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A wealth of information is presented by interna-
tional authorities on the biological considerations 
of growth and maturation of the athletes. Extensive 
consideration is given to the issues of endocrinol-
ogy, skeletal health, body mass management, and 
nutritional and energy needs. The biomechanical 
factors involved in injury and their roles as risk fac-
tors are emphasized. The fi nal section includes the 
epidemiology of gymnastic injury, injury preven-
tion, and the treatment and rehabilitation of inju-
ries for the extremities, spine, trunk, and head. The 
comprehensive coverage is highly commendable. 

We welcome this splendid addition to the 
Handbooks of Sports Medicine and Science series.

Jacques Rogge
IOC President

Foreword by Dr Jacques Rogge

The various events of gymnastics have been impor-
tant features of the Olympic Summer Games ever 
since the birth of the modern Olympic Move-
ment at the 1896 Summer Games in Athens. The 
Fédération Internationale de Gymnastique (FIG) has 
been the governing body of competitive gymnas-
tics since its foundation in 1881 and it is univer-
sally recognized as the oldest international sports 
organisation. Therefore, it is entirely appropriate 
that gymnastics is being added to the “Handbooks 
of Sports Medicine and Science” series published by 
the IOC Medical Commission. 

The co-editors, Prof. Dennis Caine (USA), 
Prof. Keith Russell (Canada), and Dr Liesbeth Lim 
(The Netherlands), have developed a comprehen-
sive outline and assembled a group of contribut-
ing authors who possess impressive credentials 
as regards experience, expertise, and author-
ity, while working with athletes competing in 
gymnastics. 
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Since the day I fi rst stepped through the door of 
a gymnastics hall, I have intimately followed the 
evolution of the discipline from an educational and 
athletic standpoint. Some 60 years have afforded 
me an opportunity to familiarize myself with every 
area of the discipline—as a gymnast, coach, and 
judge—before ultimately occupying its highest 
administrative and political positions.

Well do I understand the emotion and sense of 
awe that permeate competitions, and I continue to 
be so inspired today. But that is just a small part of 
my interest in gymnastics. My loyalties have long 
been with the educational side of the discipline, 
and it is a joy for me to see this book published.

Today, more than ever before, people suffer from 
a lack of well-being that is noticeable at every level 
of society, particularly in the most developed coun-
tries. May this publication pave the way to fi nding 
solutions that our specialists can then pass on to 
the population. Growth, development, training, 
nutrition, and prevention: all issues are dealt with 

in this book, which at the same time reports on 
a certain state of affairs and brings fi eld-specifi c 
knowledge to the cutting edge.

On behalf of the entire international gymnas-
tics community, the FIG authorities, and our 
many gymnasts, I would like to extend my grati-
tude and compliments to the authors. Their con-
tribution to the study and research of sustainable 
solutions is inestimable, for the greatest aspiration 
of any individual is his psychological and physical 
well-being.

With my compliments,

Prof. Bruno Grandi, President
Fédération Internationale de Gymnastique

Foreword by Professor Bruno Grandi
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The Olympic sports of Artistic Gymnastics, Rhyth-
mic Gymnastics, and Trampoline Gymnastics are 
very popular worldwide as evidenced by the exten-
sive media attention surrounding the Olympics 
every 4 years. Gymnastics is a sport that is well 
known for its intense training regimen and, par-
ticularly among female gymnasts, the relatively 
young age of its participants. Extraordinary levels 
of athleticism and biomechanical loading during 
training and competition are characteristic of these 
sports. Participation in gymnastics is encouraging 
because physical activity clearly provides many 
health-related benefi ts to those who participate. 
However, increased involvement and diffi culty of 
skills practiced at an early age, with the intense 
training required, exposes gymnasts to high per-
formance demands and risk of injury. Our hope is 
to provide the reader with useful information to 
assist in the management and minimization of the 
risks associated with participation in gymnastics, 
and information that also optimizes the health and 
competitive performance of gymnasts.

The Handbook of Sports Medicine is an ongoing 
series of specialist reference volumes sponsored by 
the International Olympic Committee (IOC) and 
designed specifi cally for the use of professionals 
working directly with competitive athletes. The 
target groups for whom this handbook is written 
includes (1) interested medical doctors who have 
little or no training in sports medicine, as well as 
sports medicine professionals; (2) physiotherapists 
and other health-related professionals; (3) team 

coaches who have academic preparation in the 
basic sciences; and (4) knowledgeable gymnasts. 
The purpose of this volume is to present a compre-
hensive, state-of-the-art description of the medi-
cal and scientifi c aspects of Olympic gymnastics 
sports. 

Part 1 of the book provides an introduction and 
information related to the evolution of gymnas-
tics. Part 2 focuses on the growth and develop-
ment aspects of gymnasts and includes chapters 
on growth and development, endocrinology, 
skeletal health of gymnasts, and energy needs 
and body weight management for gymnasts. 
Part 3 includes several chapters dealing with the 
training and performance aspects of gymnasts 
including gymnastics-specifi c biomechanics, 
physiology, and psychology. Finally, Part 4 deals 
with the sports medicine aspects of gymnastics. 
Chapters in this section include injury epidemi-
ology, treatment and rehabilitation of common 
upper extremity injuries, treatment and reha-
bilitation of common lower extremity injuries, 
treatment and rehabilitation of common spine/
trunk/head injuries, and a chapter on injury 
prevention.

From the outset, the editors worked to develop a 
plan for the book and uniformity across chapters. 
In November 2011, the co-editors met in Boston 
with Dr Howard Knuttgen, Harvard Medical School 
and Coordinator for Scientifi c Publications for the 
IOC, to develop an ou tline for the book and an 
approach that was consistent with other volumes 

Preface
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chapters, and to develop text consistent in format 
across the various chapters. We would also like to 
thank Dr Howard Knuttgen for his enthusiastic 
support and guidance throughout this project, 
as well as the Medical and Scientifi c Department 
of the IOC and the International Gymnastics 
Federation (FIG) for their enthusiastic support. 
Finally, we wish to thank the production and 
editorial team at Wiley-Blackwell for their help-
ful assistance and collaboration throughout this 
project.

Dennis J. Caine, PhD
Keith Russell, PhD
Liesbeth Lim, MD
2013

in the IOC Handbook series. Each chapter in the 
book follows the same major sections:
• Introduction
• Review of the literature (using topic headings 
specifi c to the chapter subject)
• Further research
• Summary
• References
• Recommended reading

The number of references in each chapter is 
purposely limited given that the intent of each 
chapter, as far as possible, is to focus on generally 
accepted principles and more recent publications, 
yet including highly regarded older publications.

In closing, we wish to thank the authors 
for working diligently to provide up-to-date 

www.Ebook777.com
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PART 1

INTRODUCTION

Gymnastics, First Edition. Edited by Dennis J. Caine, Keith Russell 
and Liesbeth Lim. © 2013 International Olympic Committee. 
Published 2013 by John Wiley & Sons, Ltd.
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Gymnastics, First Edition. Edited by Dennis J. Caine, Keith Russell 
and Liesbeth Lim. © 2013 International Olympic Committee. 
Published 2013 by John Wiley & Sons, Ltd.

Chapter 1

The evolution of gymnastics
Keith Russell
Federation Internationale de Gymnastique (FIG), Lausanne, Switzerland and

College of Kinesiology, University of Saskatchewan, Saskatoon, SK, Canada 

The word “gymnastics” is today an umbrella 
term, much the same as “aquatics,” in that it 
encompasses not only a group of competitive 
sports but also many less formalized gymnastics 
activities in the fi elds of education, recreation, 
and fi tness (Figure 1.1). These noncompetitive 
forms of gymnastics are showcased every year in 
gym festivals in many countries, some with over 
100,000 participants. There is also the World 
Gymnaestrada held every fourth year with 20,000 
participants. The Fédération Internationale de 
Gymnastique (FIG) is the world’s oldest inter-
national sport governing body (incorporated in 
1881 as the Fédération Européenne de Gymnas-
tique) and has a contemporary stable of sports 
that includes the four Olympic sports plus two 
non-Olympic multicategory sports of Acrobatic 
Gymnastics and Aerobic Gymnastics. In addition, 
there are three competitive subdisciplines of TG 
that are not contested in the Olympic Games but 
are included in all other TG competitions: Tum-
bling, Double Mini-Trampoline, and Synchro-
nized Trampoline.

Gymnastics-type movement was performed 
in the ancient Chinese, Mesopotamian, Indian, 
and Mediterranean cultures, which all left ample 
records of the importance they placed on this type 
of physical exercise and body movement. It was the 
Greeks of the Homeric and Classical eras, however, 
who had the most lasting infl uence on subsequent 
educational and medical gymnastics practice. Their 
emphasis on mind/body integration in the educa-
tion of their youth would greatly infl uence educa-
tors 18 centuries later. Plato, whose original name 

For most readers, the name “gymnastics” brings to 
mind those Olympic sports that gain wide media 
attention every 4 years. These include Men’s Artistic 
Gymnastics (with its six apparatuses: fl oor exercise, 
pommel horse, rings, vault, parallel bars, and hori-
zontal bar); Women’s Artistic Gymnastics (with its 
four apparatuses: asymmetric bars, balance beam, 
vault, and fl oor exercise); Rhythmic Gymnastics 
with its lithe, fl exible female gymnasts doing 
incredible manipulative skills with hand apparatus; 
and, of course, the acrobatically spectacular sport 
of Trampoline Gymnastics (TG). Collectively, these 
sports represent a very small percentage of the 
total gymnastics community. There are, in addi-
tion, several non-Olympic sports including Aerobic 
Gymnastics and Acrobatic Gymnastics plus a large 
family of recreational, educational, and exhibi-
tion forms of gymnastics that are grouped under 
the moniker Gymnastics for All. The word “gym-
nastics” comes to us from the ancient Greek verb 
“gymnazo” meaning to train naked, which is how 
young men in the 7th to 3rd centuries BC practiced 
the physical health and fi tness part of their edu-
cation in the outdoor “gymnasion,” supervised by 
the trainers or “gymnastē s.” The aristocratic young 
men devoted considerable time to practicing vari-
ous athletic endeavors to be contested at religious 
festivals. They also received education in music, 
letters, and philosophy.
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Gymnastics evolution from the 
performing arts

The earliest pictorial references to gymnastics 
activities come from paintings and engravings at 
several Egyptian sites. Most of them depict female 
performers tumbling and balancing and are dated 
from 2300 to 1000 BC (Touney, 1984). The tombs 
at Beni-Hassen show tumbling and ball passing 
and juggling skills that are surprisingly compara-
ble to the contemporary sports of Tumbling and 
Rhythmic Gymnastics (Figure 1.2).

