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Foreword

Physical inactivity is one of the biggest public health problems of
the 21st century. Modern society has been busy engineering human
energy expenditure out of life for decades. It is possible for many
people to spend most of their time sitting and living at a very low-
energy expenditure. Most people spend far fewer calories in house-
hold maintenance, at work, during leisure time, and in most other
lifestyle activities than people did several decades ago. To address
this serious problem we need initiatives in many sectors of soci-
ety, including worksites, education, environmental planning, and
governmental initiatives. Clinical medicine is an area where much
more attention must be given to encouraging more physical activity
for patients. There is a major initiative called Exercise Is Medicine,
which was started in 2007 by the American Medical Association
and the American College of Sports Medicine. Many other scien-
tific and clinical organizations have joined the effort, and the pro-
gramme now exists in dozens of countries around the world. Much
of the early efforts have focused on getting physicians to do more
patient counselling about exercise. Most of the effort has been for
adults, but clearly children and adolescents are also susceptible to
the aspects of modern society that have made it easier and more
attractive to sit, rather than move.

Professors Armstrong and van Mechelen have not only focused
on incorporating exercise into medical counselling in paediatric
settings, but also on providing a comprehensive resource for clini-
cians and scientists teaching and researching in paediatric exercise
science and sport medicine. The first two editions of their book
have been very informative and influential, have received excel-
lent reviews, and have been widely used. The new edition includes

17 new chapters on emerging topics of importance to the under-
standing of exercise and health in young people. The prior chapters
in the book have been completely rewritten, and include the latest
information on the wide variety of topics. The editors have retained
a great majority of the international experts who wrote chapters
in the previous editions, and there also are several new authors
who have made numerous contributions to the various scientific
areas on which they focus. I am extremely impressed with the
overall expertise of the authors, who are an outstanding group of
top-quality scientists in the multiple topics addressed in the book.
I do not think it would be possible to assemble a more high-quality
group of experts on these topics. They present the latest evidence-
based research on a wide variety of issues.

Professors Armstrong and van Mechelen are exceptional sci-
entists who have made many important contributions to physical
activity and exercise science and medicine. They have addressed
a wide variety of topics investigated by their research groups,
and have publication records that are matched by few exercise
scientists.

The chapters in this edition of Children’s Sport and Exercise
Medicine are all up to date and supported by strong evidence-based
research. There are extensive important references in each chapter,
and each chapter ends with a bulleted summary of the key points.

Dr Steve Blair

Professor (Retired)

Arnold School of Public Health
University of South Carolina






Preface

The first two editions of Paediatric Exercise Science and Medicine
were welcomed by international reviewers as volumes which offered
‘state of the art] evidence-based coverage of the topic by recognized
leaders in the field. In the Preface to the first edition we referred
to ‘this emerging discipline’ and in the Preface to the second edi-
tion we commented on the ‘dramatic increase in published research
focusing on the exercising child and adolescent. Since publication
of the second edition, experimental techniques initially pioneered
with adults and new non-invasive technologies have been success-
fully developed and modified for use with children. The recent
emergence of molecular exercise physiology has unlocked new ave-
nues of research and knowledge in paediatric exercise science and
medicine. The discipline is now well-established internationally,
numerous professorial appointments have been made in interna-
tional universities, postgraduate and postdoctoral research activ-
ity is flourishing, and publications in the field are growing at an
ever-increasing rate. The material presented in the second edition
is approaching the 10 years mark, and in a rapidly developing disci-
pline it requires regular updating, refreshing, and re-appraising in
the light of recent developments.

This edition has retained the ethos of previous editions. Each
comprehensively referenced chapter critically analyses the research
literature, establishes what we know, and identifies gaps in our
knowledge. Where appropriate, chapters examine how recently
developed experimental techniques, technologies, and methods of
interpreting data have provided new insights into understanding
the physically active child and adolescent. Contributors are inter-
nationally recognized experts in their field and they draw upon
their own research to enrich the text and to inform and challenge
readers. Chapters are cross-referenced to promote access to com-
plementary material and each chapter ends with a bulleted sum-
mary and extensive reference list to support the rapid identification
and further study of key issues.

Millions of young people enjoy and benefit from physical activity
and sport participation and it is estimated that in England ~80% of
youth partake in competitive sport each year. International organi-
zations, such as the International Olympic Committee (IOC), are
devoting resources to support the optimum development of the
young athlete, as evidenced by the initiation of the Youth Olympics
and the IOC investment in a series of Consensus Statements on
youth athlete development, health of the youth athlete, and train-
ing elite young athletes. However, winning margins in elite-level

sport competitions are small, and financial and other rewards for
success are extremely large. Therefore, there is a concerted effort by
some National Governing Bodies of sport, clubs, agents, coaches,
and other interested parties to identify talented children and train
them intensively from a young age to compete at an elite level. This
is exemplified by English Premier League football clubs investing
heavily in youth academies and comprehensive scouting networks
to actively recruit and contract children still in primary schools.
This activity has led to a plethora of concerns about the current and
future health and well-being of young athletes.

The mass participation of children and adolescents in commu-
nity sport programmes and the challenges faced by elite young ath-
letes have resulted in a surge of research into youth sport and the
development of the elite young athlete. This is reflected in the cur-
rent edition, which retains its comprehensive coverage of paediatric
exercise science and medicine but offers more extensive coverage
of sport science and sport medicine than in previous editions. As a
result the book has been retitled the Oxford Textbook of Children’s
Sport and Exercise Medicine to better describe its content.

Chapters on 17 new topics have been added to this edition, and
even where chapter titles remain the same or similar to the sec-
ond edition, the content has been comprehensively updated and
rewritten, often by new contributors who have emerged as leading
researchers in their field since the publication of the previous edi-
tion. Twenty-eight scientists and clinicians from the first edition
and 45 from the second edition once again contribute to this edi-
tion, with 39 new authors from 17 countries enhancing the content.

