromyographic activity (IEMG),
a direct measure of maximal voluntary neural act-
ivation, have been reported for the vastus lateralis
and vastus medialis muscles in adolescent males
(Hakkinen et al. 1989), and the rectus femoris muscle
(Komi et al. 1978) in adolescent males and females.
In both studies, the increase in IEMG activity was
greater than the observed strength increase (8.9%
vs. 5.2 %, Hakkinen et al. 1989; 38% vs. 20%, Komi
et al. 1978). In a recent study of adolescent females,
training induced knee extensor strength gains
(23.3%) were accompanied by a smaller increase
(9.5%) in knee extensor motor unit activation
(Blimkie et al., unpublished results).

It appears from these studies that resistance
training induced strength gains both during pre-
adolescence and adolescence are achieved in part
from increased voluntary neuromuscular activation.
The magnitude of the changes in neuromuscular
activation are generally smaller than the observed
increases in strength during pre-adolescence,
but appear to be more proportional to strength
gains, at least in males, during adolescence. These
findings suggest differences in the relative import-
ance of neurologic adaptations in relation to strength
gains between pre-adolescents and adolescents.
Alternatively, these observations may simply reflect
differences in measurement techniques and muscle
groups used to assess neuromuscular activation
between studies, and differences in the nature and
intensity of the resistance training programs.

Based on the magnitude of the neurologic
responses, at least for the pre-adolescents, it appears
that other factors besides increased neuromuscular
drive may also have an important role in the deter-
mination of training induced strength gains. It is
likely that part of the strength gain may also be
attributed to improved motor coordination. Improved
movement coordination is probably a more import-
ant contributor to strength gains in more complex,
multijoint exercises (e.g., the 1 RM arm curl or leg
press exercises) than in less complex and more
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isolated actions such as those involved in isometric
strength assessment of the elbow flexors or knee
extensors. Results from the studies by Blimkie et al.
(1989b) and Ramsay et al. (1990) indirectly support
this contention, because training resulted in larger
percent improvements in 1 RM arm curl and leg
press strength (specific exercises performed during
training) than in non-specific isometric elbow flexion
and knee extension strength. Improved motor coor-
dination is also probably a contributing factor to
increased strength gains in adolescent females,
because gains measured on the training devices
were recently shown to be larger than gains assessed
with non-specific strength testing dynamometers
(Blimkie et al., unpublished results).

Intrinsic adaptations during training

Training induced changes in the intrinsic contractile
characteristics of muscle could also account for part of
the observed increase in strength in pre-adolescents
following strength training. In the only study to
investigate this issue in pre-adolescents (Ramsay
et al. 1990), twitch torque, a measure of intrinsic
muscle strength, increased significantly for both the
elbow flexors and knee extensors after 20 weeks of
strength training. Because there were no corres-
ponding increases in muscle size, these results
indicate an improvement in twitch specific tension
(strength per cross-sectional area). If this adaptation
in twitch-specific tension persists, and transfers to
maximal voluntary efforts, it may account for some
of the unexplained increase in training induced
maximal voluntary strength gains evident in pre-
adolescents. This finding suggests that undefined
qualitative adaptations in muscle may account in
part for the training induced strength gains evident
during pre-adolescence following strength training.
Whether resistance or strength training induces
intrinsic muscle adaptations during adolescence
remains to be determined.

Adaptations during detraining

In adults, strength training induced increases in
muscle size and neural drive decay during detrain-
ing at about the same rate as they increase during
training (Narici et al. 1989). Detraining in adults is

apparently characterized by a relatively rapid re-
duction in neuromuscular activation and a more
gradual reduction in muscle size (Narici et al. 1989).
Because strength training appears to have little if
any effect on muscle size during pre-adolescence, it
is probable that the decrement in training induced
strength gains in this group during detraining are
attributable predominantly to changes in level of
neuromuscular activation and motor coordination.

Only one study has investigated the physiologic
adaptations during maintenance (reduced) training
during pre-adolescence (Blimkie et al. 1989a). Eight
weeks of detraining had no significant effect on the
magnitude of change in estimated (by anthropome-
try) lean upper arm or thigh cross-sectional areas
among groups of maintenance trained, detrained,
and control pre-adolescent boys. The maintenance
trained and detrained groups had completed 20
weeks of heavy strength training prior to detrain-
ing. However, the lack of change in muscle size with
detraining in this study was not surprising because,
in contrast to adults, there was no evidence of mus-
cle hypertrophy at the end of the training program.
Results from this single study suggest that any loss
in strength during reduced training or total detrain-
ing in pre-adolescents is probably not attributable to
areduction in muscle size.

In the same study (Blimkie et al. 1989a), there
was a trend towards reduced neuromuscular drive
(reduced MUA) in both the maintenance trained
and totally detrained groups; the reductions were
considerably larger in the totally detrained than in
the maintenance trained group. These results sug-
gest that the loss of strength gains during detrain-
ing in pre-adolescents is, as it is also in adults,
attributable in part to a reduction in neuromuscular
activation. Although it has never been assessed
directly, it is likely that part of the decrement
in strength during detraining, especially for more
complex, multijoint strength maneuvers, may also
be attributed to a loss in motor coordination. There
are no studies of the detraining response to resis-
tance or strength training involving adolescents.
Clearly, more information is required about detrain-
ing and the physiologic adaptations that accom-
pany this process during both pre-adolescence and
adolescence. Table 6.1 provides a summary of the
probable physiologic adaptations underlying strength
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Table 6.1 Probable physiological adaptations underlying
strength changes with resistance training and detraining
during preadolescence and adolescence—relative

responses.

Relative response

Training phase
Absolute strength

Relative strength

Muscle
hypertrophy

Neuromuscular
activation

Motor skill

Detraining phase
Absolute strength

Relative strength

Muscle
hypertrophy

Neuromuscular
activation

Motor skill

Greater gains in the adolescent
compared to the preadolescent

Equal or greater gains in the
preadolescent compared to the
adolescent

Smaller gains in muscle size in the
preadolescent compared to the
adolescent

Possible greater potential for
increased activation in the
preadolescent compared to the
adolescent due to a lower lifetime
exposure to different types of
activities

Possible greater potential for
improvement in skill in the
preadolescent compared to the
adolescent due to lower lifetime
exposure to skilled activities

Probably a smaller loss in strength
in the preadolescent compared to
the adolescent due to a greater
degree of compensation from
growth

Same as for absolute strength

Muscle size will probably continue
to increase during preadolescence
due to growth, but may decrease or
remain unchanged in the adolescent
depending on the magnitude of

the weaker (compared to
preadolescence) but still present
growth effect

Will probably decrease in both the
preadolescent and adolescent stages
by an equal magnitude

Will probably decrease more in

the preadolescents than in the
adolescent due to relative
inexperience with related types of
skilled activities which may transfer
to strength

training and detraining induced strength changes
during childhood.

Strength training—benefits and risks

Strength training has the potential of improving
sports performance, enhancing body composition,
and reducing sports injury rate and rehabilita-
tion time following injury. However, these poten-
tial beneficial effects of strength training remain
largely unproven for both the pre-adolescent
(Blimkie 1993a,b) and, with the exception of the
potential positive impact on injury rate and rehabili-
tation time, the adolescent. Strength training is also
a potentially risky activity in that it may induce tem-
porary or permanent musculoskeletal injury, and
have detrimental effects on cardiorespiratory fitness
and cardiovascular function. With appropriate tech-
nique instruction, and proper exercise prescription
and supervision, strength training does not appear
to be a particularly risky activity for either pre-
adolescents or adolescents in terms of injury, and
it seems to have no detrimental effect on either
cardiorespiratory fitness or blood pressure (Blimkie
1993a,b).

Whereas it may be an effective and relatively low
risk activity for most healthy children, strength train-
ing should be recommended cautiously, and then
only under close medical supervision and monitor-
ing for children with physical, mental, and med-
ical disabilities. Position statements or opinions
regarding the trainability of strength in children
and other closely related concerns have been pub-
lished by several professional bodies (Faigenbaum
et al. 1996; Washington et al. 2001; Lavallee 2002;
Strong et al. 2005). Because it is such a highly spe-
cialized type of exercise, strength training should
be recommended as only one of a variety of phys-
ical activities and sport pursuits for younger
children.

Lastly, a distinction must be made between
strength training and participation in the sports of
competitive and Olympic weight lifting and power-
lifting. Strength training, if performed under super-
vision and with appropriate technique instruction
and prescription of loads, can be an enjoyable
and relatively low-risk activity for most children.
However, competitive and Olympic weight lifting,
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Chronic pediatric conditions affecting
optimal neuromotor function & health

Neural Muscular  Skeletal
CNS injury Primary Primary
CNS disease Muscular dystrophy Osteopenia
Spinal cord injury N-M disorders (CP) Osteoporosis
Other Secondary Sftress fractures.
- - . Spinal abnormality
Obesity Eating Disorders Secondar
CV disease Malabsorphan disorders ary
- Arthritis
etc. Hemophilia Leukemia
HIV AIDS .
Burns Hemophilia
Asthma

Fig. 6.5 Summary of pediatric

conditions, diseases, or disabilities
that may be associated with
compromised muscle strength or
may benefit from strength training.

powerlifting, and body building may prove riskier
activities for children, and according to some pro-
fessional bodies should not be recommended for
pre-adolescents (American Academy of Pediatrics
1990; American Orthopaedic Society For Sports
Medicine—see Cahill 1988).

Strength training in special populations

Approximately 10-20% of the pediatric population
is afflicted with a chronic disease or disability that
may limit participation in physical activity, sport,
and even specialized exercise programs such as
strength training (Gortmaker & Sappenfield 1984).
Examples of subclasses of primarily neural, muscu-
lar, and skeletal conditions that may be associated
with compromised strength in children are pro-
vided in Fig. 6.5. Strength training may be a useful
and effective adjunct treatment in attenuating dis-
ease or disability progression in these conditions, in
the rehabilitation of muscle mass and strength to
more normal levels, and in many cases in the prepar-
ation of these children for participation in recrea-
tional or high level competitive sport. The rational
for strength training among the myriad conditions
afflicting children are summarized in Table 6.2.
They are as varied in terms of their goals as the con-
ditions themselves, and they are not solely targeted
for strength or muscle mass improvement.

With regards to the effectiveness of strength or
resistance training to improve strength, there is

Suboptimal neuromuscular or skeletal function

All may benefit from RT

ample evidence from adequately designed and
well-controlled clinical studies to support the
conclusion that strength training is effective in this
regard in children with cystic fibrosis (Selvadurai

Table 6.2 Summary of stated rational for incorporation of
strength training in selected published studies involving
children with a chronic medical illness, disease, or
disability.