Around the same time, the Minoans, another 
great Mediterranean society centered on Crete, 
left many pictorial examples of performers vault-
ing and performing acrobatics on large adult bulls. 
Both male and female acrobats are illustrated and 
they appear to be paid professional performers 
(Gardiner, 1930). It would appear that subsequent 

was believed to be Aristocles, was given the name 
Plato by his “gymnastai” Ariston of Argos because 
he had a broad (platon) and athletic chest (Yian-
nakis and Yiannakis, 1998).

The Romans followed the Greeks and contin-
ued many of their practices, but with more mili-
tary emphasis. After the classical Greek era, the 
ensuing 10 centuries (the Middle Ages) had very 
little emphasis on sport, games, or the practice 
of integrating the mind and the body in educa-
tion as extolled by the Greeks. It was not until 
the 1400s that we see a shift in thinking and a 
rebirth of the educational concepts introduced 
many centuries before by the Greeks. Let us trace 
how the contemporary sports and activities of 
gymnastics have coalesced via a fascinating and 
long journey through four primary ancestries: 
(1) the performing arts, (2) military training, 
(3) the medical professions, and (4) the education 
professions.

Figure 1.1 The many faces of “gymnastics.” (With courtesy of Keith Russell.)
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The evolution of gymnastics 5

1st century BC, a combination of dance, acrobatics, 
and music called Juedixi was very popular in China. 
The circuses, traveling minstrel shows, and court 
performers throughout the world contained acro-
batic performers and they often used a variety of 
devices to extend the acrobats’ time in the air. The 
ancient Minoans used the momentum from grasp-
ing a bull’s horns while being tossed in the air, while 
the Inuit of northern Canada used skins stretched 
between several throwers to toss one member high 
in the air to better see distant animals and also to 
entertain during celebratory events. The tossing of 
one acrobat by one or more others has a long tradi-
tion that continues in today’s Acrobatic Gymnastics. 
Many aerial enhancement devices like teeterboards, 
Russian swings, trapezes, and contemporary devices 
like Double Mini-Trampoline and Trampoline have 
a clear genesis in the performing arts, and circuses 
had such devices that allowed performers to be 
propelled into the air. American inventor and per-
former George Nissen used his springing invention 
in a three-person traveling “rebound tumbling” act 
called the Three Leonardos soon after designing 
and building it in 1934. It was while traveling in 
Mexico that he learned that the Spanish word for 
diving board was trampolin. It is obvious that the 
sports of Trampoline, Tumbling, Acrobatic Gym-
nastics, and Rhythmic Gymnastics can trace part of 
their lineage directly to the various performing arts 
that have evolved over the millennia.

Gymnastics evolution from
military training

There was an obvious appreciation for physical 
prowess in most ancient societies as a requisite for 
survival. The ancient Greek city-states developed a 
strong competition ethos that resulted in intercity 
competitions in many endeavors including physical 
activities like running, throwing, wrestling, and cal-
isthenics. Many of these activities were associated 
with military prowess and are wonderfully described 
in Homer’s epic poems the Iliad and the Odyssey. The 
Greek city-state competitions and regional athletic 
competitions evolved into large gatherings that 
culminated in four major games, one of which was 

societies on mainland Greece took much of their 
reverence of athleticism and physical fi tness from 
the Minoans and it became an integral part of Greek 
education. The Homeric poems describe Corfu artists 
combining acrobatics and dance with ball and musi-
cal accompaniment (Frantzopoulou et al., 2011).

When we follow acrobatic performances through 
history, there is a clear thread of continuity running 
through them. The performances were often com-
bined with dance and musical accompaniment, 
and are depicted in illustrations and text in both 
Western and Eastern civilizations. Chinese stone 
carvings from 1000 BC as well as 3rd century BC 
writing described acrobatic performances. By the 

Figure 1.2 Ancient Egyptian gymnasts from tombs 
at Beni-Hassen (Source: Gardiner, E., Athletics in the 
Ancient World (1990) with permission from Oxford 
University Press.)
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was followed a year later by another book Exercises 
for Ladies Calculated to Preserve and Improve Beauty 
in which Walker described the use of smaller, two 
pound Indian clubs he called “sceptres,” which are 
the precursors of contemporary clubs in Rhythmic 
Gymnastics (Todd, 2010). Indian club swinging 
subsequently became an important part of physi-
cal education training in many countries.

Other examples of military antecedents to con-
temporary gymnastics sports are the obstacle courses 
on which soldiers trained. The balancing and loco-
motory activities on horizontal logs and beams, 
the strength demands of rope climbing, the trapeze 
swinging, and the pole vaulting across ditches all 
led to future sport events. These types of activities, 
together with massed group calisthenics, were regu-
lar parts of military training, and they evolved, via 
inter-academy competitions, into several of today’s 
gymnastics apparatuses and competitive disciplines.

The 10 centuries following the Roman era (5th to 
15th centuries) saw a decrease in intellectual and 
athletic pursuits that had been so prevalent dur-
ing the Greek and Roman eras. There was, how-
ever, continual development of the military arts 
in which physical fi tness and prowess were highly 
valued. During this time, the training of soldiers 
continued to employ and develop gymnastics-type 
skills and many military physical training instruc-
tors subsequently became the physical education 
teachers and sport masters in the public and private 
schools of Europe, thus establishing a prominent 
place for gymnastics in school physical education.

Gymnastics evolution from the
medical professions

It is from the medical professions that we see 
the earliest writings on gymnastics. The word 
“gymnastics” was synonymous with purposeful 
exercise and could refer to running, physical prep-
aration in general, or for wrestling and boxing. 
There were increasing references to “medical gym-
nastics” such as by Herodikos of Selymbria in the 
5th century BC, and Galen’s De Sanitate Tuenda in 
1st century AD. Galen advocated the importance of 
exercise in the cultivation of both the mind and the 

the games at Olympia fi rst documented in 776 BC. 
There was great debate in Greek literature about the 
value of so much time being devoted to training for 
these festivals, especially when the athletes became 
increasingly more professional and the rewards for 
winning multiplied (Manning, 1917).

The subsequent Roman Empire took these fi tness 
arts to even greater sophistication but directed the 
training to military applications instead of purely 
athletic contests at religious festivals. One of the most 
infl uential medical writers in history was Claudius 
Galenus (Galen of Pergamon, 129–200 AD) who 
studied in the best medical schools in the Mediter-
ranean region. He began his medical career treating 
the gladiators in his home city and was responsible 
for greatly reducing fatalities. Through this military 
medical exposure he learned much about training, 
rehabilitation, and the knowledge that physical fi t-
ness (gymnastics) was a natural and necessary part of 
life. Through his large body of publications he edu-
cated the entire world thereafter on Hippocratic the-
ory and the practice of medicine (Machline, 2004).

It was not long after, that we see the fi rst docu-
mentation on the use of wooden horses for military 
training. The fi rst written description was a 375 AD 
description by Vegetius of a Roman legion training 
on them (Kaimakamis et al., 2007). In the 6th and 
7th century Europe, military skills on the wooden 
horse were considered one of the seven knightly vir-
tues, and there are many references to such military 
training. Soldiers practiced mounting, dismounting, 
vaulting over, and weapon use while mounted on 
wooden practice horses. The practice moved from 
military venues to fencing academies to universi-
ties, and we see it today in the sport of Equestrian 
Vaulting as well as pommel horse, and vaulting in 
both Men’s and Women’s Artistic Gymnastics.

A similar military infl uence is apparent with 
“Indian” clubs. There are ancient Persian and 
Indian depictions of stone and wooden clubs being 
swung as part of physical training. The British sol-
diers in colonial India were very impressed with 
the physical robustness of practitioners of “Indian” 
club (jori) swinging. The British army incorpo-
rated this exercise into their training, combining it 
with Swedish gymnastics. The fi rst book to appear 
in Europe describing Indian club exercises was 
Donald Walker’s 1834 British Manly Exercises. This 
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1553 and advocated exercise for health, but it was 
mainly for Spanish speaking general readers and 
was not widely known to the Latin reading intel-
lectual classes of Europe (Machline, 2004).

About 100 years after Mercurialis, the Italian 
physiologist Giovanni Borelli (1608–1679) dis-
puted Galen’s principles of movement and linked 
movement to mechanical laws and to contracting 
muscles and, as such, is regarded as the father of 
biomechanics. His two books De Motu Animalium I 
(1680) and II (1685) changed forever the way phy-
sicians and educators viewed movement and exer-
cise. The human body was now considered a series 
of mechanical levers moved by muscles, which 
were elastic, dynamic, and needed to be main-
tained to function effectively. Gymnastics practice 
was about to change.

These and similar publications fueled an intense 
interest in ancient Greek ideals and many publica-
tions appeared during the British Enlightenment 
period extolling the health benefi ts of regular 
exercise (medical gymnastics). The British medical 
writer Francis Fuller (the Younger) published Medic-
ina Gymnastica: A Treatise Concerning the Power of 
Exercise in 1705 and the essayist and magazine 
founder Joseph Addison wrote in the magazine 
Spectator in 1711 that he exercised 1 hour every day 
with a dumbbell (cast iron bell silenced by remov-
ing the clapper). Fellow countryman and physician 
George Cheyne published the very popular book 
Essay on Health and Long Life (1724) in which he 
advocated a wide array of daily exercises (Batch-
elor, 2012). Medical gymnastics now had a more 
scientifi c footing and was gaining acceptance in 
the medical professions. This was bolstered by the 
1741 Paris publication of L’Orthopédia by Nicolas 
Andry in which he highlights bone plasticity and 
rehabilitative properties in children. Thus, we see 
the births of biomechanics, physical therapy, phys-
ical education, and orthopedics all occurring at the 
same time, and central to all was “gymnastics.” It 
is also a time of renewed emphasis on exercise and 
sport in public education. This was in part due to 
the revival of Greek educational philosophy, and in 
part to the medical professions’ imprimatur. There 
was also the role public education was playing in 
bolstering a population of healthy military-ready 
youth in the climate of growing nationalism.

body (Bakewell, 1997). As previously mentioned, 
Galen’s writing on the virtues of exercise were little 
known during the Middle Ages in Europe, but were 
widely translated in Arabic and they strongly infl u-
enced Islamic medicine. It was physician Girolamo 
Mercuriale (or Hieronymus Mercurialis in Latin), 
who reintroduced Europeans to the teachings of 
the ancient Greeks. His book De Arte Gymnastica 
was the most infl uential book regarding this shift 
in medical thinking. Written in 1569 and reissued 
with elaborate illustrations of heavily muscled 
boxers, wrestlers, and gladiators in 1573, this book 
educated and infl uenced physicians and educators 
about the value of exercise, as taught by the Greeks 
(Figure 1.3). An earlier book, Libro del Exercicio by 
Spanish author Cristobal Méndez, was published in 

Figure 1.3 Gymnasts from Mercurialis’s 1573 book. 
(Source: De Arte Gymnastica, Girolamo Mercuriale (1573).)