The primary aims of the Oxford Textbook of Children’s Sport and
Exercise Medicine are to provide an up-to-date, comprehensive ref-
erence work with a sound scientific evidence-based foundation to
support and challenge scientists, medical practitioners, profession-
als allied to medicine, senior coaches, physical educators, and stu-
dents involved in youth physical activity, sport, and/or paediatric
exercise science and medicine. If the book stimulates the initiation
of innovative research programmes, informs best practice in chil-
dren’s sport and exercise medicine, and thereby contributes to the
promotion of young people’s personal development, health, well-
being, and enjoyment of physical activity and sport, it will have
served its purpose.

Neil Armstrong
Willem van Mechelen
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Introduction

Children and adolescents are not mini-adults. They are growing
and maturing at their own rate, and the assessment and interpre-
tation of their responses to exercise are complex as they progress
through childhood and adolescence into adult life.

Historically, research with healthy young people has been con-
strained to measuring variables such as power output or the
examination of blood and respiratory gas markers of exercise per-
formance, as ethical considerations have restricted more informa-
tive research at the level of the myocyte. The development of
non-invasive technologies such as 3!P magnetic resonance spec-
troscopy, near infra-red spectroscopy, and stable isotope tracers;
the application of appropriate mathematical modelling techniques
to interpret physical and physiological variables during growth and
maturation; and the emergence of molecular exercise physiology
have provided new avenues of research and novel insights which
have greatly enhanced the knowledge base and research potential
in children’s sport and exercise medicine.

The Oxford Textbook of Children’s Sport and Exercise Medicine
provides the most comprehensive and in-depth coverage of the
topic to date. It is presented in four sections, namely exercise sci-
ence, exercise medicine, sport science, and sport medicine, which
between them systematically address the science and medicine
underpinning sport, health, and exercise during childhood and
adolescence. Fifty innovative chapters are extensively referenced
to promote further study and are cross-referenced across sections
where appropriate to enable interested readers to easily access com-
plementary information.

Current knowledge in exercise science is discussed in the first
section of the book. As growth and biological maturation are fun-
damental to understanding paediatric exercise science, the book
opens with a critique of methods of assessing maturation, followed
by a review of the processes of growth and maturation. The next
two chapters focus on developmental biomechanics and motor
development. Subsequent chapters rigorously examine muscle
strength and aerobic and anaerobic metabolism during exercise,
and focus on ‘what we know’ and ‘what we need to know’ The
physiological responses of the muscular, pulmonary, and cardio-
vascular systems to exercise of various types, intensities, and dura-
tions in relation to chronological aging, biological maturation,
and sex are critically reviewed. The exercise science section ends
with chapters which analyse young people’s kinetic responses at
the onset of exercise, scrutinize their responses to exercise dur-
ing thermal stress, and evaluate how the sensations arising from
physical exertion are detected and interpreted during youth.

Noteworthy additions to this edition include chapters devoted to
peripheral and central neuromuscular fatigue and to the responses
of hormones to exercise.

The beneficial effects of appropriate physical activity during
adult life are well-documented, but the potential of physical activ-
ity to confer health benefits during childhood and adolescence is
controversial and has not been explored fully. There is widespread
concern about the prevalence of childhood physical inactivity and
the supposed decline of physical activity over the last two decades,
but it is difficult to determine what is fact and what is fiction. How
much exercise is necessary to promote children’s health and well-
being? Do we know? The tremendous success of the Paralympic
Games has stimulated interest in sport and exercise for youth with
physical or intellectual disabilities, but evidence-based literature is
sparse. Similarly, knowledge of the therapeutic role of exercise with
young people with chronic diseases is growing, but much remains
to be researched and, importantly, disseminated.

These health-related issues are addressed in the section on exer-
cise medicine, which critically reviews the extant literature and
explores young people’s health behaviours and the role of physical
activity and physical fitness in the promotion of health and well-
being. The opening chapter provides a foundation by overview-
ing the relationship between physical activity, physical fitness, and
health. Subsequent chapters are dedicated to the effects of physical
activity and physical fitness on cardiovascular health, bone health,
health behaviours, diabetes mellitus, asthma, cerebral palsy, eating
and weight disorders, cystic fibrosis, congenital heart disease, and
physical and intellectual disabilities. The assessment and systematic
promotion of physical activity are addressed and a notable addition
to this section is a chapter on the genetics of physical activity and
physical fitness.

Participation in youth sport provides a positive environment for
the promotion of enjoyment, health, and personal development,
but evidence is accumulating that youth sport also presents risks
to health and well-being. The growing participation of children
in organized sport and intensive training (~30+ h per week) from
a young age (~5-8 years); concerns over the (mis)use of nutri-
tional supplements; the use of performance-enhancing drugs; the
effect of training on normal growth and maturation; the preva-
lence of disordered eating and eating disorders, overtraining syn-
drome, child abuse in sport, and sport-related injuries; the role
and potential influence of genetic factors in youth sport; and the
premature involvement of youth athletes in senior international
competition have brought new challenges as sport becomes ever
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more pressurized, professionalized, and politicized. These issues
are addressed in the sections devoted to sport science and sport
medicine.

The sport science section, which consists of ten completely new
chapters, begins with a review of the development of the young ath-
lete which also serves as an introduction to the sport science and
sport medicine sections. The chapter initially discusses the interac-
tion of chronological aging, biological maturation, and sport per-
formance in youth before identifying some of the key challenges
facing the young athlete. The next chapter introduces molecular
exercise physiology and examines its current and potential appli-
cation to youth sport. The influence of training on growth and
maturation and hormonal adaptations to training are addressed in
the following chapters. Subsequent chapters evaluate the evidence
underpinning current training regimens during youth and ana-
lyse aerobic, high-intensity, resistance, speed, and agility training.
The penultimate chapter in the sport science section examines the
prevalence, causes, and prevention of the overtraining syndrome.
The final chapter in this section focuses on the rationale, ethics,
development, and implementation of a physiological monitoring
programme for elite young athletes.

In the European Union there are ~1.3 million annual cases of
sports-related injuries requiring hospitalization for children
younger than 15 years of age. Data from the American Academy of
Orthopedic Surgeons show ~3.5 million annual youth sport-related
injuries in the US require a medical visit. The aetiology, prevention,
and treatment of sport injuries and the management of the long-
term health of young athletes provide major challenges for medical

practitioners, sport scientists, physiotherapists, coaches, and others
supporting youth sport.