Illness specific rationale for resistance training in pediatric
populations (past 10 years)

Neural
No studies to date

Muscular

To improve residual muscle strength: MD, CP, burns, AN

To slow disease progression: MD

To attenuate muscle loss & weakness: burns, AN

To improve performance of ADL: CP

To improve gait mechanics & efficiency: CP, obesity

To normalize strength asymmetry: CP

To increase LTM-metab. & improve BC: burns, AN,
obesity

To improve self-efficacy: AN, obesity, hemophilia

Skeletal

To decease risk of osteoporosis: AN

To normalize spinal alignment: CP, scoliosis

To stabilize & strengthen joint capsule: hemophilia
To increase activities of daily living: hemophilia

ADL, activities of daily living; AN, anorexia nervosa; BC,
body composition; CP, cerebral palsy; LTM, lean tissue
mass; MD, muscular dystrophy; RT, resistance
training—same as strength training.
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et al. 2002; Orenstein et al. 2004), cerebral palsy
(Blundell et al. 2003), obesity (Treuth et al. 1998a,b;
Lazzer et al. 2005), and those recovering from burns
(Suman et al. 2001). Regrettably, there are no pub-
lished data on the effectiveness or efficacy of strength
training among young disabled athletes. Experience
and anecdotal evidence, however, suggest that this
type of specialized training is routinely incorpo-
rated into training programs for sports preparation
by many young disabled athletes. Programs are
usually modified according to the physical con-
straints imposed by the disability, but in general
they are based on the same principles and appro-
aches used for able-bodied athletes. Clearly, more
research is required in this area to establish the
effectiveness and risks associated with this type of
training in these groups and to determine optimal
training regimens.

Strength training guidelines

The following guidelines are provided to ensure
the safety, effectiveness, and enjoyment of strength
training in a non-competitive recreational, fitness,
or sports context for children:

General guidelines

¢ Preclude physical and medical contraindications
e Provide detailed instructions, and demand
proper technique

¢ Warm-up with calisthenics and stretches

* Begin with exercises that use body weight as
resistance before progressing to free weights or
weight training machines

¢ Individualize training loads when using free
weights and training machines

¢ Train all major muscle groups, and both flexors
and extensors

* Exercise muscles through their entire range of
motion

¢ Alternate days of training with rest days, and do
not train more than 3 times per week

¢ When using free weights or machines, progress
gradually from light loads, high repetitions (>15),
and few sets (2-3), to heavier loads, fewer repeti-
tions (6—8), and moderate numbers of sets (3—4)

® Cool down after training with stretching exer-
cises for major joints and muscle groups

* When selecting equipment, check for durability,
stability, sturdiness, and safety

® Heed sharp or persistent pain as a warning, and
seek medical advice

Developmental considerations

* Encourage resistance training as only one of a
variety of normal recreational and sport activities,
especially during pre-adolescence

* Encourage using a variety of different training
modalities (e.g., free weights, springs, machines,
and body weight)

® Discourage interindividual competition, and
stress the importance of personal improvement,
especially during pre-adolescence

® Discourage extremely high intensity (loading)
efforts (e.g., maximal or near-maximal lifts with free
weights or weight machines), especially during pre-
adolescence

* Avoid isolated eccentric training until the latter
stages of adolescence

¢ Encourage a circuit system approach to capitalize
on possible cardiorespiratory benefits

e If using weight training machines, select those
that have either been designed for children or those
for which the loads and levers can be easily adjusted
to accommodate the reduced strength capacity and
size of the child

¢ Ensure experienced supervision, preferably by an
adult, when free weights or training machines are
used in training

Trainability of muscle power and
local muscle endurance

Much less information is available on the trainabil-
ity of muscle power and endurance in children and
adolescents compared with trainability of their
muscle strength. One reason for such a paucity of
information is that the equipment and protocols
needed for testing power and changes in power are
more complex than those available for strength test-
ing. While the latter requires measurement of force
only, the former calls for the simultaneous measure-
ment of force and velocity over time (Fig. 6.1).
Another difference between the study of muscle
strength on the one hand and muscle power and
endurance on the other is that the latter must
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include the analysis of anaerobic energy turnover,
in addition to mechanical and neurologic considera-
tions. In this section, muscle power denotes the peak
mechanical power generated by one or more muscle
groups over a brief period (e.g., 1-55), whereas
muscle endurance denotes the ability to sustain
high mechanical power over time (e.g., 30-60 s) (for
details of methods used for testing muscle power
and muscle endurance see Chapter 33 and Inbar
etal. 1995).

Effectiveness of training programs

In adults, numerous intervention studies have
demonstrated trainability of muscle power and
endurance, as reviewed by Skinner and Morgan
(1985) and by Inbar et al. (1995). Training regimens
have spanned various approaches, but the common
denominator has been the use of repetitions of
short-term (e.g., 5-30 s) activities such as cycling or
running at maximal or near-maximal intensity.
Cross-sectional comparisons among children
and adolescents have demonstrated higher muscle
power and muscle endurance among trained indi-
viduals than among untrained controls. An example
is a study of 13- to 16-year-old Chinese girls and
boys (Weijang & Juxiang 1988), which compared
performance in the Wingate anaerobic test (for
test description see Chapter 33) of track and field
athletes (n =47) with that of non-athletes (n = 126).
When expressed per kilogram of body mass, peak
power and mean power of the girl athletes were
21% and 28%, respectively, higher than in the
non-athletes. Somewhat lower differences (14% and
15%, respectively) were observed among the boys.
A similar pattern emerged when performance was
calculated per kilogram of lean body mass. While
the above differences could, in part, reflect a train-
ing effect, they could also result from preselection.
Few intervention studies assessed the trainability
of muscle power and endurance (for review see Bar-
Or 1989). Clarke and Vaccaro (1979) tested fifteen 9-
to 11-year-old American girls and boys before and
after a 7-months intense 4 times per week swimming
program. Fifteen girls and boys served as controls.
A combined score of pull-ups and push-ups served
as an index of arm and shoulder girdle muscle

endurance. As shown in Fig. 6.6, muscle endurance
increased more than 100% in the swimmers, but
not in the controls. To study the effects of sprint
training, Grodjinovsky et al. (1980) compared the
effects of sprint running (40 and 150 m) and sprint
cycling (8- and 30-s all-out bouts) in a 6-week, 3
times per week program on 11- to 13-year-old Israeli
boys. Using the Wingate test, peak power and the
mean power over 30 s (taken as muscle endurance)
increased by about 3-5% in the two training groups,
but not in the controls (Fig. 6.7). Such a small train-
ing effect may reflect the mild nature of the inter-
vention, which was held during a 10-15min
segment of regular physical education classes.
Indeed, a greater training effect was observed
when the program was more intense and pro-
longed: 10.2- to 11.6-year-old Israeli boys under-
went a 9-week (three 45-min sessions per week)
interval running program (Cadefeau et al. 1990).
Distances ranged from 150 to 600 m per interval.
As determined by the Wingate test, the program
induced a 14% increase in the peak power and 10%
increase in mean power. There were no changes in
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Fig. 6.6 Effects of a high intensity 7-months swimming
program on muscle endurance of 15 9- to 11-year-old girls
and boys. A combined index (mean and SEM) of push-
ups, pull-ups, and body mass was taken to represent the
endurance of the arm and shoulder girdle muscles. Both
the training and the control group included 13 girls and
two boys. After Clarke and Vaccaro (1979).
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Fig. 6.7 Effects of moderately intense 6-week sprint
running and sprint cycling programs on the leg muscle
endurance of 11- to 13-year-old boys. Total mechanical
work per kilogram of body mass during the 30-s Wingate
anaerobic test was taken as muscle endurance. Individual
data of 50 boys were divided into sprint cycling (filled
triangle), sprint running (filled dot), and control groups
(open box with dot in centre), each representing a whole
sixth grade class. The diagonal line denotes identity. After
Grodjinovsky et al. (1980).

muscle performance of a control group of boys,
matched for age and initial activity level. This
program was not specific for muscle power and
endurance, because it also yielded an increase in
maximal oxygen uptake and in 1200-m running
velocity. Such non-specificity may have resulted
from the relatively long duration (approximately 2
min) of the 600-m intervals.

Ingle et al. (2006) reported a significant but small
4.0-5.5% increase in anaerobic peak and mean
power, 40-m sprint running and vertical jump per-
formance in pre- and early pubertal boys following
a 12-week, 3 times per week combination of resist-
ance training and plyometrics. No changes were
observed in a control group. After 12 weeks of de-
training, the benefits in the intervention group were
lost. These studies show that a training program
involving short-term high intensity exercises may
improve muscle power and endurance in children.
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Fig. 6.8 Trainability of muscle power and endurance of:
(a) 12- to 13-year-old girls (n = 18); and (b) boys (n = 14),
who took part in a 7-month enhanced physical education
program. The program included six periods per week,
plus three European handball training sessions per week.
The highest 5-s pedalling rate represents peak power,
whereas the area under the curve reflects muscle
endurance. Open square, pretraining; filled square, post-
training. * P < 0.05; ** P < 0.01. From Grodjinovsky & Bar-
Or (1984).

Grodjinovsky and Bar-Or (1984) compared the
responses of 12- to 13-year-old Israeli girls and boys
to a 7-month program of six physical education
classes per week, plus three practices per week
of European handball. As seen in Fig. 6.8, this
non-specific program was accompanied by similar
increases in the anaerobic performance of both gen-
ders. Control girls and boys, attending two physical
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education classes per week, also had an increase in
performance, but less than the experimental groups.

More recently, the effects of a 13-week, twice per
week aerobic running program on muscle power
have been investigated in 10- to 11-year old boys
and girls (Obert et al. 2001). The training group
increased maximal power during a force—velocity
test (for details of the test see Chapter 33) by 23%
in absolute terms or 18% when related to fat free
mass, while the control group did not show any
changes. Furthermore, a series of recent studies
(Baquet et al. 2001, 2004) reported significant
increases in leg power (assessed indirectly by
performance improvement for the standing long
jump) among prepubertal children and adolescents,
following 7-10 weeks of maximal and supramaxi-
mal high intensity aerobic training, supporting the
idea that anaerobic performance is indeed trainable
across the pediatric age range.

As is true for other fitness components (Katch
1983), muscle power and endurance trainability in
children seems to depend on the fitness level prior
to the start of the training program. Docherty et al.
(1987) administered a three per week, 4-week pro-
gram to 12-year-old Canadian boys who had just
completed a competitive ice hockey or soccer
season. The program comprised all-out repetitions
of 20-s bouts of isokinetic activities with various
muscle groups, including 20 s cycling at high inten-
sity. Using a modified Wingate test, the authors
found no training induced differences in perfor-
mance. There are no data to indicate whether a simi-
lar regimen would have been more effective for
children who were not trained athletes.