8 Chapter 1

his students including wooden vaulting horses, 
climbing ropes, trapezes, rope ladders, seesaws 
for hanging from, and balance beams. Another 
German teacher Gerhard Vieth (1763–1836) pub-
lished an encyclopedia of physical education in 
1794 that included passive activities and active 
activities such as climbing, mounting, and vault-
ing over wooden horses (Kaimakamis et al., 2007).

A third German teacher and soldier, Freidrich 
Jahn (1778–1852), using similar apparatus and 
methods, had the greatest infl uence of all by orga-
nizing turnvereins, or gymnastics clubs, which 
spread all over Europe and the world. Jahn visited 
GutsMuths in 1807 and later opened an open-air 
gymnasium (a turnplatz) in Berlin’s Hasenheide 
from 1811 to 1819. He expanded GutsMuths’ sys-
tematic approach and developed exercises and skills 
to be performed on the various apparatuses. He is 
credited with widely popularizing the apparatus 
that would subsequently defi ne Artistic Gymnastics.

Another very infl uential educator who studied 
GutsMuths and visited the German schools was Pehr 
Henrik Ling (1776–1839) from Sweden. Ling, who 
was a fencing master in his home country, developed 
a very different style of gymnastics that incorporated 
some apparatus, but mostly consisted of rhythmical 
and free-fl owing calisthenics (Figure 1.5). He designed 

Gymnastics evolution from the 
education professions

The Renaissance period (1400–1600) also saw 
many educators such as the Italian Vitorrino da 
Feltre and the Swiss Johann Pestalozzi reintroduc-
ing the Greek model of education. These educators 
and philosophers, who are often grouped under 
the banner of “humanists,” in turn infl uenced the 
Swiss Jean-Jacques Rousseau (1712–1778), and the 
German Johann Basdow (1724–1790) who both 
wrote extensively about “natural” education and 
strongly infl uenced our next group of four educa-
tors: GutsMuths, Vieth, Jahn, and Ling. It was this 
latter group who combined the scientifi c, medical, 
and educational changes into teaching systems, tax-
onomies of movement, and inventions of fi tness 
apparatus that evolved into comprehensive systems 
of physical education (Figure 1.4). Now we can fi ll 
in the remaining parts of the history of present day 
gymnastics.

The very infl uential German teacher Johann 
GutsMuths (1759–1839) published Gymnastik Fur 
Die Jugend in 1793, which inspired many sub-
sequent educators. GutsMuths outdoor gymna-
sium had many devices for physically developing 

Figure 1.4 Swiss turnschule 1850. (Source: Huguenin A., 100 Years of the International Gymnastics Federation 
1881–1981, FIG, Moutier, Switzerland 1981 with permission from Fédération Internationale de Gymnastique.)
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30 pretrained athletes, and included competition 
in mast and rope climbing as well as pole long leap 
(pole vault) and there was also an exhibition of mass 
gymnastics by 100 school children (Rühl, 2004).

During this same time period in England, 
Dr Penny Brookes organized a national version 
of his Wenlock Olympian Games—the National 
Olympian Games—which were held in London 
in 1866 and three successive years in different cit-
ies in England. These Olympian Games included 
an extensive gymnastics component, which is 
not surprising given the other two major organiz-
ers. One was John Hulley the gymnasiarch of the 
Liverpool Gymnasium and promoter of another 
Olympic Festival that ran for 6 years in and around 
Liverpool commencing in 1862. The other was 
Ernst Ravenstein the president of the German 
Gymnastics Society of London. These same three 
men were amongst the small group of founders of 
the National Olympian Association in 1865, and 
which was a forerunner of the British Olympic 
Association. Ravenstein and Hulley were also co-
authors of two gymnastics books.

In 1890, the young French academic Pierre Frédy, 
Baron de Coubertin paid a visit to Much Wenlock 
to witness the Olympian Games. This was one of 
Coubertin’s many trips to the United Kingdom to 
study how British schools encouraged sports and 
games in physical education. In Dr Penny Brookes, 
Coubertin found an advocate for reestablishing the 
Olympic Games as an international event incorporat-
ing modern sports. Four years later Coubertin orga-
nized an international conference in Paris that formed 
the International Committee of the Olympics, which, 
in turn, spearheaded the fi rst Olympic Games under 
the auspices of the IOC in Athens in 1896.

It should not be forgotten that in addition to 
these “Olympic” events there were also many 
large gymnastics festivals (turnfests) in German 
speaking Europe. GutsMuths refl ects in his book 
that they were like “…revived Olympic Games” 
(Borgers, 2003). The fi rst Deutsches Turnfest was 
held in Coburg Germany in 1860 with 970 gym-
nasts and grew so rapidly that the 1863 Turnfest in 
Leipzig had 20,000. The year 1860 was also when 
Miroslav Tyrš founded the fi rst Sokol club in Prague. 
The Czech Sokol movement was similar to the Ger-
man Turnverein movement and it quickly spread 

exercises and routines to systematically develop all 
anatomical movements. His system was used around 
the world in both educational and military training 
and from his infl uence we can trace fl oor exercise 
and the balance beam style of early Women’s Artis-
tic Gymnastics. Likewise, the practice of Swedish 
(Ling)-style gymnastics in female physical education 
colleges and institutions, especially when combined 
with music and dance, can be seen as the antecedent 
of the sports of Rhythmic Gymnastics and Aerobic 
Gymnastics. This marriage of dance, music, and gym-
nastics thus has deep roots in educational practices, 
as well as the performing arts. When combined with 
the military and medical infl uences we now have a 
full picture of the genesis and evolution of the con-
temporary sports and activities of gymnastics.

Gymnastics in the Olympic Games

The concept of athletic festivals, in the tradition of 
the ancient games in Greece, has had many mod-
ern rebirths. Rühl (1997) identifi ed 13 different 
“Olympic Games” prior to the IOC Olympics of 
1896. A few were one-off events such as the 1844 
Montreal Olympic Games and the 1853 New York 
Olympic Games, but the rest were repeating events 
in Drehberg Germany, Rondeau France, Ramlösa 
Sweden, Lake Pali  Serbia plus fi ve different “Olym-
pic” festivals in England including a local festival 
started in 1850 in the small Shropshire town of 
Much Wenlock under the leadership of Dr William 
Penny Brookes. In 1859, just 2 months after the 
newly named Wenlock Olympian Games took place 
(and still runs annually), the fi rst of the so-called 
Zappas Olympic Games was launched in Athens 
Greece. These “Zappas Games,” funded by Greek 
business magnate Evangelis Zappas, were modern 
versions of the ancient games. The fi rst two games 
in 1859 and 1870 (20,000 spectators) included, 
amongst other apparatuses, the ancient gymnas-
tics competitions in pole climbing and balancing. 
In the 1875 Zappas Games, the German gymnastics 
apparatuses of parallel bars and horizontal bar were 
added, but since not all the program could be com-
pleted, no awards were given. The next, and the last, 
of these games in 1889 was quite small with only 
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to the other scores to determine the combined all 
around champions. Also listed were the specialty 
apparatuses of rope climb and club swinging.

In the 1908 London Olympics, there were no indi-
vidual apparatus medals, so athletes had to compete 
on all seven (heptathlon): (1) horizontal bar, swing-
ing; (2) horizontal bar, slow movements; (3) paral-
lel bars; (4) rings, stationary; (5) rings, swinging; 
(6) pommelled horse; and (7) rope climb. There was 
also, however, a Swedish-style team mass exercise 
competition of 16–40 competitors doing free exercise 
or exercises with hand apparatus with a maximum 
time limit of 30 minutes.

In 1912 in Copenhagen and again in 1920 in 
Antwerp, there were only the four German gym-
nastics apparatuses of horizontal bar, parallel bars, 
still rings, and pommelled horse that were summed 
to determine the individual all around medal, but 
there were also three separate team competitions. 
One was the apparatus team competition, another 
was the Swedish gymnastics team competition, 
and the third was a free team competition.

The 1924 games in Paris saw compulsory and 
voluntary routines being performed on the same 
four apparatuses used in the previous two Olym-
pics plus voluntary skills on rope climb, side 
horse vault (no pommels), and long horse vault 
(interestingly by vaulting over a high jump bar 
before contacting the horse). From this date on, 
there have been individual apparatus awards given 
in each Olympic competition. There was also a 
group “drill” routine that was added into the team 
total. Five countries performed demonstrations of 
their particular styles of group gymnastics (men’s 
groups and women’s groups) and they included the 
Danish men’s group formed 4 years earlier by Neils 
Bukh. This group introduced a fresh and artisti-
cally infl uential approach to the Scandinavian 
style of gymnastics (Figure 1.5). They subsequently 
traveled extensively internationally and strongly 
infl uenced the male aesthetic in subsequent gym-
nastics generations and had a particularly strong 
infl uence in Japan where universities still compete 
in this style of men’s team “rhythmic” gymnastics. 
Danish demonstration teams still tour extensively.

In Amsterdam in 1928, rope climb was deleted and 
compulsory and voluntary routines were performed 
on the same four apparatuses as in the previous years 

throughout the Slavic world and beyond Europe. 
They too initiated a large gymnastics festival, called 
a Slet, in 1882 and by the end of the century they 
were hosting 10,000–12,000 gymnasts. There were 
also similar large gymnastics festivals occurring in 
Scandinavia as well as multisport, multinational ath-
letic exhibitions and competitions occurring in con-
junction with the growing number of national and 
international trade and commerce fairs that eventu-
ally evolved into the world fairs. Not surprisingly, 
the fi rst three IOC Olympic Games were integrated 
and organized under the programs of world fairs.