The sport medicine section opens with an insightful overview
of the epidemiology and prevention of sports injuries. Subsequent
chapters address the topic with specific reference to physical edu-
cation, contact sports, and non-contact sports. These chapters are
followed by three chapters that focus on the diagnosis and manage-
ment of sport injuries to the upper extremity and trunk, the lower
limbs, and the head and cervical spine. The sport medicine section
concludes with four intriguing new chapters which address current
concerns in youth sport about disordered eating and eating disor-
ders, dietary supplementation, performance-enhancing drugs, and
the medical management and protection of child athletes.

Overall, the Oxford Textbook of Children’s Sport and Exercise
Medicine is a comprehensive, evidence-based text in which interna-
tionally recognized scientists and clinicians enrich their contribu-
tions with their own research and practical experience and present
complex scientific material in an accessible and understandable
manner. The book is designed to inform, challenge, and support
research scientists, medical practitioners, professionals allied to
medicine, physical educators, teachers, students, and coaches.
It will be of interest to all involved in the study of the exercising
child and adolescent, the promotion of young people’s health and
well-being, youth sport, and the optimum development of young
athletes.

Neil Armstrong
Willem van Mechelen
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CHAPTER 1

Assessment of biological

maturation
Robert M Malina

Introduction

The focus of this chapter is on the assessment of biological matu-
ration of children and adolescents. Maturation refers to progress
towards the biologically mature state, which varies among tissues,
organs, and systems of the body. Tempo or rate of maturation var-
ies considerably among systems of the body and among and within
individuals. Outcomes of the underlying biological processes of
maturation are observed, assessed, and/or measured to provide an
indication of progress towards the mature state (maturity).

It is difficult to separate maturation from growth. Growth refers
to the increase in the size of the body as a whole and of its parts
as the child progresses from birth to adulthood (of course, allow-
ing for prenatal growth). The processes of growth and maturation
occur concurrently and are related. Moreover, indicators of growth
are used in deriving estimates of maturation.

Selected methods and issues in the measurement of growth
status and estimated rate are initially considered. Methods for
the assessment of biological maturity status and timing, and sev-
eral non-invasive estimates of status and timing are subsequently
considered.

Chronological age and age groups

Chronological age (CA) is the basic reference in studies of growth
and maturation. Chronological age is calculated as the difference
between date of measurement and date of birth, and is ordinar-
ily expressed as a decimal of the whole year. Children and ado-
lescents are commonly sorted into single year CA groups, which
vary depending on the method of grouping. For example, 9 years
can include children between 9.0 through 9.99 years, so that the
midpoint of the age group is 9.5 years, or can include children
8.50 through 9.49 years, so that the midpoint of the age group is
9.0 years. The method of grouping should be specified. Depending
on the purpose of a study and sample sizes, half-year age groups
can also be used.

It is common in studies of youth athletes that participants are
separated into competitive age groups which often span 2 years, for
example, under 12 (U12), where participants are not yet 13 years
of age. The age groups are defined by age at a specific date, e.g. 1
January of the competitive year. In the context of issues related to
growth and maturation, athletes are often measured at different
points of the year and as such the CAs of some athletes may exceed
the upper limit of the competitive age group.

Brief overview of methods for
the assessment of growth

Growth status

Growth status refers to the size attained at the date of observation.
Height and weight are the primary indicators of growth status. The
pattern of growth and associated variation in height and weight are
well documented. Height, or more appropriately standing height,
is the distance from the standing surface to the top of the skull
(vertex). Sitting height, the distance from the flat sitting surface to
the top of the skull, is often measured and provides information on
upper body segment length. Standing height minus sitting height
provides an estimate of leg or lower body length. The ratio of sitting
height to height provides an indication of relative body propor-
tions, i.e. relative trunk or relative leg length.

Weight is a measure of body mass which is heterogeneous in
composition. Body mass is often partitioned into fat-free mass
(FFM) and its two major components, lean tissue mass (LTM) and
bone mineral content (BMC), and fat mass (FM).

Standard methods for the measurement of weight, standing
height, and sitting height are described elsewhere.!~> Measurements
should be made by trained individuals using standard techniques.
Quality control is essential, i.e. accuracy and reliability of meas-
urements, and measurement variability within and between
technicians.?*

Methods for the assessment and quantification of body composi-
tion have been driven by technology and have advanced consider-
ably.>® Descriptions are beyond the scope of this discussion. Dual
energy X-ray absorptiometry (DEXA) and bioelectrical impedance
analysis (BIA) are often used in paediatric sports medicine and sci-
ence. It is essential that underlying assumptions and limitations of
both technologies and others as applied to youth be recognized.

Height and weight increase gradually through childhood,
increase at an accelerated rate during adolescence (growth spurt),
and then slowly increase into late adolescence. Growth in height
stops in the late teens or early twenties, whereas weight often con-
tinues to increase. Fat free mass, LTM, and BMC have a growth
pattern like height and weight and each has an adolescent spurt,
while FM increases more gradually with CA. Relative fatness
(% fat) increases during childhood but declines during adolescence
in males and continues to increase at a slower pace in females dur-
ing adolescence. The decline in % fat in males is due to the rapid
growth in FFM.?
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The body mass index ([weight (kg)/ height (m?)], BMI), is com-
monly used to classify youth as overweight or obese, i.e. excess
weight-for-height, although at the other extreme, low weight-for-
height is a concern in some sports. The BMI has limitations as an
indicator of adiposity. It is significantly correlated with both FFM
and FM in normal weight youth” and is perhaps more closely asso-
ciated with LTM rather than FM among relatively thin youth.?
The latter applies to elite youth female artistic gymnasts among
whom the BMI was more closely correlated with the FFM index
(DEXA FFM adjusted for height) than the FM index (FM adjusted
for height); the association with the FFM index was also stronger
among gymnasts in the lower half of the BMI distribution (Malina,
unpublished).