Mechanisms for trainability of muscle
power and endurance

Conceptually, neurologic changes, as described above
for muscle strength trainability, can also explain
improvement in peak power and, possibly, muscle
endurance. However, there are no studies that have
analyzed associations between improvements in the
latter functions on the one hand, and EMG or MUA
on the other, in children or adolescents.

Some data link the improvement in anaerobic
power and muscle endurance to morphologic and

histochemical changes. In a longitudinal study of
11- to 13-year-old Swedish boys who participated in
a 4-year sprint training program (Jacobs et al. 1982),
the improvement in muscle endurance (50 all-out
repetitions of isokinetic knee extensions) was asso-
ciated with an increase in muscle cross-sectional
area, but without changes in muscle fiber-type com-
position. This study did not include a control group
to tease out the effects of growth per se. In another
uncontrolled intervention study, 15- to 17-year-old
Spanish girls and boys were tested before and after a
year of intense sprint, power, and strength training.
Biopsies of the vastus lateralis muscle revealed an
increase in the diameter of both type 1 and 2 fibers,
the proportion of type 1 fibers, and the content of
glycogen, as well as the activity of glycolytic (phos-
phofructokinase and primarily pyruvate kinase)
and oxidative (succinate dehydrogenase and amino
acid transferases) enzymes. Again, the lack of a
control group does not allow differentiation of
the contributions from growth per se from those
attributed to training. However, similar changes in
some muscle enzymes, as well as in muscle lactate,
have been shown in young adult Swedish men and
women following a 6-week “supramaximal” con-
trolled training program (Jacobs et al. 1987). This
suggests that an increase in glycolytic enzymes can
result directly from high intensity power training.
An increase in “anaerobic” substrates (creatine
phosphate, adenosine triphosphate, and glycogen),
as well as in phosphofructokinase, may result also
from a non-specific mix of aerobic and anaerobic
training, as shown for 11- to 13-year-old Swedish
boys (Eriksson et al. 1973).

In summary, there is some, albeit inconclu-
sive, evidence that an increase in glycolytic flux
is one factor that may contribute to training
induced changes in peak muscle power and muscle
endurance of children and adolescents. More
research is needed regarding the respective con-
tribution of enhanced muscle contractility and
other neurologic factors.

Challenges for future research

e Establish the minimal effective training load
(intensity, volume, frequency) required for signi-
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ficant strength, power, and endurance gains at
different stages of development.

e Establish the minimal effective training loads
for maintenance of strength, power, and endurance
gains at different developmental stages.

® Determine whether it is possible to induce
muscle hypertrophy with tolerable (without injury
and pain) resistance training programs during
pre-adolescence.

¢ Clarify the neurologic adaptations and establish
their relative importance and temporal sequence in
relation to strength, power, and endurance changes
with training and detraining at different stages of
development.

® Determine the degree, nature, and relative import-
ance of intrinsic muscle adaptations to strength,
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Chapter 7

Endurance Trainability of Children and Youth

KARIN A. PFEIFFER, FELIPE LOBELO,

DIANNE S. WARD, AND RUSSELL R. PATE

Regular participation in adequate amounts of moder-
ate to vigorous physical activity is a key component
of a healthy lifestyle and is known to protect against
many chronic diseases (World Health Organization
2005). Nonetheless, most adults in industrialized
nations do not participate in physical activity at re-
commended levels (Lindstrom et al. 2003; Centers for
Disease Control and Prevention 2005). While phys-
ical activity levels tend to be higher in children and
adolescents than in adults, numerous medical and
public health authorities have expressed concern
that many youth are less active than recommended
(Centers for Disease Control and Prevention 2004b).
In addition, it has been demonstrated that many
children and youth fail to meet health-related stand-
ards for physical fitness (Corbin & Pangrazi 1992;
Chatrath et al. 2002; Wedderkopp et al. 2004; Pate
et al. 2006).

The consequences of such inactivity and low
fitness levels are readily apparent in recent increases
in the prevalence of childhood obesity and type 2
diabetes mellitus and the appearance of cardiovas-
cular risk clustering (Steinberger & Daniels 2003;
Wedderkopp et al. 2003, 2004). For this reason and to
promote overall health and prevent chronic disease,
experts agree that all youth should be able to partic-
ipate in systematic exercise programs (Institute of
Medicine 2005). In general, experts have indicated
that these programs should be designed to accom-
plish two major goals: (i) in the short term, to enhance
physical fitness; and (ii) in the long term, to promote
adoption of a physically active lifestyle, which in
turn can be expected to maintain physical fitness
into and throughout adulthood (Telama et al. 2005).
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Although some children and youth are less active
than desirable, others participate regularly in organ-
ized sports. In addition, in recent decades organized
sport programs for children and youth have become
increasingly common. These programs also have
become increasingly competitive. Endurance sport
programs (e.g., swimming, distance running) for
youth have become quite popular, and often involve
long-term exposure to heavy training. Some experts
have raised concerns about the health consequences
of such a training regime, including risk of sport
injuries, overuse syndromes, and abnormal physio-
logic reactions (Bar-Or & Rowland 2004). However,
training itself does not appear to adversely affect
growth and maturation in young athletes (Malina
et al. 2004).

Because endurance exercise training is frequently
used with children and youth for the purpose of
promoting health-related fitness and for enhancing
sport performance, pediatric exercise scientists have
been interested in the physiologic adaptations that
result from the training process. In particular, scien-
tists have studied “trainability” (i.e., the extent to
which the physiologic markers of endurance fitness
change as a result of regular participation in endur-
ance exercise). Accordingly, the major purpose
of this chapter is to review the scientific literature
pertinent to trainability in children and youth. The
chapter also evaluates the extent to which research
directions proposed in previous reviews of this
topic have been addressed. These directions included
studying gender and maturational differences in the
aerobic trainability of youth, and changes in perfor-
mance measures and related physiologic correlates



after the training stimulus. Finally, the authors pre-
sent important directions for future research on this
issue.

Physiology of endurance exercise
performance

In the sport setting, exercise training is designed
to enhance exercise tolerance and ultimately to
improve sport performance. If a training program
succeeds in enhancing performance or health-
related endurance fitness, it is likely that it will do
so largely by enhancing one or more of the key
physiologic factors that are known to limit toler-
ance for endurance exercise. Therefore, it is logical to
begin a discussion of trainability with a brief review
of the physiologic determinants of endurance
performance.

Three physiologic variables, operating in combi-
nation, are thought to determine endurance exercise
performance (Sjodin & Svedenhag 1985; Pate &
Branch 1992). Maximal aerobic power, also described
as maximal oxygen consumption (Vo,, ), is the
greatest rate at which the individual can use oxygen
in the aerobic metabolic process. This is a key deter-
minant of endurance performance because endur-
ance exercise must depend primarily on aerobic
oxidation of carbohydrates and lipids (Maughan et al.
1997). Hence, the individual with the higher VoZmaX
is capable of a higher maximal rate of aerobic energy
expenditure (although it should be noted that this
maximal rate typically can be sustained for no more
than a few minutes without involving anaerobic
pathways of energy production).

The ability to sustain a high rate of aerobic energy
expenditure for a prolonged period of time is a func-
tion of Vo, and a second important physiologic
variable—lactate threshold. Lactate threshold is the
rate of aerobic expenditure at which the fatiguing
byproduct of anaerobic metabolism, lactic acid,
begins to accumulate in the blood. Lactate threshold
is often expressed as the percentage of the Vo,
at which it is observed (i.e., the relative exercise
intensity). This percentage varies markedly between
individuals, even among endurance-trained athletes,
which indicates that it is, at least partially, gen-
etically determined (Weston et al. 1999). Athletes
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typically perform long-duration sport events at
intensities approximating the lactate threshold, and
this performance Vo, is linked primarily to adapta-
tions in muscles resulting from prolonged endurance
training (Holloszy & Coyle 1984). Therefore, the
ability to sustain a high rate of aerobic energy
expenditure can be enhanced by increasing Vo, .,
thus setting up a higher limit for endurance exer-
cise, or by increasing lactate threshold, allowing a
better performance Vo, (Bassett & Howley 2000).

A third important physiologic variable, economy,
sets the ratio between the rate of aerobic energy
expenditure and the pace of endurance exercise.
Economy is typically quantified as the rate of oxygen
consumption observed at a specified movement
pace (e.g., running, cycling, or swimming speed).
The more economical an individual is, he or she will
be able to perform at a given speed with a lower rate
of oxygen consumption (and hence lower rate of
energy expenditure) than a less economical coun-
terpart. In adults, running economy is highly
correlated with endurance performance and, in
conjunction with lactate threshold, may be a better
indicator of running times than Vo, . values
(Bassett & Howley 2000).

Training enhances endurance performance by
increasing maximal aerobic power, lactate thresh-
old, and/or economy. Of the three, maximal aerobic
power is best understood, because its relationship to
endurance performance has been recognized for
longer and the biologic mechanisms explaining the
relationship have been studied in greater detail.
Several factors are thought to limit Vo, and have
been typically divided into those limiting the oxygen
transport to the muscles by the cardiorespiratory
system (central factors) and those constraints cre-
ated by the limits of aerobic enzyme activity and
the skeletal muscle environment (peripheral factors)
(Rowland 2005). The following discussion focuses
on the changes in maximal aerobic power that have
been shown to result from endurance training in
children and youth. It should be remembered that
training could enhance endurance performance in
at least some individuals by increasing lactate
threshold and/or economy. (For more details about
the development of maximal aerobic power during
childhood and adolescence, see Chapter 4.)
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Factors related to trainability of youth

Exercise scientists have been interested in the effects
of physical training on the functional capacity of
children and youth for over 75 years (Schwartz et al.
1928). Researchers have published several scientific
reviews on this issue (Vaccaro & Mahon 1987; Pate
& Ward 1990; Baquet et al. 2003; Bar-Or & Rowland
2004; Rowland 2005). In general, most concluded
that children and youth are physiologically adap-
tive to endurance exercise training, if the training
stimulus is adequate. Additionally, investigators
have identified several factors related to aerobic
trainability in children and youth.

Over time, the conclusions regarding aerobic
trainability and factors associated with trainability
of children and youth have not changed signi-
ficantly. Earlier reviews indicated that the following
major issues were of particular interest: trainability
of prepubescent youth; initial fitness values of
youth; and effects of growth and development.
Recent investigations have highlighted other topics,
including determination of underlying mechanisms
for training adaptations and effects of the interac-
tion between frequency, intensity, and duration
of training (i.e., dosage). In the past, researchers
hypothesized that prepubescent children may be
less adaptive to endurance exercise training than
older youth and adults. Results from recent studies
refute that hypothesis, indicating that an increase of
1-14% in Vo, is seen in prepubescent children
(Table 7.1). This is similar to the results from a meta-
analysis performed by Payne and Morrow (1993),
which cited an average increase in Vo, of 5%
in 23 endurance training studies of children.