In the evolution of contemporary gymnastics, 
there was considerable debate regarding the vir-
tues of the German versus the Swedish styles of 
gymnastics, and both of them versus the English 
sports approach in education. Coubertin was a 
strong believer in the English approach to physi-
cal education but he believed the German style 
of gymnastics was superior to the more medically 
oriented Swedish system “… German gymnastics 
… is energetic in its movement, based on strict 
discipline and, in a word, military in its essence” 
(Coubertin, 1892). Thus, we see in the fi rst IOC 
Olympic Games in Athens in 1896 the inclusion 
of the German gymnastics apparatus of horizontal 
bar, parallel bars, pommelled horse, rings, horse 
vault, and rope climb, but there was also group 
synchronized competitions on horizontal bar and 
parallel bars. In the Paris Olympics of 1900, the 
gymnastics competition consisted of 16 different 
types of apparatus including compulsory and vol-
untary routines on the same apparatus used in the 
1896 Olympics. In addition, there were freestand-
ing exercise, pole climb, combined jumps (high 
jump, long jump, pole vault), and a weight lift-
ing competition. The battle between the Swedish 
and German styles played out in the next several 
Olympics with some interesting twists and turns. 
In the 1904 St. Louis Olympics, there were actually 
two separate gymnastics competitions held several 
months apart. The Turnverein (German) compe-
tition was held fi rst and then 4 months later the 
Swedish gymnastics competition. The events listed 
in the offi cial results include horizontal bar, paral-
lel bars, pommelled horse, rings, vault, 100-yard 
run, long jump, and shot put. The latter three were 
called the triathlon and these scores were added 
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exercise, (2) pommel horse, (3) still rings, (4) vault, 
(5) parallel bars, and (6) horizontal bar. The women 
competed on individual apparatus for the fi rst time, 
even though only a team score was awarded med-
als. They also competed in two group routines, one 
with and one without “portable” (hand) apparatus. 
Interestingly, the offi cial Olympic report shows the 
Polish team using long bows as their “portable” 
apparatus. Again it is not clear if this is a competi-
tive or a display group. They competed compul-
sory and voluntary routines on three apparatuses: 
(1) balancing beam, (2) vault, and (3) parallel bars 
(on which the compulsory routine was done on 
uneven bars but it appears that, at least, some of the 
voluntary routines were done on the even parallel 
bars, as per the men’s apparatus).

In the 1948 London Olympics, the men’s appara-
tuses were the same as in Berlin 1936 Olympics, and 
the women again had only team awards, but inter-
estingly the women competed on swinging rings 
(compulsory routines only). The other women’s 
apparatus included compulsory and optional rou-
tines on balance beam and pommelled side horse 
vault plus two group routines, one with and one 
without hand apparatus.

The 1952 Helsinki Olympics program included 
the six contemporary apparatuses for men and the 
four contemporary apparatuses for women (except 
vault was listed as long horse, not side horse) in 
both compulsory and optional routines. The 
women also competed on an optional routine in 
the Swedish-style gymnastics group competition 

plus a compulsory vault over side horse with pommels 
and a voluntary vault over long horse. This was the 
fi rst Olympics in which women offi cially competed 
in gymnastics even though there had been women’s 
gymnastics group exhibitions in most of the former 
Olympics. For the women, there was only a team 
award that was decided by adding the cumulative 
scores from voluntary team routines on vault (jumps), 
drill with or without hand apparatus, and exercises on 
the apparatus. It is not clear what apparatuses were 
competed since “Each country is entirely free in its 
choice of exercices (sic), apparatus and jumps” (Offi -
cial Report, 1928 Olympic Games). It is possible, from 
viewing the pictures in the offi cial report, that one 
team chose group rope climbing. This could, however, 
also have been an exhibition group.

Women did not compete in gymnastics in the 
1932 Olympics in Los Angeles, where the men had 
an unusually large selection of apparatus. Still rings 
were replaced with fl ying rings, and the all around 
and team competitions used scores from the usual 
four apparatuses (fl ying rings instead of still rings) 
plus long horse vault. All apparatuses were awarded 
medals including the Indian clubs, rope climb, tum-
bling, and individual freehanded exercise. This latter 
was Swedish-style calisthenics without hand appara-
tus, thus “freehanded,” and was to become one of the 
six permanent apparatuses in subsequent Olympic 
competitions. It has also been variously called free 
exercises, freestanding exercise, and fl oor exercise.

The Berlin 1936 Olympics saw the standardization 
of the men’s apparatus to the current six: (1) fl oor 

Figure 1.5 Scandinavian-style group gymnastics. (Reprinted with permission from Olympic Museum Collections.)
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and synchronized pairs), Tumbling, and Double 
Mini-Trampoline. Trampoline (individual male and 
female) was added to the Olympic program in 2000.

Summary

In summary, whether it is the competitive sports 
of gymnastics or the large massed group displays 
seen at the quadrennial World Gymnaestrada, 
or the recreational gymnastics class in the local 
municipal hall, all can trace their existence back 
to the performing arts, military training, medical 
professions, or educational professions. It has been 
a fascinating journey that continues to evolve at a 
rapid pace.

In the past 20 years, when compared to changes 
in other sports over the same time, change in 
gymnastics has been extraordinary. The appa-
ratuses have undergone, and are still undergo-
ing, extensive modifi cations that have changed 
gymnastics sports as radically as fi berglass poles 
have changed pole vaulting. Consider the recent 
adaptations only in the single sport of Artis-
tic Gymnastics, where increasing elasticity has 
occurred in all apparatus—springy fl oor exercise 
area; padded and slightly sprung balance beams; 
sprung-top and much wider vaulting tables 

with hand apparatus. Medals were given for indi-
vidual apparatus, individual all around, and team.

The exact same apparatuses were contested in 
the 1956 Melbourne Olympics, and subsequent 
Olympics, but Melbourne would be the last time, 
under the banner of Artistic Gymnastics, that the 
women would compete in a Swedish-style group 
competition with hand apparatus.

Contemporary Olympic gymnastics

The Swedish-infl uenced group gymnastics and gym-
nastics with hand apparatus continued to evolve 
and develop and was strongly infl uenced by mod-
ern dance personalities like Emile Jaques-Dalcroze of 
Switzerland and American dancer Isadora Duncan as 
well as by the Rhythmic Gymnastics styles evolving 
in the Soviet Union, Finland, and Estonia. The sport 
of modern gymnastics came under FIG’s umbrella 
in 1961 and changed its name to Rhythmic Sport-
ive Gymnastics and had its fi rst world championship 
in 1963 (Figure 1.6). It was then “reintroduced” into 
Olympic competition in the 1984 Olympics as the 
sport of Rhythmic Gymnastics.

A similar evolutionary process was happening 
with another group of sports that joined the FIG in 
1999 as TG. These include Trampoline (individual 

Figure 1.6 1969 Bulgarian 
Rhythmic World Championship 
team. (With courtesy of Vera 
Marinova-Atkinson.)
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to decrease the advantage of small prepubertal 
female Artistic gymnasts.

In Rhythmic Gymnastics, there has been a trend 
for increased fl exibility that now crosses over into 
contortion and this has generated great discussion 
within the ranks of FIG offi cials. This trend has 
partially been ameliorated by recent rule changes 
giving less reward for it, but the debate continues.

The following trends are realities of contempo-
rary gymnastics, and all need continual monitor-
ing and debate:
• The ages of gymnasts training at high levels has 
progressively decreased.
• The training hours, notably for young children, 
have increased dramatically.
• The skill diffi culty levels have increased expo-
nentially, which results in greater forces being sus-
tained by the body, for longer periods of time, at 
younger ages.
• Injury rates, especially growth plate injuries, 
seem higher than previously reported (Kolt and 
Kirkby, 1999, Kolt and Caine, 2010).
• Subjective evaluation of athletes contains the 
inherent pitfalls of nationalistic bias.
• The importance of, and meaningful use of, music 
has diminished.
• Rule makers are predominantly from the ranks 
of judges with little input from the coaching com-
munity.
• Skill convergence in Women’s Artistic and Rhyth-
mic Gymnastics has led to overuse injuries.

Yes, there are challenges in the world of gym-
nastics, but the 5000-year-old adventure contin-
ues with no signs of stagnation. The many forms 
of gymnastics are wonderful foundations to other 
physical pursuits, and are amongst the most excit-
ing sports to perform and to watch. The marriage 
of artistry and sport is not an easy union. However, 
the outcomes are well worth the struggle and the 
many forms of gymnastics deliver innumerable 
positive outcomes.
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instead of narrow vaulting horses; spring-loaded 
ring suspension on frames designed to bow and 
recoil; thicker landing mats; much thinner, 
hollow fi berglass rails on parallel bars and asym-
metric bars; higher and much wider separation 
of asymmetric bars; and adjustable springs on 
vaulting boards. These modifi cations have pro-
duced radically different gymnastics skills. 
Now, prepubertal gymnasts around the world 
commonly perform skills that Olympic cham-
pions were incapable of performing only a few 
years ago!

Trampoline has added the brand new evalua-
tion component of measuring bounce height (air 
time) that has an immediate infl uence on perfor-
mance. In addition, the non-Olympic disciplines 
of Acrobatic and Aerobic Gymnastics are also 
evolving rapidly. Aerobic Gymnastics recently 
added two new competitive categories aerobic 
dance and aerobic step to its competitive roster. 
The other discipline under the FIG’s direction is 
Gymnastics for All, and it too has recently made 
a major change in its program by adding the new 
international Gym For Life Challenge compe-
tition, which pits individual clubs against one 
another in a world championship of exhibition 
gymnastics.