Growth rate

The increment in height or other dimensions between two obser-
vations provides an estimate of growth rate, or tempo of growth.
Measurements are not always taken at prescribed dates or inter-
vals; as such, observed increments need to be adjusted for the
actual interval between measurements. Increments are influenced
by technical errors of measurement at each observation, and, in the
case of estimated leg length, are influenced by measurement error
in both height and sitting height. Diurnal and seasonal variation
affects increments, especially estimates over shorter durations, e.g.
3-6 months. Height and especially sitting height show significant
diurnal variation, while seasonal variation in height occurs in some
parts of the world. Height measurements taken after a period of
physical activity or training (running, jumping, etc.) are less than
those taken after a period of rest. The recommendation of the Long
Term Athlete Development model® for quarterly height measure-
ments to estimate velocities and monitor the velocity curve in the
context of the adolescent spurt thus has major limitations.!%

Growth rates decline with increasing CA during childhood,
reach a nadir at the onset of the spurt (take-off), increase to a maxi-
mum (peak height velocity, PHV) and then decline until growth
ceases.? Distributions of increments vary within CA intervals and
also tend to be skewed.!! Annual or semi-annual height increments
have been used in studies of youth athletes to estimate growth rates
relative to a reference for non-athletes,!>~14 and at times to estimate
the potential influence of training on growth rate.!> Reference val-
ues for estimated growth rates have been reported.!®11:16:17

Assessment of maturity status

Maturity status refers to the level or state of maturation at the CA
of observation. Indicators of skeletal and pubertal maturation are
used most often. Dental maturation is another indicator, although
it generally proceeds independently of other indicators.? If longi-
tudinal data during childhood and adolescence and a measure of
adult height are available, expressing height attained at a specific
CA as a percentage of adult height can be used as an indicator of
maturity status. This indicator is discussed in more detail later in
this chapter in the section entitled, Percentage of predicted adult
height.

Skeletal age

Skeletal maturation is estimated as skeletal age (SA) derived from
evaluation of the bones of the hand and wrist viewed on a stand-
ard radiograph. Each bone goes through a series of changes from

initial ossification, which begins prenatally in some bones, to the
adult state. The changes in each bone are used to mark progress
from immaturity to maturity and are the basis for assessing SA of
the hand-wrist. The process is based on the assumption that spe-
cific features of each bone as noted on a radiograph occur regularly
and in an irreversible order, and as such provide a record of the
progress of each bone towards maturity. Other parts of the skel-
eton, e.g. knee and foot and ankle, have also been used to derive
estimates of SA.2

Three methods are commonly used to estimate SA of the hand-
wrist. Each method calls for the hand-wrist radiograph of a child to
be compared to specific criteria; ratings are subsequently converted
to a SA specific to the method. Indicators of maturity defined for
specific bones in each method are somewhat arbitrary and suggest
discrete steps in a continuous process.218-21

Greulich-Pyle method

The Greulich-Pyle method (GP)?? is an extension of the method
initially described by Todd.?? It is sometimes called the atlas
method and was developed on well-off American white children
from Cleveland, Ohio. The method calls for each individual bone
of the hand-wrist to be rated relative to sex-specific standard plates
representing specific SAs from infancy through adolescence; plate
descriptions note variation in SAs of individual bones. The method
may require interpolation between the standard plates. An SA is
assigned to each bone and the median of the SAs is the estimate of
SA for the child. In practice, however, the GP method is most often
applied by comparing the radiograph as a whole to the pictorial
standards, and assigning the SA of the standard to which the radio-
graph most closely matches. As such, variation in level of maturity
among individual bones is overlooked.

Tanner-Whitehouse method

The Tanner-Whitehouse (TW)24-27 method was developed on
British children. The method specifies criteria and associated
maturity scores for 20 bones: the radius, ulna, metacarpals and
phalanges of the first, third, and fifth digits (long bones), and for
the carpals except the pisiform.242> The scores for the 20 bones
are summed into a skeletal maturity score; the 7 carpals and
13 long bones each contribute 50% to the skeletal maturity score.
The maturity score is converted to a SA. Potential problems in
assigning age equivalents to maturity point scores have been
noted.18:28 The first revision of the TW method (TW2)2¢ did not
change the criteria for maturity indicators and scores, and pro-
vided SAs based on 20 bones (TW2 20 Bone SA), for the carpals
(TW2 Carpal SA), and for the radius, ulna, and short bones (TW2
RUS SA). British children were the reference for the first two ver-
sions of the TW method.

The most recent version, TW3,%” eliminated the 20 Bone SA and
retained the RUS (TW3 RUS) and Carpal (TW3 Carpal) SAs. The
tables for the conversion of RUS maturity scores to SAs were modi-
fied, while those for Carpal scores were not. Reference values for
TW3 RUS SA were based on a composite of the original British
series, and Belgian (Flemish), Italian, Spanish, Argentine, Japanese,
and American children and adolescents surveyed in the late 1960s
through mid-1990s; the American sample was from a well-off area
in the Houston, Texas region. The reference for TW3 Carpal SA
was the original British series. Ages at attaining skeletal maturity
with the RUS protocol were lowered from 18.2 to 16.5 years in boys
and from 16.0 to 15.0 years in girls.



Fels method

The Fels method was based on participants in the Fels Longitudinal
Growth Study of children from middle-class families in south-
central Ohio.?” The method specifies criteria for the radius, ulna,
carpals, and metacarpals and phalanges of the first, third, and fifth
rays. Grades are assigned to each bone depending on CA and sex.
Ratios of linear measurements of the widths of the epiphysis and
metaphysis of the long bones are also used, and the presence (ossifi-
cation) or absence of the pisiform and adductor sesamoid is noted.
Grades assigned to the individual bones and width measurements
are entered into a programme that calculates SA and standard
error; the latter provides an estimate of the error of the assigned SA,
which is not available with the other methods. The computational
procedures weight the contributions of specific indicators depend-
ing on CA and sex in the derivation of a SA; as such, the method is
to some extent calibrated relative to CA.

Skeletal age

The SA assigned to the radiograph of an individual represents the
CA at which a specific level of maturity of the hand-wrist bones was
attained by the reference sample, upon which the method of assess-
ment was developed. It is an indicator of biological maturity status,
i.e. the level of maturity of the bones of the hand and wrist at the CA
of observation. An individual who has attained skeletal maturity is
simply noted as skeletally mature; an SA is not assigned. Skeletal
age has meaning when expressed relative to CA. Is it equivalent?
Is it advanced? Is it delayed? The difference between SA and CA
(SA minus CA) and the ratio of SA to CA (SA/CA) are often used
in studies.