It is well known that maximal aerobic power
tends to be relatively high in children compared to
adults (Rowland 2005). This may be a result of
genetic programming, and it may also be explained
by the fact that children tend to be more physically
active than adults (environmental factors) (Centers
for Disease Control and Prevention 2004a,b); how-
ever, there is no evidence to support a high correla-
tion between fitness and physical activity in
childhood (Morrow & Freedson 1994). It is difficult
to differentiate any effects that genes or environ-

ment may separately exert on aerobic trainability,
and it is difficult to quantify the combined effect of
genes and environment together. Regardless of the
source of potential effects, the typical child’s rela-
tively high baseline fitness level may tend to limit
his or her functional adaptation to training.

Children and youth, particularly at certain critical
periods, experience rapid growth and development.
These phenomena certainly operate as complicating
factors for scientists studying the physiology of exer-
cise in pediatric populations. This is because some
of the changes associated with growth and develop-
ment are also associated with exercise training.
Researchers have used allometric scaling in attempts
to attenuate the effects of growth on performance.
When allometry is used, comparison across studies
can be difficult because each population is likely to
require a different exponential factor for energy
expenditure values. Beyond this, it is possible that
trainability in children and youth may vary with
developmental status (Malina et al. 2004). It is also
possible that during certain developmental periods
children and youth are highly adaptive to training.
Based on the available evidence, it is not possible to
determine the impact of growth and maturation on
aerobic training. In any case, both growth and devel-
opment are factors to consider whenever exercise
training is studied in children and youth.

Several underlying mechanisms for differences in
training adaptations between children/youth and
adults have been proposed. Some of these differ-
ences were previously discussed (e.g., growth and
maturation). One variable that has received atten-
tion over time is arteriovenous oxygen difference.
An increase in Vozmax requires an increase in max-
imal cardiac output and/or maximal arteriovenous
oxygen difference. Bar-Or & Rowland (2004) noted
that maximal arteriovenous oxygen difference
already tends to be high in prepubescent children in
the absence of training. This observation led invest-
igators to theorize that the overall adaptation to
endurance training could be limited in children by a
“ceiling effect” in maximal arteriovenous oxygen
difference. Rowland (2005) recently suggested that
two other potential mechanisms for differences
in training adaptations between children and adults
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Table 7.1 Procedures and findings of high and moderate quality studies addressing the trainability of youth.

Change

Subjects Age (years)  Training stimulus VO, ax (%0) Reference
High quality
I: 20 boys 8-9 I1: 85% HRmax 11: 6.7%* Savage ef al. (1986)
C: 20 boys 12: 68% HRmax 12: 4.0%

All: 3 days/week* 10 weeks of C:<0%

walking, jogging, running
I. 23 girls 9-10 Cycle: 25 min Cycle: 10.0%* McManus et al. (1997)
C:7 girls Interval running: 15 min Sprint: 8.5%*

All 160-170 bpm* 3 days/week* C: <0%

8 weeks
I. 35 girls 10 Cycle: 25 min Cycle: 1.7% Welsman et al. (1997)
C: 16 girls Aerobics: 40 min Aerobics: 1.7%

All: 160-170 bpm* 3 days/week* C: 0%

8 weeks
L: 25 boys 10 Cycle: 20 min Intervals: <0%  Williams et al. (2000)
C: 14 boys Interval running: 15 min Cycle: 5.1%

Both 160-170 bpm* 3 days/week* C:0.1%

8 weeks
L: 11 boys 9-11 3 days/week 1: 20.0% Becker & Vaccaro (1983)
C:11boys 40 min at 85% HRmax* 3 days/week* C:10.0%

8 weeks of cycling
L. 27 boys 11-13 11: 91% HRmax 11: 10.9%* Massicotte & MacNab
C:9boys 12: 78% HRmax 12: 1.0% (1979)

13: 70% HRmax 13:3.0%

All: 12 min* 3 days/week* 6 weeks of C:<0

cycling
I: 9 boys 11-14 60-90 min at 75-97% Vo, . * I: 10.6%* Danis ef al. (2003)
C:9boys 3 monozygotic twins days/week* C:2.5%

24 weeks of running
L. 6 boys 11 Interval running* 2 days/week* E: 10.2%* Ekblom (1969)
C:5boys 26 weeks C:0.6%
I:20 obese youth 1316 5 days/week ) I: 14.0%* Mitchell et al. (2002)
C: 61 obese youth 30-45 min at 55-80% Vo, .. * C: <0%

5 days/week* 32 weeks of aerobic

training
L. 22 girls 15-17 5 days/week* 120 min* 5 weeks of Ex: 10.0%* Eliakim et al. (1996)
C: 22 girls running, team sports and aerobic C: <0%

dancing
L. 9 boys 18 4 min sessions at 90-95% HRmax* 1: 10.6%* Helgerud et al. (2001)
C: 10 boys 2 days/week* 8 weeks of interval C:0.2%

running
Moderate quality
I. 8 girls 4 915 m runs* 6 days/week* 54 weeks 1: 19.4%* Yoshisawa et al. (1997)
C: 8 girls C:8.3%
1: 20 5 I1:1to 3 days/week 11: 2.0% Yoshida et al. (1980)
C:10 12: 1 day/week 12:2.0%

All 28 weeks of running C:8.0%
I: 18 (8 girls) 8-11 Running/aerobics at 160-170 bpm* I: <0% Ignicio & Mahon (1995)
C:10 (4) girls 3 days/week* 60 mins* 10 weeks C:0.5%
1:26 8-12 Running at 75-80% VOZmax* I: 6.8%* Lussier & Buskirk (1977)
C:10 4 days/week* 10-35 mins* 12 weeks C:1.5%

Continued on p. 88
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Table 7.1 (Cont’d)

Change
Subjects Age (years)  Training stimulus VO, ax (%) Reference
I: 19 (10 girls) 10-11 Aerobic exercise at >80% HRmax* I Boys: 15.0%* Obert et al. (2003)
C:16 (7 girls) 3 days/week* 60—90 mins* 13 weeks I girls: 8.0%*
C Boys: <0%
C Girls: <0%
I: 35 (17 girls) 10-11 Aerobic exercise at >80% HRmax* I Boys: 4.2%* Mandigout et al. (2001)
C: 50 (22 girls) 3 days/week* 60—90 mins* 13 weeks I Girls: 8.5%*
C Boys: <0%
C Girls: < 0%
I: 26 (14 girls) 10-11 Stationary cycle at >80% Peak HR* I Boys: 1.3%* Tolfrey et al. (1998)
C:19 (9 girls) 3 days/week* 30 mins* 12 weeks [ Girls: 8.0%*
C Boys: <0%
C Girls: <0%
I: 14 boys 10-11 Interval running: 3 days/week* LI: 8.0%* Rotstein et al. (1986)
C: 14 boys 45 mins* 9 weeks C:2.0%
I: 13 boys 8-12 Continuous running at 70-80%* 1: 12.9%* Mahon & Vaccaro (1994)
C: 13 boys 15 mins Vo,, .. and interval running C: <0%
at90-100% Vo, * 15-35 mins*
3 days/week* 14 weeks
I: 5 girls 9-10 Swimming at 170-180 bpm* 1: 29.0%* Obert et al. (1996)
C: 9 girls 60—-90 mins* 5 days/week* 40 weeks C:0.8%
1: 20 (10 boys) 9-10 Running at 100-130% Max aerobic 1:9.0%* Baquet ef al. (2002)
C:33 (13 boys) speed* 10-20 s* 30 mins* C: <0%
2 days/week* 7 weeks
I: 12 boys 12 Aerobic exercise* 3 days/week* I: 10.0%* Williford et al. (1996)
C:5boys 15 weeks C:0%;
I: 31 (20 girls) 10-12 Endurance exercise* 25 mins* I: 5.4%* Rowland et al. (1996)
C:37 (24 girls) 3 days/week C:0%
I: 37 (24 girls) 10-12 Aerobic exercise at mean HR of I: 6.5%* Rowland & Boyajian
C:37 (24 girls) 166 bpm* 30 mins* 3 days/week* C: 0% (1995)
12 weeks
I: 8 boys 10-14 Running 100-800 m at 70-80% I: 7.5%* Mahon & Vaccaro (1989)
C:8Dboys V0, and interval running 10-30 m C:1.1%
at90-100% Vo,,,.* 4 days/week*
30 mins* 8 weeks
I: 8 girls 12-14 Running and bench stepping* I:16.2%* Eisenman & Golding
C: 8 girls 3 days/week* 14 weeks C: <0% (1975)
I: 12 boys 10,13, and Running, step bench and cycle 10 years Weber et al. (1976)
C: 12 boys 16 pairs of intervals* 4 days/week* 10 weeks 1: 19.0%*
twins C:6.0%
13 years
1:11.0%
C:10.0%
16 years
1:17.0%
C:2.0%
I: 12 girls 15 Swimming* 4 days/week* I: 16.1%* Stransky et al. (1979)
C:12 girls 7 weeks C:0%

High quality studies: Randomized design, accurate description of training stimulus, objective assessment of Vo,__ .
Moderate quality studies: Non-randomized design, accurate description of training stimulus, objective assessment

of VO,

* Statistically significant difference from the control group, based on reported data. )
I, intervention group; C, control group; HR, heart rate; bpm, beats per minute; C: <0% indicates a decrease in Vo, in the

control group.



may be increased plasma volume and cellular
aerobic capacity in the young population. Eriksson
(1972) and Eriksson and Koch (1973) have examined
both variables in a small number of studies.
However, very little information is available regard-
ing either variable, and it is too soon to comment
definitively. Investigating mechanisms of aerobic
trainability in children and youth is challenging,
and study protocols examining cellular level vari-
ables are not likely to pass easily through institu-
tional review boards.

Dosage of training is an important variable to
consider, yet it is difficult to differentiate the effects
of type, frequency, intensity, and duration of train-
ing. Even when researchers carefully control these
factors, there is considerable variation across studies.
Some studies have set an exercise dosage according
to percent of heart rate maximum or absolute heart
rate value, while others may set an exercise dosage
to percent of maximal aerobic capacity. Even if the
intensity is similar across studies, the duration of
training sessions (e.g., 30 vs. 40 min per session), fre-
quency of sessions (e.g., three vs. four per week),
type of exercise (cycling vs. running), or duration of
the exercise intervention itself (e.g., 8 vs. 12 weeks)
may differ. This makes it difficult to establish con-
crete conclusions regarding the effects of endurance
training by dosage.