This rapid evolution has, however, also brought 
changes that are more diffi cult to evaluate as 
being favorable or unfavorable. Younger than nor-
mal gymnasts began to appear at the Dortmund 
World Championships in 1966, and by 1975 
Nadia Comaneci won every gold medal except 
one at the European Championships. She was 13 
years old. At the Montreal Olympics in 1976 we 
had the two 14 year olds Nadia Comaneci and 
Nellie Kim take the spotlight with their incredible 
level of performance. This trend has been recently 
reversed by the imposition of a minimum age of 
16 for Olympic competition. This increase in age, 
while positive, has opened the possibility that 
the most successful female Artistic Gymnastics 
competitors may be those who are actually much 
later maturers than was previously the case, as 
evidenced by the fact that the average height and 
weight of the female Olympic gymnasts has not 
changed, even though the age has increased. Per-
haps changes in the judging rules will be needed 
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Growth, maturation, and training
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has a long history. At the beginning of the 20th 
century, D’Arcy Thompson (1917) wrote his classic 
treatise On Growth and Form suggesting that exer-
cise was a direct stimulus to growth (Thompson, 
1942). In 1964, James Tanner published The Phy-
sique of the Olympic Athlete in which he concluded 
that “the basic body structure must be present for 
the possibility of being an athlete to arise.” Other 
authors who have subsequently measured the 
growth and development of young athletes have 
agreed with this statement and concluded that 
body size is likely genotypic (nature) and probably 
refl ects selection at a relatively young age for the 
size demands of the sport (Malina, 1994). This sug-
gests that nature rather than nurture is the driving 
force behind the observed size differences in sports. 
However, a number of studies, especially with aes-
thetic sports such as gymnastics, have suggested 
that when heavy training regimens are started at 
a young age, the growth (Theintz et al., 1993) and 
maturation (Daly et al., 2000) of the child may be 
adversely affected (nurture).

In female gymnastics, particular attention has to 
be paid to the fact that the age, and thus size, of 
artistic women gymnastic champions, such as Larisa 
Latynina (who won Olympic gold at 22 years of age 
in 1956) and Věra Č áslavská (who won Olympic 
medals at 22 years in 1964), has declined over the 
decades. At the 1972 Olympics Olga Korbut won 
Olympic gold at 17 years of age and in 1976 Nadia 
Comaneci won at the age of 14 years. In 1987 the 
mean age at the world championships was 13 years 
and height and weights refl ected the prepubertal 
body type. In 1997 the minimum competition age 

Introduction

Concern over possible growth inhibition effects 
of competitive sports has been and continues to 
be a source of much debate. In recent years, par-
ents, coaches, sport administrators, sports medi-
cine practitioners, and the broader public has been 
alarmed by reports of potentially harmful effects of 
intensive physical training beginning at a young 
age in the growing athlete. Most of the attention 
has been centered on the observed short stature 
and later maturation of female Artistic Gymnas-
tics. Although, short stature has also been reported 
in female Rhythmic gymnastics, the evidence is 
less equivocal. Very little has been written about 
the female trampoline athlete. The size and mat-
uration of male gymnasts have not been placed 
under similar scrutiny, although studies have sug-
gested that their growth deterioration may be more 
marked compared to females. The major concerns 
are that training may reduce growth potential and 
possibly delay pubertal maturation. On the other 
hand, claims have also been expressed for the 
positive infl uences of intensive training for sport 
on the growing and maturing individual, such as 
improved bone health.

Interest in the effects that physical activity and/
or exercise have on a child’s growth and maturation 
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maturational events occur, for example, age when 
menarche is attained, age at the beginning of breast 
development, age at the appearance of pubic hair, 
or age at maximum growth during the adolescent 
growth spurt. Tempo refers to the rate at which 
maturation progresses, for example, how quickly 
or slowly an individual passes from initial stages of 
sexual maturation to the mature state. Timing and 
tempo vary considerably among individuals. Stud-
ies of growing children commonly focus on sexual 
and skeletal maturation.

Development refers to the acquisition of behav-
ioral competence, that is, the learning of appro-
priate behaviors expected by society. It is culture 
specifi c. As children experience life at home, 
school, church, sports, recreation, and other com-
munity activities, they develop cognitively, socially, 
emotionally, morally, and so on. Children and ado-
lescents learn to behave in culturally appropriate 
manners.

It is important to recognize that the three pro-
cesses, growth, maturation, and development, 
occur simultaneously and interact. Growth and 
maturation are characterized by individual varia-
tion and, although under genetic and neuroendo-
crine control, environmental factors may also have 
an infl uence. Physical activity, especially intensive 
training for sport, is often indicated as one such 
environmental factor. The demands of specifi c 
sports are superimposed upon those associated 
with normal growth, maturation, and develop-
ment. Although widely discussed and to a lesser 
extent systematically investigated, the exact role of 
regular training is yet to be determined. Neverthe-
less, concern is periodically expressed about poten-
tially negative infl uences of intensive training on 
the growth and maturation of elite young female 
athletes in some sports. To understand fully the 
effects of training on a gymnast’s growth and mat-
uration one has to fi rst have a clear understanding 
of the growth process itself.

The curve of growth

One of the most famous records of human growth 
is that of a boy known simply as de Montbeillard’s 
son. Between 1759 and 1770 the Count Philibert 
Gueneau de Montbeillard successively measured his 

was raised to 16 years and the average age at the 
2008 world championships was 18.8 years. How-
ever the height and weights in 2008 were similar 
to those observed in 1987. Thus, the nature versus 
nurture debate continues. However, before discuss-
ing the evidence for and against this argument, 
it should be pointed out that one common ele-
ment often overlooked is the natural variations in 
the timing and tempo of growth and maturation 
observed within a normal healthy population.

Growth, maturation, and development

All children experience three interacting processes: 
(1) growth, (2) maturation, and (3) development. 
Often these terms are treated as the same; yet, these 
terms refer to three distinctive processes that occur 
in the daily lives of children and youth for approxi-
mately the fi rst two decades of life.

Growth specifi cally refers to the increase in the 
size of the body as a whole and of its parts. Thus, 
as young children grow, they become taller and 
heavier, they increase in lean and fat tissues, their 
organs increase in size, and so on. Different parts 
of the body grow at different rates and different 
times. For example, in normal healthy children 
heart volume and mass follow a growth pattern 
similar to body weight, while lung size and bone 
mass grow in proportion to height. The different 
rates and timing of growth in the body and its parts 
result in changes in body proportions, that is, the 
relationship of one part of the body to another. The 
legs, for example, grow faster than the trunk dur-
ing childhood; hence, the child becomes relatively 
longer legged.

Maturation refers to progress towards the bio-
logically mature state. It is an operational concept 
because the mature state varies with body systems. 
Maturation differs from growth in that although 
various biological systems mature at different 
rates, all individuals reach the same endpoint and 
become fully mature. In contrast, there are wide 
variations in endpoints of growth, that is, adult 
stature, physique, and so on. Maturation, that is, 
the process of maturing, has two components, tim-
ing and tempo. The former refers to when specifi c 
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the line decreases. This is followed by steady growth 
in childhood (between 5 and 10 years of age) and 
then rapid growth during adolescence (between 10 
and 16 years of age). Finally, very slow growth is 
observed as the individual approaches an asymp-
tote at 19 years of age. Although this distance curve 
shows the continuous rate of magnitude of change 
with age, in terms of our journey it only tells us 
where we are at any particular point in time. No 
information is provided as to how we reached this 
point; thus the distance point is largely dependent 
on how much the child has grown in all proceed-
ing years.

What is more useful is a measure of growth that 
describes the speed of our journey at any one point 
in time. To get an idea of speed, the data has to be 
expressed in terms of a rate of growth (centimeter 
per year) (Figure 2.2). Velocity of growth is a better 
refl ection of the child’s state at any particular time 
than the distance achieved.

son at approximately 6-month intervals. Although 
tabulated in 1778, that data was not plotted in 
the form of a chart until 1927, by R.E. Scammon
(Figure 2.1). This is known as a height distance or 
height for age curve.

Growth can be thought of in terms of a journey, 
the curve in Figure 2.1 describes the distance trav-
eled from birth to 18 years of age; from the fi gure 
you can see that a child’s height at any particular 
age is a refl ection of how far that child has pro-
gressed towards the mature adult state. With data 
collected approximately every 6 months this clearly 
illustrates that growth is not a linear process. That 
is to say we do not gain the same amount of height 
during each calendar year. Figure 2.1 also illustrates 
the fact that between birth and 18 years of age the 
distance curve is made up of a number of differ-
ent shaped curves with different slopes. Relatively 
rapid growth is observed in infancy, which gradu-
ally declines by 5 years of age, that is, the slope of 
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Figure 2.1 The growth in height of de Montbeillard’s 
son (1759–1777): height distance or height for age curve. 
(Redrawn from data of Scammon (1927).)
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Figure 2.2 The growth in height of de Montbeillard’s 
son (1759–1777): velocity curve (Redrawn from data of 
Scammon (1927).)
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demonstrate rapid increases in muscle mass whilst 
females accumulate greater amounts of fat, thus as 
a result of natural biological development by the 
end of adolescence males are stronger.

Growth in stature

Stature is made up of sitting height (distance from 
the sitting surface to the top of the head) and leg 
length, or subischial length (distance between the 
hip joint to the fl oor). The exact landmark of the 
hip joint is sometimes hard to locate so leg length 
is most often calculated by subtracting sitting 
height from standing height. Stature varies during 
the course of the day, with greater readings in the 
morning that decrease throughout the day. Shrink-
age during the day occurs because the interverte-
bral discs become compressed as a result of weight 
bearing, thus the diurnal variation may be as much 
as 1 cm or more.

During the fi rst year of life, infants grow at a fast 
rate, approximately 25 cm per year, in fact during the 
fi rst 6 months of life the velocity may be even faster, 
around 30 cm per year (Figure 2.3). During the sec-
ond year of life there is growth of another 12–13 cm
in stature. This accelerated growth means that by 
2 years of age boys have attained approximately 50% 
of their adult stature. Girls are always closer to their 
mature status, even at birth, than boys and reach 50% 
of their fi nal adult stature by 18 months of age. From 
then on there is a steady deceleration in growth, 
dropping to a rate of about 5–6 cm per year before the 
initiation of the adolescent growth spurt. Between 
6.5 and 8.5 years, there is a small but distinct increase 
in growth rate, known as the juvenile or mid-growth 
spurt. During adolescence the maximum velocity of 
growth is known as peak height velocity (PHV). Girls, 
on average, attain PHV approximately 2 years earlier 
than boys with their onset of PHV occurring between 
8.2 and 10.3 years (Figure 2.4). On average PHV is 
reached between 11.3 and 12.2 years. Corresponding 
ages for boys are 10.0–12.1 years and 13.3–14.4 years.
By PHV individuals have attained 92% of their 
adult height.