Skeletal ages derived with each of the three methods, though
related, are not equivalent as criteria, methods, and references dif-
fer among methods. Skeletal ages based on the GP and Fels meth-
ods, and the revisions of the TW method (TW2 20 Bone, TW2
RUS, TW3 RUS) in a sample of German boys3*-32 are summarized
in Table 1.1. Heights of the boys matched, on average, the medians
of current US reference data. Standard deviations for SA are three
to four times larger than those for CA. Mean SAs with each method
vary and overlap within each CA group, except for the lower SAs
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with the most recent TW revision. Beginning at 9-10 years, TW3
RUS SAs are consistently lower than TW2 RUS SAs.

Although not indicated in Table 1.1, a number of boys were skel-
etally mature, especially with the TW method (1 each at 14 and 15
years, 5 at 16 years) compared to the GP (2 at 16 years) and Fels (1
at 16 years). Numbers of skeletally mature boys were larger at 17
years (GP 9, Fels 11, TW 17). The discrepancy between the TW and
both the GP and Fels methods likely relates to criteria for the radius
and ulna. The final stage with the TW method is as follows ‘fusion
of the epiphysis and metaphysis has begun’27(PP63.65) Time between
onset and completion of union of the radius and ulna is not consid-
ered. Many youth are thus classified as skeletally mature although
the epiphysis and diaphysis of each bone are still in the process of
fusing. The GP and Fels methods both consider beginning through
complete fusion of the distal radius and ulna.

Skeletal maturation varies considerably among individuals of the
same CA and fluctuates above and below 1 year (Table 1.1). This
is consistent with other studies.?? Normal variation in SA within
CA groups is generally accepted as plus and minus three standard
deviations except as maturity is approached.

The difference between SA and CA (SA minus CA) is often used
to classify youth into contrasting maturity groups using a band
of + 1.0 year which approximates standard deviations for SAs
within specific CA groups. Use of narrower bands is affected by
errors associated with assessments. Skeletal maturity sets a ceiling
effect which may limit some maturity groupings. This is relevant in
studies of male athletes where many have attained skeletal maturity
at 15, 16, and 17 years; the number attaining maturity is greater
with TW RUS.20

Overview of skeletal age

Skeletal age can be used throughout the postnatal maturation
period in contrast to other maturity assessment methods, which
are limited to puberty and adolescence. Estimates of SA by each
method are reasonably precise and reliable, although inter- and
intra-observer variability should be reported. The use of SA is
often criticized because specific training is required to learn the
protocol(s). This is a shallow criticism as anthropometry, body

Table 1.1 Skeletal ages with five different methods of assessment in boys.

Skeletal Ages, years

CA, years GP Fels TW2 20 Bone TW2 RUS TW3 RUS

N M SD M SD M SD M SD M SD M SD
26 84 03 83 0.9 8.1 09 83 09 8.0 1.0 8.0 09
23 9.5 03 10.1 1.0 9.6 1.0 9.8 09 9.8 12 9.4 09
22 105 03 102 1.0 9.7 1.0 10.1 1.2 9.9 1.1 9.5 0.8
20 11.5 0.2 11.0 0.8 10.7 12 11.2 09 11.3 1.2 105 09
31 12.4 03 121 1.0 122 15 126 15 126 16 11.6 13
22 135 03 128 1.0 13.0 1.4 135 1.4 135 1.6 123 15
23 14.3 03 13.8 1.0 14.2 1.1 14.8 1.1 14.9 13 13.8 1.0
20 15.4 03 14.9 0.8 15.4 09 15.8 0.8 159 09 149 1.0
10 16.5 03 15.8 0.8 16.5 0.8 16.8 0.8 17.0 0.8 16.0 0.8

Source data from Kujawa K. Skeletal maturation in boys: Comparison of methods and relationships to anthropometry and
strength. Doctoral dissertation, University of Texas at Austin; 1977.
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composition assessment, and more specific laboratory protocols
also need specific training.

Major limitations of SA are expenses associated with the radio-
graphs per se, the need for qualified individuals to take them, and
radiation exposure. With modern technology, exposure to radiation
presents minimal risk, 0.001 millisievert, which is less than natural
background radiation and radiation exposure associated with the
equivalent of 3 h-day~! television viewing.3*34 The lack of qualified
individuals knowledgeable of the different assessment protocols
and interpretations is a major limitation in the sport sciences.

Methods for assessing and assigning SA are based on samples
of European ancestry. Applications of the GP and TW protocols
have shown ethnic variation.3>-4! Applications of the Fels method
to youth of different ethnic groups are not available. It is relevant
to note that ethnic identification of youth in some countries is not
permitted.

Other protocols
Other protocols for the assessment of skeletal maturity of the hand-
wrist are available and have been used primarily in the clinical
setting. However, application and validation of these and perhaps
other protocols in the context of the sport sciences are limited.
Skeletal age based on ultrasound assessment of the maturity sta-
tus of the distal radius and ulna, scaled relative to the GP method,
has been proposed,*>#3 but its validity has been questioned.** Use
of DEXA scans of the hand-wrist for the assessment of SA have
also been proposed.#>~47 Automated methods for the assessment of
SA are increasingly available.?”48->0 The procedures are generally
based upon the GP and TW methods and are largely designed for
clinical use. The BoneXpert method*’ is unique in that it derives an
‘intrinsic’ bone age based on the bone borders (shapes) and wavelet
texture on images of 15 bones: radius, ulna, the 5 metacarpals, and
the 8 phalanges in the first, third, and fifth rays of Danish children.
The ‘intrinsic’ bone ages are subsequently calibrated to GP and TW
RUS SAs.

Secondary sex characteristics

Secondary sex characteristics are limited to the pubertal years.
Characteristics in males include pubic hair (PH), genitalia (G,
penis, scrotum, testes), testicular volume, voice change, and facial
and axillary hair. Characteristics in females include PH, breasts
(B), axillary hair, and menarche.>?! Facial hair and voice change in
boys and axillary hair in both sexes generally develop late during
puberty and are not widely used.