Although the conclusions regarding aerobic
trainability and factors associated with trainability
have not changed much over time, some questions
that previously existed have not yet been answered.
In addition, new research continues to generate new
questions related to trainability and its related
correlates in children and youth. Future research
should focus on growth and development, physio-
logic mechanisms, and dosage in the area of child
and adolescent aerobic trainability.

Functional adaptations to endurance
training

In a previous review article (Pate & Ward 1990), the
authors examined trainability in children and youth
by applying a stringent set of criteria for inclusion of
primary research studies:

1 Use of a control group (random or pair-matched);
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2 Provision of a clear description of the training
protocol;

3 Application of physiologic measures as indicators
of training outcomes;

4 Use of appropriate statistical procedures; and

5 Publication in a peer-reviewed research journal.
In a chapter published in a previous volume of this
encyclopedia, The Child and Adolescent Athlete (Pate
& Ward 1995), more stringent inclusion criteria
were added, including use of:

1 Training protocol administered outside the phys-
ical education class setting;

2 Subjects with no known health problems; and

3 Endurance training without any supplementary
modes of training, such as weight-training.

Since 1996, scientists have expanded the body of
knowledge on trainability in youth. Thus, our inten-
tion for this chapter is to go beyond both earlier
reviews and draw conclusions about trainability
in youth based on the best research available. For
this review we categorized studies based on design
quality, and employed a rigorous search strategy to
identify articles. Studies included in the previous
chapter were published between 1969 and 1989
(Pate & Ward 1995). For this chapter we performed
additional literature searches in order to include
quality experiments published between 1990 and
2005. A literature review was conducted in the
electronic National Library of Medicine (PubMed)
using the subject’s age (0-18 years) and publication
date (1990-2005) limits. Search keywords included a
combination of MesH (physical fitness, physical
endurance, exercise) and non-Mesh (training, Vozmax)
terms. We also examined book chapters and articles
published in Pediatric Exercise Science. In the prepa-
ration of this chapter a total of 67 published studies
were reviewed, but studies that did not meet the
inclusion criteria were excluded from the set of
papers on which conclusions were based. This chap-
ter summarizes the available evidence regarding the
endurance trainability of children and youth, citing
29 studies published between 1969 and 2003.

The 29 studies included in this review are sum-
marized in Table 7.1. Studies were subdivided in
two categories based on their design quality. In the
first 11 studies, investigators randomly assigned
youth to control or exercise training groups,
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provided detailed and accurate descriptions of the
exercise stimulus implemented, and used objective
measures to detect changes in cardiorespiratory
fitness. These are considered “high quality” studies.
The remaining 18 studies were not randomized pro-
tocols and are considered to be of “moderate qual-
ity.” Most studies used only male subjects (12) or a
combination of males and females (11). Of the 11
“high quality” studies, 10 found a net increase in
VO, In the exercise-trained group(s) over the
control group, but only seven of those reported that
difference to be statistically significant. Similarly,
among the 18 “moderate quality” studies, 16 found
anetincrease in Vo, in the trained group(s) over
the control group and 15 reported that difference to
be statistically significant. The range of net increases
in VoZmax was large, extending from a high of 29.0%
(Obert et al. 1996) to a low of 1.0% (Massicotte &
MacNab 1979). The average net increase in Vo, .
across the 29 studies was 8.6%. The average net
increase in the “high quality” and “moderate qual-
ity” studies was 6.7% and 9.7%, respectively.
Differences in the net Vo, increase were seen
when studies were divided by training mode.
Upright exercise (running, sprint or interval train-
ing, aerobics) was associated with an 8.1% net
increase in Vo, ., while those using cycling (six
studies) or swimming (two studies) as the primary
exercise training stimulus showed a net increase in
VO, Of 6.8% and 22.6%, respectively. In one study
employing a running program, a greater increase in
VO, Was seen in the control group compared to
the two training groups (Yoshida et al. 1980).
Figures 7.1 and 7.2 provide graphic comparison of
intervention and control groups in terms of the
observed changes in Vo,, . as measured before and
after the training period. For the high quality group
of studies (Fig. 7.1), a total of nine comparisons
drawn from six studies are presented. For the mod-
erate quality group of studies (Fig. 7.2), a total of 11
comparisons drawn from eight studies are presented.
Studies that did not provide values for pre- and
post-training in both the intervention and control
groups are not included in either figure. A wide
range of variability exists in the degree of Vo, .
change after the training stimulus between studies

and within studies based on the exercise type or
dose of training. Overall, the high quality studies
showed a more consistent pattern of the effects of
training than those of moderate quality. This may be
related to heterogeneity in the groups of subjects
who participated in the randomized studies. Figure
7.3 provides a graphic comparison between genders
and by intervention vs. control status with respect to
the average change in aerobic power after the exer-
cise stimulus. These studies suggest that, in general,
boys and girls respond to endurance training pro-
grams in a similar fashion.

Measures of functional status other than Vo,
were used in only a few of the studies included in
this chapter. Four studies (Becker & Vaccaro 1983;
Mahon & Vaccaro 1989; Helgerud et al. 2001; Danis
et al. 2003) reported measures of lactate threshold
(LT) or its related correlate, ventilatory threshold
(VT). In all of them, the increases in LT or VT in the
training group(s) over the control group were much
larger than those observed for Vo, . (15-20% change
in LT or VT vs. 7-10% change in V02max)~ Other
studies measured physiologic variables in relation
to exercise training such as left ventricular function
(Mitchell et al. 2002), maximal arteriovenous oxygen
difference (Yoshisawa et al. 1997), and total energy
expenditure (Eliakim et al. 1996). Pure performance
measures (e.g., run times or distances; time to fatigue
at submaximal power outputs) are rarely used as
outcome measures in training studies with chil-
dren. In the present review chapter, only one study
(Ignicio & Mahon 1995) reported field performance
measures (run times) and, interestingly, these
investigators found significant changes after the
training program in the intervention group for run
times but not for Vo,, .. It is possible that our strict
criteria for selecting studies to be incorporated in
this review did not capture studies that used perfor-
mance measures as indicators of change in fitness
after exercise training. Because the purpose of the
training process is to enhance fitness (i.e., exercise
performance or tolerance), it seems logical to use
both physiologic and performance measures as out-
come variables because both reflect changes that
are mechanistically related to the improvement of
fitness.
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Fig. 7.1 Comparison of pre- to post-test changes in Vo, as observed in training and control groups in selected studies
of trainability in youth. High quality refers to the design rigor including randomization of the intervention. Data points
represent mean effect in each study; data from some studies that were considered high quality were not included in this
table because of unavailability of numbers to calculate changes in Vo, .. Studies are ordered from left to right based on
the participants’ ages (mean age for study 1 was 9.5 years and for study 6 was 18 years; exact ages for each study can be
found in Table 7.1). Mean change in Vo, for the intervention and control group were 6.7% and 0.8%, respectively.
Studies: 1, McManus et al. (1997); 2, Welsman et al. (1997); 3, Williams et al. (2000); 4, Danis et al. (2003); 5, Mitchell et al.
(2002); 6, Helgerud et al. (2001). A, cycle; B, sprint running; C, aerobics; D, interval training.
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Fig. 7.2 Comparison of pre- to post-test changes in Vo, _as observed in training and control groups in selected studies
of trainability in youth. Moderate quality refers to the design rigor excluding randomization of the intervention. Data
points represent mean effect in each study; data from some studies that were considered moderate quality were not
included in this table because of unavailability of numbers to calculate changes in Vo,, .. Studies are ordered from left to
right based on the participants’ ages (mean age for study 1 was 4 years and for study 8 was 10.5 years; exact ages for each
study can be found in Table 7.1). For studies 6-8, = males and ? = females. Mean change in Vo, for the intervention
and control group were 9.7% and 2.3%, respectively. Studies: 1, Yoshisawa et al. (1997); 2, Ignico and Mahon (1965); 3,
Obert et al. (1996); 4, Baquest et al. (2003); 5, Mahon and Vaccuro (1994); 6, Obert et al. (2003); 7, Mandigout et al. (2001); 8,

Tolfrey et al. (1998).
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Fig. 7.3 Comparison of pre- to post-test changes in Vo,
as observed in training and control groups by gender in
selected studies of trainability in youth. Mean change in
V0,4 fOT the intervention group in males and females
were 9.5% and 10.5%, respectively. Data are presented for
studies in which amount of change was provided in the
text of the manuscript or calculable based on information
presented in the manuscript.

Gender and developmental age

Over the past 15 years there has been a fivefold
increase in the number of training studies that
included female participants and presented their
data analyzed separately. In the 1996 chapter in the
encyclopedia, only two studies that met the strict
inclusion criteria reported data separately for female
participants (Eisenman & Golding 1975; Stransky
et al. 1979). In both cases the subjects were adoles-
cents in the 15-16 year age range, and in both stud-
ies Vo,, .. was observed to increase by 15-16% in
the training group. Although a very limited number
of studies were available, adolescent girls appeared
to be at least as adaptive to endurance training as
boys. Based on Fig. 7.3, it is evident that this conclu-
sion remains confirmed. Eleven studies reviewed
for this current chapter analyzed data from female
subjects separately. The age range of female partici-
pants was 4-17 years, with 10-11 years as the pre-
dominate age. Improvement at post-training ranged
from 0 (=0.02%) t0 29.0% (mean = 11.5 £ 8.2%).
Developmental age has often been hypothesized
as a factor that could affect endurance exercise train-
ability. Child development is typically divided into
three periods: (i) prepubescence; (ii) pubescence
(circumpubertal stage); and (iii) post-pubescence
(adolescence). The period of most rapid linear
growth (peak height velocity) is considered the best

marker of pubescence, with prepubescence and
post-pubescence falling before and after this period.
Unfortunately, no exercise training studies have
been designed to examine comprehensively the
trainability in children and youth in the three devel-
opmental stages. Also, most of the relevant studies
have used chronologic age, not developmental
status, as the basis for categorizing the subjects. The
available data from these studies do not indicate
periods of enhanced aerobic trainability during
childhood and/or youth (Figs 7.1 & 7.2). (For more
details about the relevance of developmental age to
fitness see Chapters 1 and 4.)