Upon reaching fi nal adult height males are on 
average 13 cm taller than females, however up until 
the initiation of PHV the sex differences in height 
are small (Figure 2.4). Therefore, boys achieve their 

From the curve you can see that following birth 
two distinct increases in growth rates occur. The 
fi rst of these is the juvenile or mid-growth spurt 
occurring between 6 and 8 years of age. The second, 
more dramatic, increase occurs between 11 and 
18 years and is called the adolescent growth spurt. 
Whilst the juvenile growth spurt varies in mag-
nitude between individuals, it occurs at roughly 
the same age both within and between sexes. The 
adolescent growth spurt, however, varies in both 
magnitude and timing within and between the 
sexes. Males enter their adolescent growth spurt, 
on average, almost 2 years later than females and 
have a slightly greater magnitude of height gain 
(Figure 2.3). This extra 2 years of growth prior to 
adolescence, in combination with a greater mag-
nitude of growth during adolescence explains in 
part the increased fi nal adult height and relatively 
longer legs observed in males. At the same time, 
other skeletal changes occur that result in gender 
difference in adulthood, such as wider shoulders 
in males and wider hips in females. Males also 
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Figure 2.3 Typical-individual height–velocity curves for 
boys and girls, representing the velocity of the typical 
boy and girls at any given instance. (Redrawn from data 
of Malina et al. (2004).)
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Patterns of growth

Statural growth, as demonstrated in Figure 2.4, shows 
only one of several patterns of growth found within 
the human body. Different parts of the body grow at 
different rates and different times. It has been pro-
posed that all tissues and systems follow four patterns 
of growth: (i) neurological (e.g., brain and head), (ii) 
reproductive (e.g., reproductive organs), (iii) lym-
phoid (e.g., lymph glands, tonsils, and appendix) 
and (iv) general (e.g., stature and heart size). Brain 
and head growth (neural tissue) exhibits the most 
rapid early growth. At birth a child’s head is roughly 
half its adult size. From birth there is steady growth 
up until 7 years of age; by 8 years of age neural tissue 
growth is almost complete. In contrast, reproductive 
tissue does not really start to increase in size until 12 
to 14 years of age. The reproductive curve includes 
primary sex characteristics (e.g., uterus, vagina and 
fallopian tubes in females; prostate and seminal 
vesicles in males) and secondary sex characteristics 
(e.g., breasts in females, facial hair in males, and 
axillary and pubic hair in both sexes). The reproduc-
tive curve shows some growth during infancy fol-
lowed by reduced growth during childhood; by 10 to 
12 years of age reproductive organs are only 10% of 
their adult size. During adolescence (puberty) there 
is a rapid growth in genital tissues. The general curve 
of growth includes many tissues and systems in the 
body, such as skeletal tissue, the respiratory system, 
and the digestive system. As illustrated by the shape 
of stature shown in Figure 2.4, the general curve fol-
lows a sigmoid curve of growth and refl ects a rapid 
growth during infancy and early childhood, steady 
growth during mid-childhood, and rapid growth 
during early adolescence.

Development of shape

In contrast to changes in size, which just show a 
child’s progression in terms of a percentage of adult 
status, the concept of change in shape refl ects the 
changes in proportionality of body segments from 
infancy to adulthood. As already indicated, there 
is a twofold increase in head size from birth to 
maturity; however, other segments show different 
patterns. The trunk increases threefold, the arms 
fourfold and the legs at maturity are fi ve times 

height advantage during the adolescent period. 
Specifi cally, boys on average experience about 
2 years more preadolescent growth, approximately 
5 cm per year, than girls. This is roughly 10 cm 
of growth that girls do not experience. Boys also 
achieve a slightly greater (on average 2 cm) mag-
nitude of height at PHV. Both of these growth dif-
ferences cause males, on average, to have a greater 
adult stature. Girls stop growing in stature by about 
16 years of age and boys by about 18 or 19 years of 
age. However, these ages may be spuriously young 
as many growth studies stop measuring youth at 
17 or 18 years of age, and it is known that many 
youth, especially males, continue to grow into 
their early to mid 20s.

These curves of growth in height refl ect the 
growth patterns found in all healthy children who 
live in a normal environment. As mentioned, indi-
viduals will differ in absolute height of growth 
velocity (i.e., adult heights) and in the timing of 
the adolescent growth spurt; however, to reach 
their destined fi nal height each individual will go 
through a similar pattern of human growth.
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Figure 2.4 Typical-individual distance curves for boys 
and girls (Redrawn from data of Malina et al. (2004).)
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biological maturity needs to be controlled. When 
considering how to assess biological maturation 
it is fi rst important to understand that 1 year of 
chronological time does not equal 1 year of matura-
tional time. Whilst every individual passes through 
the same stages of maturity they do so at differing 
rates, resulting in children of the same chronologi-
cal age differing in their degree of maturity; this 
is refl ected in Figure 2.5. The graphs illustrate the 
growth of two girls (A and B), both 11 years of age; 
however, what is not apparent is the fact that they 
differ considerably in their degree of maturity. At 
11 years of age they are similar in height (girl A is 
156 cm; girl B 158 cm); however, the second bars 
refl ect the same individuals at 35 years of age and 
indicate that adult heights are signifi cantly differ-
ent (girl A is 181 cm; girl B is 165 cm). It is therefore 
apparent that at 11 years of age girl B is very close 
to her fi nal adult height, 7 cm of growth remain-
ing, and thus close to full maturity. In contrast, at 
11 years of age girl A still had 25 cm of growth to 
go and thus was less mature at 11 years of age. This 
illustrates the point that the size of an individual is 
not an accurate indicator of maturity. Certainly, in 
very general terms, size is associated with maturity, 
in that a bigger individual is likely to be chronolog-
ically older and thus be more mature than a smaller 
individual. However, it is well recognized that size 
does not play a part in the assessment of maturity.

their length at birth. These changes illustrate that 
there is a head–trunk–legs gradient. In early fetal 
growth the head is fastest growing, in infancy 
trunk growth accelerates, and in childhood leg 
growth accelerates. Other gradients of growth are 
also observed; within the limbs, during childhood 
and adolescence, growth occurs distal to proxi-
mal. For example, the hand and feet experience 
accelerated growth fi rst, followed by the calf and 
the forearm, the hips and the chest, and lastly the 
shoulders. Thus, during childhood there may be a 
period where children appear to have large hands 
and feet in relation to the rest of their body. How-
ever, once the adolescent growth spurt has ended, 
hands and feet are a little smaller in proportion 
to arms, legs, and stature. Most body dimensions, 
with the exception of subcutaneous adipose tissue 
and the dimensions of the head and face, follow a 
growth pattern similar to that of stature; however, 
there are wide variations in the timing of growth 
spurts. From childhood to adolescence, the lower 
extremities (legs) grow faster than the upper body 
(trunk). This results in sitting height contributing 
less to stature as age progresses. During the ado-
lescent growth spurt the legs experience a growth 
spurt earlier than the trunk. Thus, for a period dur-
ing early adolescence a youth will have relatively 
long legs, but the appearance of long-leggedness 
disappears with the later increase in trunk length. 
Sex differences in leg length and sitting height 
are small during childhood. For a short time dur-
ing the early part of adolescence, girls, on average, 
have a slightly longer leg length than boys, due to 
girls experiencing adolescence on average 2 years 
earlier. By about 12 years of age boys’ leg length 
exceeds girls, but boys do not catch up in sitting 
height until about 14 years of age. The longer 
period of preadolescent growth in boys is largely 
responsible for the fact that men’s legs are longer 
than women’s in relation to trunk length.

Biological maturity

As indicated previously, there is wide variation 
amongst children both within and between genders 
as to the exact timing and tempo of maturation. 
Therefore, to adequately distinguish the effects of 
physical activity or exercise on a group of children, 
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Figure 2.5 Two girls measured at the same chronological 
ages (11 and 35 years). At 11 years of age, girl A has 
25.2 cm of growth in stature remaining and girl B 
6.5 cm of statural growth remaining. (Data taken from 
two individuals who participated in the Saskatchewan 
Growth and Development Study (1964–1998).)
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after the fi rst signs of testicular enlargement, and 
reaches its peak (PHV) at around 14 years of age, 
when genitalia development is between stages 4 and 
5, and pubic hair between stages 3 or 4. Facial hair 
appears somewhat later, as does the breaking of the 
voice, a relatively late pubertal event (Tanner, 1989).

Training and growth and maturation

Training refers to the systematic, specialized prac-
tice for a specifi c sport or sport discipline for most 
of the year or to specifi c short-term experimental 
programs. Training programs are ordinarily specifi c 
(e.g., endurance running, strength training, sport 
skill training, etc.), and vary in intensity and dura-
tion. Although early studies suggested that train-
ing increased the rate of growth, particularly in 
the height of males, the results were limited. The 
apparent acceleration in height observed in some 
studies was likely related to the earlier biological 
maturation of the young male athletes studied 
and sampling variation rather than the intensity 
of the training program. More recently, the litera-
ture examining the potential effects of training for 
sport on maturation has concentrated on female 
athletes, particularly the age at which menarche is 
attained.

Sport participation and training for sport have 
no apparent effect on growth in height or the rate 
of growth in height in healthy, adequately nour-
ished children and adolescents. With few excep-
tions, athletes of both sexes in a variety of sports 
have, on average, heights that equal or exceed 
data for nonathletes. Exceptions among athletes 
are gymnasts, participants in a sport in which suc-
cessful participants present shorter heights than 
average. This trend probably refl ects the selection 
criteria of the sport. The smaller size of elite gym-
nasts is evident long before any systematic training 
starts, and is in part familial, that is, gymnasts have 
parents who are shorter than average. When paren-
tal stature was used to predict adult target height in 
a group of male gymnasts, swimmers, and soccer 
and tennis players, it was found that gymnasts had 
signifi cantly lower target heights than the other 
sports (Baxter-Jones et al., 1995). There is also a size 

To adequately control for maturity an indica-
tor of maturity needs to be identifi ed. The matu-
rity indicator chosen should be any defi nable and 
sequential change in any part of the body that is 
characteristic of the progression of the body from 
immaturity to maturity. The most commonly used 
methods to assess maturity are: skeletal maturity, 
sexual maturity, biochemical and hormonal matu-
rity, somatic or morphological maturity, and dental 
maturity.