Pubertal stages
The five stages of PH, G, and B described by Tanner®! are commonly
used to assess pubertal status. Stages are labelled PH1 through PH5,
B1 through B5, and G1 through G5. Stage 1 of each characteris-
tic indicates the prepubertal state—absence of overt development,
although hormonal changes that trigger puberty may already be
under way. Stage 2 marks the overt development of each charac-
teristic; B2 and G2 are typically the first overt sign of the transi-
tion into puberty, but PH2 may precede B2 and G2 in a minority
of youth. Stages 3 and 4 mark progress in pubertal maturation; the
respective stages are sometimes labelled as mid- and late-puberty.
Stage 5 indicates the mature state.

The stages are specific to the respective characteristics in each
sex and are not equivalent, i.e. B3 # PH3, G3 # PH3, B3 # G3, PH3

in girls # PH3 in boys, and so on. The term “Tanner stages’ is often
used in the literature without indicating which characteristic was
assessed. The characteristic(s) assessed should be specified.

Stages are discrete categories superimposed on the continuous
process of sexual maturation. A youngster is either in a stage or
not in a stage at the time of assessment; there are no intermedi-
ate stages. Stage at time of assessment provides no information on
when the youngster entered the stage (timing) or how long he/she
has been in the stage.

Maturation of the neuroendocrine system involving the
hypothalamic-pituitary-gonadal-adrenal axes drives the overt
development of the characteristics. Gonadal hormones drive the
initial development of B and G, while adrenal hormones drive the
initial development of PH in both sexes.>?

Direct assessments of stage of pubertal development are made
at clinical examination. Self-assessments are often used in non-
clinical settings; they require privacy, good quality photographs of
the stages, simplified descriptions, and a mirror to assist in process.
Some self-assessment scales include pictures or drawings of the
stages, and questions regarding facial and axillary hair in males and
axillary hair and menarcheal status in girls.?

There is need for quality control, including intra- and inter-
observer reliability in assessment of stages, and concordance
between self-assessments and those of experienced assessors.
Overall reproducibility by experienced assessors is generally good,
about 80% of agreement in assigning stages, but lower percentages
have been reported.? Of relevance, a recent study has concluded
that © ... preoperative Tanner staging performed by orthopedic sur-
geons is unreliable’>3(p-1229)

Accuracy of self-assessments is a concern, but opinions vary
depending upon purpose of study. Based on self-assessments of
pubertal status in three annual visits of girls between 11 and 14 years
and assessments by trained examiners, it was concluded that ° ...
self-assessment can substitute for examiner evaluation only when
crude estimates of maturation are needed’>*(P197) On the other
hand, agreement to within one stage was suggested as potentially
useful in epidemiological surveys of youth, even though concord-
ance between self- and physician-assessments indicated limited
accuracy. Concordance between and among self-assessment scales
currently in use needs further evaluation.

Testicular volume

Testicular volume provides a more direct estimate of genital matu-
rity in boys. The method requires palpation of the testes in order to
match their size with a series of models of known volume (Prader
orchidometer).>6>7 The ellipsoid models have the shape of the
testes and range from 1 to 25 mL; a volume above 4 mL marks
the beginning of puberty. The method is used primarily in the
clinical setting. Sonography can also be used to estimate testicular
volume.”®

Menarcheal Status

Although age at menarche is an indicator of maturity timing,
menarcheal status (pre or post) is an indicator of maturity sta-
tus. It is specifically useful in single year CA groups. Among girls
spanning several years, classifications by menarcheal status are
confounded by CA per se, i.e. an 11-year-old premenarcheal girl
is quite different physically and behaviorally from a 14-year-old
premenarcheal girl.



Analytical concerns

Stages of PH, B, and G are variably reported. Ratings for individu-
als are periodically combined into a mean of B and PH, or of G and
PH; there is no such thing as a mean stage. The stages are not equiv-
alent and should be considered separately. Stages are also reported
3+or 4+. A youngster is either in a stage or not in a stage; there are
no intermediate stages. Studies often report means stages of PH, B,
or G by CA at observation; although potentially of interest in show-
ing trends, distributions of stages within each CA group would be
more informative.

It is common to group youngsters by stage of puberty independ-
ent of CA. This presents problems associated with variation by stage
within a CA group and by CA within a stage. For example, within
single year CA groups of soccer players 11-14 years of age, boys in
less advanced stages of PH tend to be younger, shorter, and lighter,
on average, than players in more advanced stages who are older,
taller, and heavier. Additionally, among players grouped by stage of
PH, younger boys tend to be, on average, shorter and lighter than
older boys who are taller and heavier.®® Classifications of girls by
stages of PH, B, or menarcheal status within single year CA groups
13-17 years of age would likely yield similar results.

Overview of secondary sex characteristics

Secondary sex characteristics are limited to the interval of puberty
and reflect changes in several hormonal axes of the neuroendo-
crine system. Stages are somewhat arbitrary and discrete, and direct
assessment is often considered invasive, especially outside the clini-
cal setting. Cultural sanctions may limit or prohibit assessment
of secondary sex characteristics in some groups. Concordance of
clinical and self-assessments is variable and needs further study.
Stages of puberty are also variably reported and present analytical
concerns.

Assessment of maturity timing

Maturity timing refers to the CA at which specific maturational
events occur. The two most commonly used indicators of timing
are age at PHV and age at menarche. Both are limited to the adoles-
cent period and require longitudinal data for estimation.