Conclusions

The overall conclusion of this chapter is that children
and youth are physiologically adaptive to endur-
ance exercise training. Specifically, it appears that both
male and female, prepubescent and post-pubescent
youth are trainable and that increases in Vo,
(with training) of approximately 5-10% are typical.
Children and youth are often exposed to endur-
ance exercise training for the purpose of promoting
their health and fitness. This can occur in the context
of school-based physical education classes or in
other settings. The conclusion that children and
youth are trainable indicates that, if the exercise
program meets the criteria for intensity, frequency,
and duration as applied in the available studies,
improvements in physiologic function and perfor-
mance should be attained. However, a word of cau-
tion should be added. In settings such as physical
education classes, a goal is to promote long-term
development of an active lifestyle while providing
for short-term enhancement of physical fitness.
Dealing effectively with both of these goals is a chal-
lenge because, with some children and youth, it is
difficult to provide the relatively heavy dose of exer-
cise needed to generate a training effect in a manner
that is enjoyable and psychologically reinforcing.
An increasing number of children and youth
participate in endurance sport competitions. The
conclusion of this review, when applied to the youth
sport setting, is that young athletes are trainable
and should manifest improved performance with
regular participation in endurance exercise. These



improvements would be above and beyond those
that are expected to occur with normal growth and
development. Unfortunately, few of the controlled
exercise training studies in children and youth
have used pure performance measures (e.g., run,
swim, or cycling time) as outcome variables.
Consequently, based on the available studies, it
is not possible to characterize the expected levels
of improvement in endurance performance that
should be expected with endurance training.

Challenges for future research

Many pertinent issues require further investigation.
1 Scientists should replicate the studies that have
examined, in a precise and well-controlled manner,
the effects of endurance training on Vo, in pre-
pubescent, pubescent, and post-pubescent boys
and girls (preferably using longitudinal design). Such
studies would provide an enhanced understanding
of the effects of developmental status and gender on
endurance trainability.

2 Future studies should include measures of lactate
(or ventilatory) threshold and economy and pure
performance measures such as distance run times.
Including these measures would improve the
understanding of relationships between endurance
training, Vo, ., and performance outcomes in chil-
dren and youth.
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3 More work is necessary regarding the underlying
mechanisms of aerobic trainability in children and
youth. Knowledge of these constructs (e.g., cellular
activity) would also assist in understanding the
effects of growth and maturation.

4 Scientists should conduct precise and well-
controlled studies of exercise dose. This type of
research would provide indications of potential
threshold or dosage effects for a desired training
response and will make comparison among studies
more feasible. Such studies would also indicate the
effects of subtle differences in frequency, intensity,
duration, and mode.

5 It is likely that physically active or athletic chil-
dren and adolescents have been participants in most
studies thus far, which may be a limitation in our
knowledge base (e.g., overweight or unfit children
or adolescents may respond differently to endur-
ance training than those of normal weight or
fitness). Future studies should involve representat-
ive samples whenever possible in order to broaden
generalizability.
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Chapter 8

Skill Acquisition in Childhood and Adolescence

ROBERT M. MALINA

Systematic instruction, practice, and training are
basic to youth sport programs and to athlete
development. Such programs are important for
several essential components of athletic perfor-
mance—general motor skills, sport-specific skills,
muscular strength, cardiovascular and muscular
endurance, and anaerobic capacity. Specific instruc-
tion, practice, and training for young sport part-
icipants are often discussed in the context of
trainability and two related concepts—readiness
and critical periods. This chapter initially discusses
the concepts of trainability, readiness, and crit-
ical periods, and then the perspectives of dynam-
ical systems and cognitive psychology in the
context of skill acquisition. It briefly reviews the
development of movement patterns and trends
in motor performance, and then addresses skill
acquisition.

Basic concepts

Trainability

Trainability refers to the responsiveness of an indi-
vidual to a specific instructional, practice, and/or
training stimulus. Two related but somewhat differ-
ent issues are relevant:

1 What are the responses of children and adoles-
cents to such programs?

2 How responsive are children and adolescents to
specific programs?

The responsiveness of children and adolescents to
such programs probably varies at different stages of
growth and maturation and behavioral develop-
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ment, and with different instructional and practice
environments.

The issue of trainability in the context of sport
has been discussed primarily for muscular strength
and aerobic power, and to a lesser extent anaerobic
power (Malina et al. 2004a). The approach is experi-
mental (e.g., the response of youth to progressive
resistance exercises at set loads two or three times
per week for several weeks, or training at 80%
VO, fOr 30-45 min, three or more times per week
for several weeks) (Malina & Eisenmann 2003;
Strong et al. 2005). The issue of trainability also
applies to the development of proficiency in general
and sport-specific motor skills (e.g., responses of
youth to instruction and practice protocols). The
issue of age- and/or sex-associated variation in
the responsiveness of youth to such protocols needs
consideration. Because the development of pro-
ficiency in skills depends to a large extent on feed-
back from teachers and coaches (e.g., corrective
statements or demonstrations by instructors, know-
ledge of results), the effectiveness of different
instructional and practice strategies needs evalua-
tion. These issues have received relatively little
emphasis in the context of youth sport.

Readiness

The concept of trainability is related to the concepts
of readiness and critical periods. Readiness relates
to the ability of the individual to handle success-
fully the demands of a structured learning situation
(e.g., specific instruction and practice of sport skills).
Discussions of readiness have been generally set in
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the context of school and some visual and perfor-
mance arts. The concept is implicit in youth sport,
specifically the readiness of a child to handle the
demands of a competitive sport and in some
cases selection for training in a sport at a relatively
early age.

Broadly speaking, readiness can be viewed as
including two components: the characteristics of
the child and the demands of the instructional or
practice setting. Readiness is the match between
characteristics and demands. Characteristics of the
child include his or her growth (size attained,
physique, body composition), maturation (timing and
tempo of progress towards the biologically mature
state), and developmental features (cognitive, social,
emotional, motor behaviors) at a given point in
time. Growth, maturation, and development occur
simultaneously and interact, and show consider-
able interindividual variability (Malina et al. 2004a).
Demands of instructional and practice situations
depend on many factors (e.g., the skill per se, the
style and quality of teaching or coaching, individual
or group activity, and general conditions).

Critical periods

The concept of critical periods implies the presence
of specific times during which a youngster may be
maximally sensitive to environmental influences,
both positive and negative, during growth and mat-
uration and the development of behaviors and
skills. It assumes that changes underlying growth,
maturation, and development occur rapidly during
a specific time period and that organizational pro-
cesses can be modified most easily at this time (Scott
1986; Bornstein 1989). Critical periods, if they can be
established with certainty, may thus represent times
of maximal readiness. Evidence dealing with the
application of critical periods to the development
of motor and sport-specific skills is limited and
not convincing (Anderson 2002; Haubenstricker &
Seefeldt 2002).

Nevertheless, the concept of critical periods
appears to be implicit in sport talent identification
and development programs (Bompa 1985, 1995;
Petiot et al. 1987; Hartley 1988). Such programs
include an initial phase beginning at about 6-7

years of age, especially in early entry sport—artistic
gymnastics, figure skating, and diving. Focus at
this time is on general skill development, especially
overall dexterity and coordination. There is a bal-
ance between general and sport-specific skills with
age during childhood, and focus on sport-specific
skill development (i.e., specialization) emerges dur-
ing the transition into adolescence. Procedures and
timing of screening for other sports vary, but the
underlying principles are similar. Early selection
criteria focus on motor performance, in addition to
body size and physique. Primary selection for sport
in Romania, for example, occurred at 3-8 years
for gymnastics, figure skating, and swimming, and
at 10-15 years in girls and 10-17 years in boys for
other sports (Bompa 1985). Selection of potential
rowers, basketball players, and weight lifters in the
former USSR and East Germany was not carried out
until after puberty (Hartley 1988).

Movement patterns and skills

The development of proficiency in movement
behaviors is a major developmental task of child-
hood. Discussion of skill acquisition and trainability
requires an understanding of motor development
and corresponding age- and sex-associated vari-
ation in outcomes of developmental processes. For
the sake of convenience, movement activities can be
viewed as patterns and skills. Pattern refers to the
basic elements of specific movement behaviors (e.g.,
walking, running, jumping, throwing patterns). It is
a global concept capturing general features of the
movement. Skill refers to the accuracy, economy,
and efficiency of movements and combinations of
movements as in sports skills. All children eventu-
ally learn to run, jump, throw, skip, hop, and so on;
however, all do not perform these movements with
the same degree of skill. As might be expected,
definitions of patterns and skill vary. Fundamental
movement patterns are occasionally described as
basic movement skills (Seefeldt & Haubenstricker
1982). The term skill may have a different meaning
applied to specific demands of a sport, for example,
“...skill refers to a player’s ability to select, organ-
ize, and execute an action, appropriate to a given
situation in an effective, consistent and efficient
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manner” (Williams et al. 2003, p. 198). In this con-
text, skill is different from technique, which is more
akin to a movement pattern.

Dynamical systems perspective

The framework that currently holds a dominant
position in studies of motor development, and to
some extent motor learning, is dynamical systems
(Thelen & Smith 1994; Lewis 2000). This approach
emphasizes the ongoing interactions between the
child, the environment, and the motor task.
Dynamical systems are complex and intercon-
nected, have many different components, and are
characterized by self-organization. Dynamical sys-
tems, as the name implies, continuously change;
they operate in different timescales and levels such
that there is variation in temporal-spatial patterns.
Behavior emerges from self-organization in the con-
text of constraints associated with the child, envir-
onment, and movement task, so that it is difficult to
describe emerging behaviors in advance.

Motor development and skill acquisition are thus
viewed as emerging from interactions between:

1 The child Performer: size, proportions, body com-
position, biologic maturation, cognitive abilities,
behaviors, etc.;

2 The environment Rearing atmosphere, opportuni-
ties, stimulation, object size in manipulative tasks,
instruction and practice, quality of adult instruction
and supervision, rules, etc.; and

3 The specific movement task.

The child, environment, and task are labeled con-
straints. Changes in the constraints per se and their
interactions function to guide the individual or
channel the motor system in the development and
refinement movement skills (Newell 1986). From
the perspective of understanding dynamic systems,
how can variance in skill acquisition be partitioned
among the performer, environments and task, and
interactions? To what extent does the structure of
variance change as skills become finely tuned or
approach expert levels?

Specific applications of dynamical systems con-
cepts to the development of movement patterns of
young children are somewhat limited. In an inter-
esting example, six 3- and two 7-month-old infants

were “trained” daily to step on a slowly moving
treadmill. The “training” resulted in improved step-
ping, and infants whose stepping behavior was
unstable at the start seemed to benefit more from the
practice on the treadmill. The results of this experi-
ment suggest that the developing motor system can
be influenced by “training” and that infants have
their own preferred stepping patterns which inter-
acted with the “training” on the treadmill (Vereijken
& Thelen 1997). The results were interpreted as indi-
cating that the neuromuscular pathway for stepping
is in place in infancy and that stepping emerges in
the context of practice on the treadmill. (For a more
detailed discussion of treadmill stepping in the con-
text of treadmill speed and coordination between
the legs during the first year of life see Thelen &
Ulrich 1991.) The dynamical systems approach to
the transition from independent walking to running
has been applied to four children observed at about
6, 8, and 10 months after the onset of independent
walking and then at 3 years of age (Whitall &
Getschell 1995; see also Whitall & Clarke 1994).
Changes in control parameters or constraints were
described (stride characteristics: length, time, velo-
city, center of mass, intralimb coupling, and knee
and ankle actions). With the exception of intralimb
coupling, all parameters showed continuous change.
Although interesting, the results are limited to small
samples, are largely descriptive and basically qual-
itative, and indicate a need to include other potential
control parameters associated with the child and the
environment.