The interrelationships among the various indica-
tors of biological maturation are complex, because 
only skeletal maturity and percentage of adult stat-
ure span the entire maturation period from birth 
to adulthood. During puberty a number of other 
indicators become apparent, such as somatic and 
sexual maturity, both of which are related to skel-
etal maturity. In girls, the fi rst event to be noticed 
is the start of breast development: the time when 
prepubertal girls in breast stage 1 enter breast 
stage 2, the advent of the breast bud. This occurs 
on average around 11.0 years of age (range 9.0 to 
13.0 years). The onset of pubic hair development 
is a little later, although in about one-third of girls 
pubic hair appears before the breast bud. Menarche, 
the fi rst menstrual period, occurs relatively late in 
puberty, between 12.8 and 13.2 years, typically just 
past PHV. When menarche occurs most girls are in 
breast stage 4 and pubic hair stages 3 or 4; however, 
some girls can be in pubic hair stage 1 and others in 
pubic hair stage 5. The relationship between men-
arche and PHV is much stronger, occurring at the 
time of maximum deceleration of height velocity.

Beginning testicular enlargement is usually 
the fi rst sign of puberty in boys; accompanied by 
changes in the texture and color of the skin of the 
scrotum, this occurs on average around 11.5 years 
of age. A little later the penis starts to enlarge and 
pubic hair starts to appear. Acceleration of penis 
growth begins on average at about 12.5 years 
(range 10.5–14.5 years) with completion of growth 
by 14.4 years (range 12.5–16.5 years). It is there-
fore possible for a late-maturing boy to start penis 
growth after the earliest maturer has completed it. 
On average, pubic hair development starts around 
12 years of age (stage 2) and is completed by 
15 years of age (stage 5). The adolescent growth 
spurt starts on average at around 12.5 years, a year 
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When training is signifi cantly reduced, fat tends 
to accumulate.

Biological maturation and
regular training

Does regular training for and participation in 
sport infl uence the timing and tempo of biologi-
cal maturation? As noted earlier, there is a wide 
range of normal variation among youth in the 
timing and tempo of biological maturation. It is a 
highly individual characteristic that often shows a 
tendency to run in families; that is, mothers and 
their daughters may both be early or late maturing. 
Short-term longitudinal studies of girls in several 
sports have indicated similar gains in skeletal mat-
uration in both athletes and nonathletes. On aver-
age, skeletal age proceeds in concert with a child’s 
chronological age. It should be noted that in later 
adolescence, differences in maturity status among 
participants at younger ages are reduced and even-
tually eliminated as skeletal maturity is attained by 
all individuals.

Available data indicated no effect of training for 
sport on the age at PHV and growth rate of height 
during the adolescent spurt in boys and girls. It 
has been suggested that intensive training may 
delay the timing of the growth spurt and stunt the 
growth spurt in female gymnasts. Unfortunately, 
the data are insuffi cient to warrant such a conclu-
sion. Many confounding factors are not consid-
ered, especially the rigorous selection criteria for 
gymnastics, marginal diets, short parents, and so 
on. Female gymnasts, as a group, show the growth 
and maturation characteristics of short, normal, 
slow-maturing children with short parents. Inter-
estingly, male gymnasts also present consistently 
short statures and late maturation, but these trends 
are not attributed to intensive training.

Longitudinal data on the sexual maturation of 
girls who are regularly active or training for sport 
are not extensive. The available data are largely 
cross-sectional so that it is diffi cult to make clear 
statements on potential effects of training for 
sport. The limited longitudinal data for girls active 
in sport compared to nonathletic girls indicated 
no effect of training on the timing and progress of 
breast and pubic hair development. Mean intervals 

difference between those who persist in the sport 
and those who drop out, with those who drop out 
attaining greater height. Some studies have attrib-
uted low body weight and later sexual maturation 
of female artistic gymnasts to excessive energy 
expenditure and/or insuffi cient energy intake 
(Georgopolous et al., 2004). These observations 
speak to concerns related to dietary monitoring 
and manipulation, and increased risk of disordered 
and pathologic eating behaviors among some elite 
adolescent female gymnasts. However, it is impor-
tant to take into account that although female 
gymnasts have lower weights than reference data, 
in general their weights are appropriate for their 
shorter heights.

Short-term longitudinal studies of athletes in 
several sports in which the same youngsters are 
followed on a regular basis over time (volleyball, 
diving, distance running, basketball) indicate 
rates of growth in height that, on average, closely 
approximate rates observed in nonathletic chil-
dren and adolescents. The growth rates observed 
were within the range of normally expected varia-
tion among youth. Studies investigating the inter-
actions between club-level sports training for 
gymnasts, fi gure skaters, and runners, compared to 
controls, found that club-level sports training did 
not affect growth or maturation during puberty. 
However, others suggest an opposite view, with 
some studies suggesting that gymnasts were failing 
to obtain full familial height. However, decreasing 
predicted adult height during puberty is a charac-
teristic of slow or late maturation, confi rmed by 
the late onset of menarche in such subjects. Other 
studies of gymnasts, over longer time periods, have 
also observed lags in adolescent growth, but then 
report subsequent catch-up growth and thus no 
differences in attained adult heights (Erlandson 
et al., 2008). In contrast to height, body mass can 
be infl uenced by regular training for sport, result-
ing in changes in body composition. Training is 
associated with a decrease in fatness in both sexes 
and occasionally with an increase in fat-free mass, 
especially in boys. Maintenance of reduced levels 
of fatness depends on continued, regular activ-
ity or training (or caloric restriction, which often 
occurs in sports like gymnastics, ballet, fi gure skat-
ing, and diving in girls and wrestling in boys). 
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Much time and effort has been spent trying to 
identify the particular physical and psychologi-
cal characteristics that contribute to the selection 
and development of athletic talent. The debate 
often focused on the relative contributions of 
genetic, environmental, and social factors. From 
the research available it would appear that train-
ing does not affect growth and maturation. It is 
more likely that young athletes select themselves, 
or are selected by coaches and sport systems, into 
their specifi c sports. This fi nding implies that, in 
general, sporting success in the young athlete has 
a large genetic component and that the differ-
ences observed in growth and maturation between 
athletes and nonathletes are mainly the result of 
nature rather than nurture. Genetic considerations 
in growth, maturation, and performance are dis-
cussed in more depth elsewhere.

The young, potentially talented athlete has to be 
introduced to her sport. A major limiting factor to 
organized sport participation is the availability of 
local resources, in particular human resources in 
the form of adults to coach, supervise, and admin-
ister programs. Parental support, both in terms of 
time and fi nance, is very important. In a study of 
young British athletes, parents played the main 
role in introducing children into sport. Further-
more, most of these parents participated in sport 
themselves when they were younger. Similarly, 
among university athletes in the United States, 
parents were most often indicated as the primary 
persons responsible for getting them involved in 
sport, and the majority of these athletes had one or 
both parents involved in sport at the high school 
level or above.

Economic considerations are an additional 
factor. Young athletes often travel considerable 
distances to get to a training facility and are depen-
dent on their parent(s) for transport. Further, the 
cost of intensive training can be considerable and 
in the most part is met almost exclusively by par-
ents. Systematic training in sports such as gymnas-
tics, swimming, diving, tennis, and fi gure skating 
are often limited to private clubs and require a 
substantial economic investment by parents and 
possibly sponsors. Economic considerations are, 
therefore, likely to limit access to sports for chil-
dren and adolescents in many countries.

for progression from one stage to the next or across 
two stages of secondary sex characteristics are sim-
ilar for active and nonactive youth, and are well 
within the range of normal variation in longitu-
dinal studies of nonathletes. The interval between 
ages at PHV and menarche for girls active in sport 
and nonactive girls also does not differ. This inter-
val (1.2–1.5 years) is similar to those for several 
samples of nonathletic girls.

Most discussions of the potential infl uence of 
training on sexual maturation focus on the later 
mean age at menarche, which was often observed 
in female athletes (Malina, 1994). Typically, train-
ing for sport was indicated as the factor respon-
sible for the later mean age at menarche, with 
the inference that training “delayed” menarcheal 
onset. Unfortunately, most studies of athletes do 
not consider other confounding factors known 
to infl uence menarche. For example, there is a 
familial tendency for later maturation in athletes. 
Mothers of athletes in several other sports attained 
menarche later than mothers of nonathletes, and 
sisters of elite swimmers and university athletes 
attained menarche later than average. In addi-
tion, age at menarche in athletes varies with the 
number of children in the family. Athletes from 
larger families attain menarche later than those 
from smaller families. Thus, allowing for the many 
factors known to infl uence menarche, it is exceed-
ingly diffi cult to implicate sport training per se as 
the causative factor for later menarche in female 
athletes.

Sport selection

As continually emphasized in this chapter, sport 
is extremely selective and exclusive at elite lev-
els. Most community-based programs emphasize 
mass participation. Other programs have as their 
objective the identifi cation and subsequent train-
ing of young athletes with potential for success in 
regional, national, and/or international competi-
tion. In these programs, the selection/exclusion 
process begins early and appears to be a closed one, 
excluding many children from entering sport at a 
later age.
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with only a few studies addressing male gymnasts, 
rhythmic gymnasts, and trampoline gymnasts. 
Since research related to gymnasts in general is 
dealing with a biased sample of self-selected indi-
viduals it is important to fi rst consider the normal 
variations in growth and maturation observed in 
the general population. Before considering the 
effect of training, the following generalizations 
related to normal growth and development should 
be considered:
• Although all young people follow the same 
pattern of growth from infancy to full maturity 
there is considerable variation both between and 
within sexes, in the timing and magnitude of these 
changes.
• Within an age group, early maturers are on aver-
age taller and heavier and have a larger fat-free 
mass (especially boys) and fat mass (especially girls) 
than late maturers.
• Indicators of skeletal, sexual, and somatic matu-
ration are moderately to highly correlated during 
adolescence; however, no one indictor gives a com-
plete description of the tempo of growth and matu-
ration.
• From available data, it would appear that adult 
height of male and female artistic gymnasts are not 
compromised by training at a young age and more 
likely refl ect selection and retention factors into 
the sport.
• Gymnastics training does not appear to attenu-
ate segmental growth or pubertal maturation. 
However, some gymnasts do report height incre-
ments below normal ranges for age and maturation 
but when followed serially appear to reach pre-
dicted targets.
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Further research

Because children of the same age do not all follow 
the same tempo and timing of biological maturity 
(i.e., there are early, average, and late maturers) it is 
essential to consider growth and maturity confound-
ers when studying training adaptations in gymnastic 
populations. The research available is currently lim-
ited to research in artistic gymnasts, especially female 
populations. What is lacking is research on male 
gymnasts, trampoline gymnasts, as well as rhythmic 
gymnasts. Future studies should consider working 
with these populations to investigate whether they 
show patterns of growth and maturation observed 
in female artistic gymnasts. Whatever population 
is chosen, it is important to remember that inter-
pretation of training effects on young gymnasts is 
hampered by study designs. The majority of stud-
ies are cross-sectional in nature, are small in sample 
size, start at too late an age, use athletes with low 
levels of training, and do not measures all the vari-
ables known to infl uence growth and maturation. 
To address questions related to training effects on 
gymnasts growth and development, studies have to 
be longitudinal in nature; this is because the effects 
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short stature it is important that comparison groups 
of nongymnasts also demonstrate these growth char-
acteristics. A measure of maturity is essential for all 
studies, preferably one that incorporates measures 
of the endocrine system. Finally, studies also have to 
measure other variables known to affect growth such 
as dietary intake, family size, training hours, training 
intensity, and the training environment.