Age at peak height velocity

Age at PHV is the estimated CA at the maximum rate of growth
in height during the adolescent spurt. Onset of the spurt occurs
when growth velocity in height reaches its minimum in late child-
hood (age at take-off), followed by acceleration to a maximum
rate (PHV), and then by deceleration until growth in height ter-
minates in the late teens/early twenties. Age at PHV is ordinarily
estimated from serial height measurements of individuals taken
annually or semi-annually from late childhood through adoles-
cence. Historically, growth rates from individual height records
were graphically plotted to identify take-off, peak, and eventual
cessation of growth. Mathematical modeling or fitting of individual
height records is currently used and a variety of methods are avail-
able.?0 Estimated ages at PHV vary somewhat among methods but
are generally more uniform for age at PHV than for peak velocity
of growth in height (cm-year™!). Allowing for normal variation,
mean ages at PHV are reasonably similar in longitudinal studies
of European and North American youth.261:62 Variation in age at
PHV among individuals is considerable. In longitudinal samples
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of British, Swiss, Polish, Belgian, Canadian, and American youth,
estimated ages at PHV ranged from 9.0-15.0 years in individual
girls and 11.1-17.3 years in individual boys.>03-60

Age at menarche

Age at menarche refers to the timing of the first menstrual flow.
At each regularly scheduled visit/observation in longitudinal
studies (usually 3-6 months, but annually in some studies), girls
and/or their mothers are interviewed whether or not menarche
has occurred. If menarche occurred between visits, further ques-
tions pinpoint the specific date/age when the first menstrual flow
occurred. This is labeled the prospective method. Prospectively
recorded ages at menarche in longitudinal studies of American®?
and Polish®*¢* girls ranged from 10.77-15.25 years and 10.49-
16.30 years, respectively.

Longitudinal studies generally follow subjects across adolescence
so that early and late maturing girls are included. Depending on
ages at which short-term longitudinal studies start and finish, there
is potential risk that early and late maturing girls may be excluded.

Ages at menarche based on the prospective method are some-
times confused with estimates based on the status quo method. The
method requires two bits of information in a cross-sectional sample
spanning 9 through 17 years: CA, and whether or not menarche has
occurred (yes/no). The data are subsequently analyzed with probits
or logits to derive a median age at menarche for the sample. The
status quo method is used in surveys, including a limited number
of surveys of youth athletes.>

Ages at menarche can also be obtained retrospectively from late
adolescents and adults who are asked to recall when they experi-
enced their first menstruation. The method relies on memory, i.e.
recall of the age when first menstrual flow occurred. In addition to
potential errors with memory per se, reported ages are influenced
by recall bias (the shorter the recall interval, the more accurate the
recall, and vice versa) and a tendency to report whole years, typi-
cally age at the birthday before menarche.?

Estimates of age at menarche using the retrospective method
with samples of young adolescents are biased. Girls who have not
yet attained menarche are excluded from the estimates. Some late
maturing girls may not attain menarche until 15 or 16 years, or per-
haps later. In a nationally representative sample of American girls,
90% attained menarche by 13.75 years,%” but 10% of girls attained
menarche after this age.

Other indicators of timing and interrelationships

Assuming longitudinal data are available, other potential maturity
indicators can be estimated, e.g. age at take-off, ages at peak velocity
for body weight, estimated leg length or sitting height, and ages at
attaining specific SAs, stages of pubertal development, or specific
percentages of adult height. A summary of mean ages at take-off
and at PHV, and mean ages of onset for selected stages of sexual
maturation noted in European and American longitudinal studies
have been summarized.??!

Although data are not extensive, the differential timing of growth
spurts in body dimensions other than height, components of body
composition, and functional performances relative to age at PHV
are of interest in the sport sciences. Available data suggest the fol-
lowing trends in estimated mean ages at peak velocities of several
dimensions, tissues, and functions occur relative to age at PHV: leg
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length—before PHV (both sexes); peak VO,—same time as PHV
(both sexes); weight, sitting height, LTM, BMC, FM, static strength
(both sexes), and power (boys)—after PHV.2:62:68-70

Analyses of ages at attaining several different maturity indica-
tors in two longitudinal series highlight interrelationships among
maturity timing during adolescence.”!~7> Common indicators in
the two longitudinal series included ages at PHV and menarche,
ages at attaining stages of pubertal development, ages at attaining
specific SAs, and percentages of adult height. The analyses indi-
cated a general maturity factor in both sexes underlying the timing
of maturity indicators during the interval of the adolescent spurt.
The analyses for boys indicated a second factor which loaded on
ages at attaining SAs of 11 and 12 years, 80% of adult height, and
early stages of pubic hair and genital development. These indica-
tors are characteristic of early puberty or early adolescence, and
suggest a degree of independence of ages at attaining (i.e. timing)
several maturity markers characteristic of late pre-puberty or early
puberty.”? The preceding observations are based on ages at attain-
ing specific maturity indicators. Longitudinal data for 30 boys indi-
cated considerable variation in SA at the time of pubertal onset
(serum testosterone >30 ng-DL"1).74

Tempo of maturation

Tempo refers to the rate at which maturation progresses. Data are
limited. Estimated increments in GP SAs in a longitudinal sample
of American children approximated 1 year; variation was consid-
erable and was associated in part with maturity status, i.e. early
versus late.”>76 In a mixed longitudinal sample of American white
and black girls 6-12 years, mean single year velocities for TW2 20
Bone SAs varied between 0.66-1.14 years per year and standard
deviations varied between 0.33-0.52; corresponding mean single
year velocities for boys varied between 0.75-1.27 years per year
and standard deviations ranged from 0.32-0.60 years.3¢ Single
year rates of maturation expressed as maturity points per year of
the American children® overlapped the mean rates and ranges
for British children.?® Observations in a longitudinal series of 34
boys suggested that annual increments (years per year) in TW2 SAs
(presumably 20 bone) increased during the interval of puberty and
the growth spurt; increments appeared to reach a peak near PHV.7”
Allowing for limited data, it is important to ask whether a skeletal
year equals a chronological year.

Similar questions can be asked of the tempo of transition from
one pubertal stage to the next, but data for the time between stages
are not extensive. Evidence from the Zurich Longitudinal Study
indicated the following trends. The intervals (means + standard
deviations) between B2 and B3 and between PH2 and PH3 in Swiss
girls were, respectively, 1.4 + 0.8 years, and 1.8 + 1.0 years, while
intervals between G2 and G3 and between PH2 and PH3 in Swiss
boys were, respectively, 1.7 + 1.0 years and 1.3 + 0.9 years.”®7° The
intervals between the transition into puberty (B2, G2, PH2) and
the mature state (B5, G5, PH5) were, on average, 2.2 + 1.1 years
for breast and 2.7 + 1.1 years for pubic hair development in Swiss
girls, and 3.5 + 1.1 years for genital and 2.7 + 1.0 years for pubic
hair development in Swiss boys.”®7° The standard deviations for the
transition through puberty for each characteristic approximated
1 year and highlighted the variation in tempo of maturation of sec-
ondary sex characteristics within and among individuals.