Specific instruction and practice represent a
manipulation of environmental constraints in an
effort to channel a motor behavior into a finely
tuned, controlled system (i.e., skill). Motor develop-
ment and skill acquisition are thus the outcome of
the interaction of the growing and maturing child,
demands of specific motor tasks, and the environ-
ment. Child-environment interactions are most
often viewed in the context of changing body
dimensions and proportions (body scaling) and
improving levels of motor competence (action scal-
ing). Body size, proportions, and composition
change as the child grows, and levels of motor
proficiency change as the child develops. These
influence the nature of the interactions between the
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child and his or her environments. Children are
themselves dynamic beings, who, as they learn to
behave within their respective cultures, become
capable of making decisions on how they interact
with the environment even when presented with
specific environmental opportunities or stimula-
tion. The child’s perceptions of the environment in
the context of his or her abilities are related but
important factors affecting motor development that
are not ordinarily considered.

Cognitive psychology perspective

In contrast to dynamical systems, most of the litera-
ture on motor skill acquisition is derived from cog-
nitive psychology. The literature is to a large extent
laboratory based and experimental, and is limited to
non-sport skills (e.g., tracking and aiming tasks,
joy stick manipulation and lever displacement,
juggling, ball tossing, stabilometer, and assorted
manipulative tasks). Focus of studies is on different
aspects of the learning process; for example, motiva-
tion, instruction, and practice protocols (distribu-
tion of sessions, whole versus part instruction),
speed—accuracy trade-off, mental practice, imagery,
intertask transfer, bilateral transfer, information
processing, feedback and knowledge of results,
associated cognitive skills (e.g., perception, atten-
tion, memory) (Singer et al. 2001; Magill 2004).
Moreover, the vast majority of the research is con-
ducted on adults, especially college age students.
Detailed consideration of specific issues related to
skill acquisition is beyond the scope of this chapter
(Magill 2004).

Development of basic movement
patterns

During the preschool years and extending into mid-
dle childhood, children develop competence in a
variety of basic or fundamental movements. These
are the foundation upon which other movement
patterns, skills, and sport-specific skills are built.
The temporal, spatial, and sequential elements of
several basic movement patterns as they develop
during childhood have been described. The specific
elements for each fundamental movement have

been summarized in a sequence of stages or
steps from an immature to a mature pattern. The
definition and delineation of stages are to some
extent arbitrary as they are superimposed on an
ongoing process of development, which is not nec-
essarily continuous. There is considerable inter- and
intraindividual variability. Some children may
show relatively long periods of stability or minimal
change followed by a burst of progress; others may
regress to less mature stages before progressing to a
more advanced stage; and still others may show
seemingly continuous progress.

Although stages are somewhat arbitrary and
have limitations, they have facilitated the observa-
tion and understanding of the motor development
of young children and have provided insights
into the understanding of movement patterns. The
development of nine fundamental movement pat-
terns has been described for children in the mixed-
longitudinal Motor Performance Study at Michigan
State University (Roberton 1982, 1984; Seefeldt &
Haubenstricker 1982; Wickstrom 1983; Hauben-
stricker et al. 1999; Payne & Isaacs 1999; Haywood &
Getchell 2001). Ages at which 60% of children met
the criteria for specific developmental stages for
each of the nine fundamental motor patterns in the
Motor Performance Study are shown in Table 8.1.
Development apparently progresses rapidly during
early childhood and continues well into middle
childhood for some movement patterns. Boys tend
to attain each stage of overhand throwing and kick-
ing earlier than girls, whereas girls tend to attain
each stage of hopping and skipping earlier than
boys, which may be related to perceptions of the cul-
tural appropriateness of activities that involve these
movement patterns. The attainment of early stages,
especially stages 2 and 3, of the other fundamental
skills (running, jumping, catching, and striking)
shows considerable similarity between boys and
girls, but there is more variation between boys and
girls in ages at which the final or mature stages are
attained. For example, girls attain the final two
stages of catching earlier than boys, although they
do not differ in ages at attaining the earlier stages. In
contrast, the difference between boys and girls for
attaining the mature form of the standing long jump
is small.
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Table 8.1 Estimated ages (months) at which 60% of children attained defined stages performed for several fundamental
motor skills in the Motor Performance Study at Michigan State University. The number of stages from immature (Stage 1)
to mature varies for each skill. The last stage indicated is the mature stages; other stages indicate intermediate levels. The
data were provided by courtesy of Dr. Vern Seefeldt, Michigan State University (see also Seefeldt & Haubenstricker 1982).

Stages
1 2 3 4 5

Fundamental skill Boys Girls Boys Girls Boys Girls Boys Girls Boys Girls
Run 23 20 27 25 40 40 51 62 - -
Standing long jump 23 24 47 48 76 76 117 120 - -
Overhand throw 10 10 40 44 45 56 50 73 63 102
Hop 34 28 46 41 64 58 90 86 - -
Skip 59 56 65 63 78 70 - - - -
Catch 24 23 41 40 51 50 73 61 80 77
Strike 24 23 32 34 44 46 88 101 - -
Kick 22 20 40 47 56 73 90 99 - -

Variation in the intervals between ages at the
attainment of specific stages for the fundamental
movement patterns should be noted. For example,
the intervals between each of the four stages
of jumping are quite large, whereas the interval
between stages 3 and 4 for striking appears to be
quite large compared with those between stages 1
and 2, and 2 and 3 (Table 8.1). Variation in intervals
between stages is both real (i.e., inter- and intraindi-
vidual variation in the timing of mastery of each
stage of a specific movement pattern) and method-
ologic (i.e., the time between observations in a longi-
tudinal series), or the defined changes from one
stage to the next may be too great or the stage
demands may be too difficult. The stages of move-
ment pattern development during childhood need
to be addressed in the context of several questions
(Malina et al. 2004a), but one is of particular
relevance to the current discussion. What is the
influence of specific instruction and practice, adult
modeling, and/or entry into a sport on progress
through specific movement patterns and their inte-
gration into more complex movement sequences?

Mature patterns of most fundamental movements
are ordinarily attained by 6-7 years in 60% of the
children in the Motor Performance Study (Table
8.1), although some are not attained until later (e.g.,
standing long jump in both sexes, overhand throw
in girls). However, 40% of the children have not

attained the specific developmental levels by these
ages. In other words, many 6- to 9-year-old boys and
girls have not developed sufficient motor control
to successfully accomplish the mature patterns of
fundamental movements.

Motor performance

The development of proficiency in basic movement
patterns is accompanied by improved levels of per-
formance which are routinely quantified in tasks
performed under standardized conditions; for
example, the distance or height jumped, the dis-
tance a ball is thrown, the time elapsed in complet-
ing a 30-m dash (speed) or a shuttle run (speed and
agility), or sport-specific skills; for example, time
elapsed while dribbling a soccer ball, accuracy of
baseball pitches, football (American) passes or soc-
cer passes. In sports where the body is projected,
as in gymnastics and diving, outcome measures
are ratings of judges and as such have a degree of
subjectivity.

Performances on some standardized tests are often
introduced as early as 3-4 years of age although
many children may not have sufficiently mature
movement patterns to perform the task as described
in the test protocols. Allowing for these caveats, per-
formances of children aged 3-6 years on standard-
ized tests of motor proficiency tend to improve, on



SKILL ACQUISITION IN CHILDHOOD AND ADOLESCENCE 101

average, more or less linearly with age during
early childhood and there is considerable overlap
between boys and girls. Performances continue to
improve with age through childhood. Although,
on average, boys tend to perform better than girls,
there is considerable overlap between the sexes. The
improvement with age during middle childhood
is largely the result of growth (e.g., changes in
size, proportions, body composition) and general
use and activity (experience). With the onset of
adolescence, the performances of boys improve
considerably, while those of girls improve to about
13-14 years of age and then level off or improve
only slightly. Performances during adolescence are
influenced by individual differences in the timing
of the adolescent growth spurt in height and other
body dimensions and growth spurts in motor abil-
ities (Malina et al. 2004a). Although data that span
adolescence are limited to boys, performance in the
vertical jump (power) shows peak gains, on aver-
age, after peak height velocity (PHV), while perfor-
mance on a shuttle run (speed and agility) and plate
tapping (speed of arm movement) show peak gains
before PHV (Beunen et al. 1988). Observations from
a short-term mixed-longitudinal study suggest sim-
ilar trends in peak gains for the standing long jump
and medicine ball throw (power) and the shuttle
run in boys and the standing long jump in girls.
However, other observations in this short-term
study are not consistent (e.g., a peak gain after PHV
for the shuttle run and no peak in the medicine ball
throw in girls) and no clear pattern for a 40-m dash
during the interval of PHV (Heras Yague & de la
Fuente 1998).

Trainability of motor skills

Improvement of motor skills in general and sport-
specific skills is often a primary objective of youth
sports programs ranging from those at the commu-
nity level to more advanced sports schools and
academies that ordinarily focus on a single sport.
Improvement in sport skills is also a major motiva-
tion of children and adolescents for participation in
sport. Given the importance placed upon skill
acquisition, improvement, and refinement in youth
sports programs, it is somewhat surprising that the

literature in the area that deals with children and
adolescents is not more extensive.

Early skill acquisition

Most neural structures are near adult form and most
fundamental movement patterns are reasonably
well established by 6-8 years of age (Malina et al.
2004a). It might be expected therefore that these
ages would be ideal for specific instruction and
practice in the basic motor skills. Children refine
established motor patterns and learn new motor
skills and sequences of skills as they grow and
mature with the experience and practice associated
with everyday activities. Specific instruction and
practice experiences such as those associated with
developmental programs (e.g., preschool gymnas-
tics) and with some youth sports are additional
factors in the development and refinement of
movement patterns and skills.

Although the vertical jump is a basic movement
pattern common to many sports, development of
the standing long jump has received more attention
(Wickstrom 1983). Children 2-3 years of age will
attempt a vertical jump, but with little success.
However, if provided with an overhead target, the
children will perform a vertical jump, albeit with
considerable inter- and intraindividual variability
in jumping patterns (Poe 1976). With age and prac-
tice during early childhood, the vertical jumping
pattern improves as reflected in a deeper prepara-
tory crouch, a more forceful arm lift or thrust
(upward instead of out to the sides), and more
extension at take-off and when in flight (Poe 1976;
Wickstrom 1983).