Non-invasive estimates of maturity
status and timing

Given logistical difficulties in conducting longitudinal studies
spanning adolescence, concern for minimal radiation exposure
with hand-wrist X-rays, and cultural perceptions of the assessment
of secondary characteristics, there is considerable current interest
in the sport sciences in non-invasive estimates of biological matu-
ration. Two estimates are currently used. Percentage of predicted
adult height attained at the time of observation provides an esti-
mate of maturity status, while predicted maturity offset or time
before age at PHV provides an estimate of maturity timing.

Percentage of predicted adult height

Although age at attaining specific percentages of adult height has
been used in analyses of longitudinal data, the use of percentage
of predicted adult height at a given age as a maturity indicator was
apparently proposed by Roche and colleagues.®? Given two young-
sters of the same CA, the one closer to adult height is advanced in
maturity compared to a youth further removed from adult height.
Percentage of predicted adult height at a given age provides an esti-
mate of maturity status.

Height prediction is standard practice in many clinical settings,
but the commonly used clinical protocols require an estimate of
SA.2 A commonly used general clinical guide without SA is mid-
parent target height, based on the average of the heights of both
parents.8! The protocol has a large associated error of ~9 cm. The
protocol developed in the Fels Longitudinal Growth Study®? pre-
dicts adult height from CA, height, and weight of the child and
mid-parent height in children and adolescents 4-17 years.

Percentage of predicted adult height based upon the Khamis-
Roche equations®? has been used as an indicator of maturity sta-
tus in studies of physical activity and of youth athletes.®3 Maturity
status based on percentage of predicted adult height had moder-
ate concordance with classifications of maturity status based on SA
in youth American football®* and soccer® players. The protocol
requires further validation. The prediction equations were devel-
oped on samples of European ancestry, which probably limits their
utility among youth of non-European ancestry.

Equations developed on youth 13-16 years of age from the Leuven
Longitudinal Study of Belgian Boys use CA, current height, sitting
height, and the subscapular and triceps skinfolds.®® The protocol
has been validated in an independent sample of boys 13-16 years of
age from the Madeira Growth Study,®” but apparently has not been
used in studies of physical activity and youth athletes.

Predicted maturity offset/age at peak height velocity

Equations for the prediction of maturity offset, time before or after
PHYV, have been developed.®® Predicted age at PHV is estimated as
CA minus maturity offset. The sex-specific equations incorporate
CA, height, weight, sitting height, and estimated leg length (height
minus sitting height). Predicted offset was suggested as a categori-
cal variable, pre- or post-PHYV, i.e. an indicator of maturity status,
but has been used to estimate maturity status and timing.%3
Results of validation studies in longitudinal samples of Polish
children from the Wroctaw Growth Study®*% and American chil-
dren from the Fels Longitudinal Study® from 8 to 18 years high-
light several limitations of the maturity offset prediction protocol:



First, within the age range of the two longitudinal studies, intra-
individual variation in predicted offset and ages at PHV was
considerable.

Second, predicted maturity offset and in turn predicted age at
PHV were dependent upon CA at prediction and probably
age-associated variation in body size. Predicted maturity offset
decreased and estimated age at PHV increased, on average, with
CA at prediction.

Third, standard deviations of mean predicted ages at PHV indicated
reduced ranges of variation which increased from 8 to 16 years,
0.29-0.47 years in girls and 0.26-0.68 years in boys. Standard
errors (SE = SD/Vn) of the prediction equations were 0.59 for
boys and 0.57 for girls.6

Fourth, predictions of maturity offset and age at PHV were affected
by individual differences in observed ages of PHV as evident in
comparisons of youth of contrasting maturity status. Among
early maturing boys and girls classified by observed ages at PHV,
predicted ages at PHV were later than observed ages at PHYV,
while among late maturing boys and girls classified by observed
ages at PHYV, predicted ages were earlier than observed ages at
PHV. Trends were similar for contrasting maturity groups of girls
based on ages at menarche. Observations for a longitudinal sam-
ple of 13 female artistic gymnasts were consistent with those for
late maturing girls.38

Fifth, predicted age at PHV appears to be useful close to the time
of actual age at PHV in average (on time) maturing boys within
a narrow age range, 13.00-15.00 years; this range includes the
standard deviation around mean age at PHV in average maturing
boys. The protocol appears to overestimate age at PHV more so
in girls than in boys; nevertheless, predicted age at PHV may be
useful among some average and late maturing girls.®

Application of the maturity offset prediction equations depends,
of course, on the purpose of a specific study, and the limitations of
predicted values should be recognized. Revised equations have been
reported.?? Chronological age and sitting height in boys and CA and
height in girls are the predictors, although an alternative equation
for boys using CA and height is reported. The new equations require
validation in independent samples and also in samples of athletes.

Conclusions

Though related, indicators of maturity status and timing are not
equivalent. Currently used predictors of maturity status and tim-
ing have limitations and require further validation and care in
application.

Summary

+ The processes of growth and maturation occur concurrently and
are related.

* Growth status—size attained at the time (chronological age
[CA]) of observation, and growth rate—increment between
observations, are basic to the assessment of growth. Indicators of
growth are also used in deriving estimates of maturation.

¢ Maturity status refers to the state of maturation at the time of
observation. Indicators of skeletal and pubertal maturity status
are used most often.

*
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Maturity timing refers to the CA at which specific maturational
events occur. Chronological age at peak height velocity (PHV)
and CA at menarche are used most often.

Skeletal age is the only maturity indicator that spans childhood
through adolescence; other indicators (pubertal status, CA at
PHYV, CA at menarche) are limited to the interval of puberty and
the growth spurt.

Tempo refers to the rate at which maturation progresses. Data are
limited.

There is increasing interest in the application of non-invasive
indicators of maturation. Percentage of predicted adult height
attained at the time of observation provides an estimate of matu-
rity status, while predicted maturity offset or time before age at
PHV provides an estimate of maturity timing. Both have limita-
tions and require further validation and care in application.
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