Evidence indicates that planned instructional
programs can enhance the development of basic
movement patterns in children 4-5 years of age
and more complex skills in older children. Guided
instruction by specialists, trained parents, or qualified
coaches, appropriate motor task sequences, and
adequate time for practice are essential components
of successful instructional programs at young ages
(Haubenstricker & Seefeldt 1986).

Overhand throwing is a skill that has historically
received considerable attention in the context of
instruction and practice at young ages. Specific
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practice of the throw for distance resulted in
little improvement in children aged less than 5
years and significant improvement in children 5-7
years of age (Dusenberry 1952). A combination
of instruction and guided practice contributed to
improvements in throwing distance and velocity of
kindergarten children (Hanson 1961), whereas
other observations with kindergarten children indi-
cated no effect of practice on throwing velocity
(Halverson et al. 1977).

Generally, similar results have been reported for
the standing long jump with specific practice pro-
grams in young children (Sparks 1950; Dusenberry
1952). A guided instruction program resulted in
improvements in the movement patterns for the
standing long jump, soccer kick (volley), and ball
bounce in preschool children (Werner 1974). Other
data suggest similar improvements in motor pro-
ficiency of preschool children with guided instruc-
tion provided by motor development specialists
or trained parents (Miller 1978).

The studies summarized in the preceding discus-
sion were conducted prior to the emergence of the
dynamical systems perspective. More recent studies
have applied dynamical systems concepts to the
development of the overhand throwing pattern,
highlighting variation in constraints. For example,
a basic motor skill intervention program with
preschool children 4.5 years of age resulted in
improvements in specific components (e.g., trunk
rotation, elbow-humeral flexion, stride) of the
throwing pattern (Goodway et al. 2005). Of interest,
boys attained a more advanced throwing profile
than girls, suggesting perhaps sex differences in
response to the motor intervention program.
Features of the overhand throwing pattern (e.g.,
linear and angular velocities of the trunk, trunk
tilt, and stride characteristics) and ball velocity
varied by developmental level and were identified
as “important kinematic constraints” (Stodden et al.
2005). The results and technology of these more
recent studies complement the earlier studies in
showing that systematic instruction and practice
favorably influenced components of the over-
hand throwing pattern in kindergarten chil-
dren (Hansen 1961; Halverson & Roberton 1979).
Advances in technology permit better definition of

“constraints” which are modified by the instruction
and practice.

Overall, evidence indicates a beneficial role for
instruction and practice on skill acquisition in early
childhood and during the transition into middle
childhood (about 3-7 years). More data are neces-
sary in this area, and other variables need considera-
tion, especially those related to environmental
constraints. For example, the role of parental, sib-
ling, or peer modeling in the development of motor
proficiency merits consideration given the amount
of time that these individuals spend with each other
in a variety of settings and activities.

Motor skill acquisition during childhood and
adolescence

There is relatively little systematic information on
the role of specific instruction and practice in sport
skills at these ages. The responsiveness of children
and adolescents to instruction and practice associ-
ated with school physical education programs pro-
vides some general insights. Improvements in a
variety of motor abilities are generally associated
with physical education programs, although there is
variation among studies (Vogel 1986). Motor abil-
ities evaluated included agility (shuttle run, obstacle
course), power (standing long and vertical jumps),
speed (dashes), balance (stabilometer, stork stand),
and a variety of manipulative skills (ball throw, ball
handling, basketball foul shooting, volleyball wall
volley and serve).

Studies of strength/resistance training occasion-
ally include motor performance items. For example,
three groups of girls aged 7-19 years trained (three
times per week for 5 weeks) in isometric knee exten-
sion, vertical jumping, or sprint running (Nielsen
et al. 1980). Responses were specific to the type
of training, particularly for isometric knee exten-
sion and vertical jumping, whereas responses to the
sprint running protocol were small. However, girls
who trained in isometric knee extension made
significant gains in vertical jumping and run accel-
eration, while those who trained in vertical jumping
made significant gains in knee extension strength
and run acceleration. Gains in run acceleration asso-
ciated with run training, on the other hand, were
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negligible; corresponding gains in knee strength
and the vertical jump associated with run training
were relatively larger. Although maturity status
and size of the girls was not controlled in the ana-
lysis, shorter (<155 cm) and younger (<13.5 years)
girls made relatively greater domain-specific gains
in isometric knee extension strength and the vertical
jump, but not in acceleration of sprint running.

These observations have implications for the
transfer of gains with one mode of training to other
aspects of performance. In boys aged 6-11 years,
14 weeks of resistance training were associated with
improvements in the vertical jump (Weltman et al.
1986), whereas in boys and girls aged 7-12 years,
8 weeks of strength training were associated with
negligible changes in the vertical jump (Faigenbaum
et al. 1996). The variable results may be related to
difficulty in partitioning the effects of a training pro-
gram from expected changes associated with normal
growth. Given the age range of the samples, they
also indicate a need to consider age per se and body
size, and perhaps other characteristics in analyses of
changes in performance associated with training.

With few exceptions, most of the experimental
data set within the framework of cognitive psycho-
logy relates to relatively simple and discrete move-
ment skills in young adults. Many of the studies
focus on speed and accuracy of movements or pro-
jected objects under different experimental condi-
tions. Interest in the speed-accuracy trade-off in
motor skill acquisition has a long history in psycho-
logy (Malina 1972; Magill 2004). Baseball pitching
requires the ability to throw the ball with high
velocity and accuracy in addition to the ability to
modify velocity and maintain accuracy. Similarly,
fielders must be able to throw the ball with a high
degree of accuracy (to a fielder at a specific base),
although the required velocity may vary with posi-
tion, distance, game situation, and so on. Football
(American) quarterbacks routinely throw an oval-
shaped ball (with rather sharply pointed ends) with
a high degree of accuracy and with variable velo-
city, depending on distance and game situation, to a
moving target (receiver). Soccer requires accurate
and forceful passes and shots on goal. Other projec-
tion skills such as golf putting place a premium on
accuracy.

The influence of different feedback (knowledge of
results, KR) conditions on the speed and accuracy of
a thrown baseball in 14- to 16-year-old boys is an
example of the application of the experimental
approach to a sport-related skill in youth (Malina
1969). After an initial test, four randomly assigned
groups practiced (20 throws per session, three times
per week for 4 weeks) under different feedback con-
ditions: speed only, accuracy only, speed and accu-
racy, neither. The groups that received speed KR
improved in throwing velocity while the groups
that did not receive speed KR showed an initial
decline in velocity followed by moderately stable
albeit reduced levels. The groups that received accu-
racy KR maintained stable levels of accuracy during
the first half of the practice program and increased
in accuracy during the second half of the program.
The groups that did not receive accuracy KR
declined markedly in throwing accuracy during the
first three sessions, followed by variable levels, and
then a gradual improvement (although not reaching
pre-test levels) in accuracy during the final part of
the practice program. The final test actually repre-
sented a restoration of KR for three of the groups,
and each responded to the restored KR with
increased performances in the respective variables
compared with the last (12th) practice session.
Observations on the group that received both speed
and accuracy KR suggested that the boys experi-
enced difficulty combining the KR effectively early
in the practice protocol when speed improved and
accuracy was relatively stable. As practice con-
tinued, the boys apparently learned to combine
both factors effectively into the throw and showed
improvement in accuracy with a moderately stable
velocity.

As with any sample of adolescent boys, there was
considerable variation in body size and proportions.
Unfortunately, these were not considered in the
analysis. Spatial ability, based on a paper and pencil
test, was significantly related to throwing accuracy
in this sample (Kolakowski & Malina 1974). Accuracy
was scored in five dimensions (Malina 1968): con-
centric circle score, horizontal direction (differen-
tiating right from left of the center), horizontal
deviation (absolute distance from the center in
either direction), vertical direction (differentiating
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above from below the center), and vertical deviation
(absolute distance from the center in either direc-
tion). Spatial ability was related to accuracy scored
as vertical deviations and concentric circle scores.
Controlling for vertical deviation accuracy eliminated
the association between spatial ability and concentric
circle accuracy; however, the converse was not true.
What is the relevance of vertical deviation accuracy
and spatial ability? Vertical deviations on an upright
target would translate into skill and judgment with
respect to distance if the target was laid on the
ground (i.e., under- or overshooting the target).

Accuracy and trajectory of passes to ground level
targets in soccer (i.e., players some distance away
from the passer) present a situation that requires
both kicking skill and judgment with respect to
distance. The accuracy of a specialized kick under
three conditions: full vision, and no vision following
ball contact with and without KR, was considered in
two experiments, one with skilled soccer players
only and the other in which novice, intermediate,
and skilled players were compared (P. Ford, N.J.
Hodges, A.M. Williams, S.J. Hayes & N. Smeeton,
2005, personal communication). The task required
the young adult subjects to kick the ball over a
height barrier to a near or far target on the ground.
The accuracy of skilled players did not differ under
conditions with and without visual information
(experiment 1). The accuracy of skilled players mea-
sured as radial error relative to the target was better
compared with novice and intermediate level play-
ers (experiment 2), and withholding of vision of ball
flight resulted in a decline in accuracy of the kick.
Dependence on vision of ball trajectory was greater
in less skilled players. The decline in accuracy when
vision of ball trajectory was removed was associated
with reduced variation in knee—ankle coordination.
Although limited to young adults, the evidence
indicates an important role for information of ball
trajectory on kicking accuracy among individuals of
different skill levels. Ball trajectory information was
important for novice and intermediate level, but not
for skilled soccer players. It may be inferred from
this and other similar studies (e.g., Beilock et al.
2002) that different instructional and practice strate-
gies are needed for individuals at different stages of
the learning process for specific skills.

Three stages in acquiring a skill are commonly
recognized (Williams et al. 2003, based on Fitts &
Posner 1967): cognitive, associative, and autonomous.
In the first stage, the basic mechanics of the perform-
ance of a skill are learned, and conscious evaluation
and information processing are primary. With the
establishment of the basic mechanics, issues related
to methods of improving performance highlight the
associative stage. Variability declines and consist-
ency characterizes performance as the individual
progresses through the second stage. In the final
stage, the essentials of the skill are in place and per-
formance becomes largely automatic or autonomous;
the individual performs the skill either without think-
ing or with a different manner of thinking compared
to the novice (Williams et al. 2003).

General guidelines for instruction in soccer skills
in the framework of the three stages of the learning
process are summarized in Table 8.2. They highlight
the needs of learners at different stages of the sport
skill learning process (Williams et al. 2003; see also
Williams & Hodges 2005). Individual differences in
age, si