Summary

Much of the existing literature related to the 
effects of training on the growth and maturation 
in gymnastics deals with artistic female gymnasts, 
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endocrine axes change both qualitatively and 
quantitatively, leading to signifi cant challenges to 
our understanding of the age-related physiology.

In this chapter, we shall review the GH/IGF-1, 
HPG, and HPA axes, initially focusing on devel-
opmental changes that occur as a child ages and 
matures and then moving to a discussion of the 
effects of exercise on these systems. We shall then 
review our current understanding of factors infl u-
encing energy balance in the individual, particu-
larly the factors controlling food intake, hunger, 
and satiety in the exercising adolescent. Finally, we 
shall discuss the interplay between neuroendocrine 
mechanisms regulating energy balance and matu-
ration of the HPG axis.

Although there is a large amount of data on 
these systems in normal individuals and a signifi -
cant amount in athletes, there are not many data 
specifi c to gymnasts. We shall cover these where 
available.

Hypothalamic-pituitary axes

GH/IGF-1 axis

GH is produced in the somatotropes of the anterior 
pituitary gland under the control of two hypotha-
lamic regulatory hormones, GH releasing hormone 
(GHRH) and somatostatin, with GHRH stimulat-
ing production and somatostatin inhibiting it 
(Figure 3.2). Once released, circulating GH inter-
acts with its receptors on the cell membranes of 

Introduction

The endocrine system consists of numerous com-
plex axes, each of which interacts with the others, 
and through which the organism maintains homeo-
stasis. These axes include the growth hormone 
(GH)/insulin-like growth factor-1 (IGF-1) axis, the 
hypothalamic-pituitary-gonadal (HPG) axis, the 
hypothalamic-pituitary-thyroid (HPT) axis, and 
the hypothalamic-pituitary-adrenal (HPA) axis 
(Figure 3.1). Each is self-regulating through a nega-
tive feedback response of its end product hormones 
on the regulating trophic hormones. Thus, in the 
normal state, increasing serum levels of cortisol, the 
end product of the HPA axis, suppress the produc-
tion of corticotropin releasing hormone (CRH) in 
the hypothalamus and maintain relatively stable 
circulating concentrations of cortisol. Although 
each axis has its own regulatory mechanism(s), per-
turbation of one axis typically produces changes 
in the others. Alterations in the organism’s steady 
state may be the result of injury, infection, stress, 
or exercise. Thus, athletes in training represent a 
dynamic of changing and interacting hormones 
that may have major effects on training outcomes. 
Female gymnasts in particular may reach high 
levels of training and competition during adoles-
cence. Additionally, with age and maturation the 
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also stimulates secretion of IGF-2, which is thought 
to be mainly related to fetal growth and perhaps 
tissue repair. GH also has direct effects independent 
of IGF-1 and IGF-2. Acting through the GH recep-
tor, GH stimulates cartilage growth and differentia-
tion and promotes bone growth, increases lipolysis 
in adipose tissue, and stimulates amino acid uptake 
in muscle. IGF-1 acts in a negative feedback fash-
ion to decrease pituitary GH release. Additionally, 
many neurotransmitters and neuropeptides also 
play roles in GH production, many of which are 
also active in regulating other endocrine axes, the 
hypothalamic stress response, and energy intake. 
An example of this is ghrelin, a peptide produced 
in the stomach that has potent orexigenic (appetite 
stimulating) properties. Although the physiologic 
relevance of this is unclear, ghrelin also acts to 
increase GH secretion (see Section “Neuroendocrine 
regulation of appetite/satiety”). In boys, GH secre-
tion increases during mid-puberty, and the mean 
daily GH concentration correlates with growth rate 
(Figure 3.3). Exercise also infl uences the GH/IGF-1 
axis. In gymnastics, initiation of intense exercise 
may reduce circulating IGF-1, possibly through the 
effect of higher levels of infl ammatory cytokines. 
Prolongation of the exercise results in recovery of 
IGF-1 levels, possibly related to a decline in infl am-
mation. These levels potentially reach concentra-
tions above baseline.

GH-responsive tissues. In the liver, GH stimulates 
secretion of IGF-1 from hepatocytes, resulting in 
the majority of circulating IGF-1. Additional IGF-1 
is produced locally within many tissues. Both cir-
culating and locally produced IGF-1 are anabolic, 
acting through the IGF-1 receptor on many dif-
ferent tissues to increase cell growth, inhibit cell 
death, and promote cellular differentiation. GH 
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Figure 3.1 Hypothalamic-pituitary-adrenal (HPA) 
axis. Corticotropin releasing hormone (CRH) secreted 
by the hypothalamus stimulates pituitary release of 
adrenocorticotropic hormone (ACTH). This in turn 
stimulates secretion of cortisol by the adrenal gland. 
Cortisol has negative feedback effects on the pituitary 
and hypothalamus to regulate its secretion. There are 
numerous inputs to the hypothalamus that infl uence 
circulating cortisol levels (not shown).
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Figure 3.2 Regulation of growth hormone (GH) 
secretion occurs via the positive effects of GH 
releasing hormone (GHRH) and the negative effects of 
somatostatin. GH leads to target tissue release of insulin-
like growth factor-1 (IGF-1), which provides regulatory 
control via its effects on GHRH and somatostatin release.
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Figure 3.3 Results from Martha et al. (1989) of a cross-
sectional study of growth hormone (GH) secretion in 
healthy males of normal stature. The mean 24-hour 
GH concentration increased in late puberty and then 
declines into adulthood. Superimposed is the standard 
height velocity curve for this age range, showing the 
relationship of GH secretion to linear growth rate. 
(Copyright 1989, The Endocrine Society.)
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primarily estradiol, promote breast development, 
changes in distribution of adipose tissue, and cause 
proliferation of the endometrium. The physical 
changes of puberty are assessed using the Tanner 
stages of pubertal maturation (Table 3.1). Testos-
terone causes the well-known increases in muscle 
mass and strength in addition to normal male 
pubertal development. In the mature female, LH 
and FSH have complex and variable effects that 
lead to estrogen secretion and ovulation. In gen-
eral, the sex steroids (estrogens and testosterone) 
act via negative feedback effects to suppress gonad-
otropins, particularly LH. The exception to this is 
the transient positive feedback effect of estradiol 
that causes a surge in LH production and triggers 
ovulation in the mid-portion of the menstrual 
cycle. Testicular Sertoli cells and ovarian granulo-
cytes secrete inhibins, a class of hormones that act 
centrally to suppress FSH secretion (Figure 3.4).

Hypothalamic-pituitary-gonadal axis

Perhaps more than any other endocrine axis, the 
HPG axis changes dramatically over the lifespan. 
In a reproductively mature individual, gonadotro-
pin releasing hormone (GnRH) is produced in the 
hypothalamus and secreted into the hypothalamic-
pituitary portal system in a pulsatile fashion. Con-
trol of GnRH secretion is poorly understood, but 
involves numerous inputs communicating nutri-
tional status, physical and emotional stress, and 
other factors (see Section “HPG axis in adoles-
cence”). In the pituitary gland, the pulsatile effect 
of GnRH promotes synthesis and secretion of the 
gonadotropins, luteinizing hormone (LH), and fol-
licle stimulating hormone (FSH). In the male, LH 
promotes testosterone production from testicu-
lar Leydig cells, and FSH increases Sertoli cell and 
seminiferous tubule growth and leads to increased 
testicular volume. In the female, estrogens, 

Table 3.1 Tanner stages of pubertal maturation.

Breast development in females

Stage Physical characteristics

1 Prepubertal

2 Breast budding, elevation of both breast and nipple as a small mound

3  Continued enlargement of both breast and areola without separation of their contours

4 The areola and nipple form a secondary mound projecting above the contour of the breast

5 Adult shape, areola and nipple recessed to the contour of the breast

Pubic hair development in males and females

Stage Physical characteristics

1 Prepubertal

2 Sparse growth of long, lightly pigmented hairs at the base of the penis in males or the mons veneris/labia majora in females

3 Additional darkening and coarsening of hair, spreading over the pubic symphysis

4 Adult in character but has not spread to the lower abdomen in males or to the medial surface of the thighs in males

and females

5 Adult in distribution, extension to the lower abdomen in males and/or the medial surface of the thighs in males and females

Genital development in males

Stage Physical characteristics

1 Prepubertal

2 Enlargement of the testes and scrotum, thinning and reddening of the scrotal skin, penis remains prepubertal

3 Further growth of testes and scrotum, enlargement of the penis in length and width

4 Further growth of testes and scrotum with pigmentation of the scrotal skin, further enlargement of the penis with maturation 

of the glans

5 Testes, scrotum, and penis are adult in size and shape
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failure in the fi rst few months after birth. However, 
IGF-1 and IGF-2 are critical for fetal growth, as is 
insulin. During infancy and childhood, IGF-2 seems 
to be less important, although IGF-1, insulin, and 
thyroid hormone become critical for growth. In the 
male fetus, testosterone plays a critical role in the 
development of normal male internal and external 
genitalia and likely has effects to “masculinize” the 
brain and lead to male-typical behavior patterns. 
Sex steroids in the female fetus do not appear to be 
involved in physical development, although in both 
males and females, the transient surge of sex ste-
roids in the fi rst 6 months after birth (“minipuberty 
of infancy”) may play roles in later gonadal func-
tion. Neither estradiol nor testosterone is produced 
in large amounts during later infancy or childhood.

Between the age of about 3 years and the onset 
of puberty, linear growth continues at a relatively 
constant velocity (see Chapter 2) under the con-
tinuing infl uence of the GH/IGF and thyroid axes. 
The HPG axis, which had been active at a low level 
for approximately 6 months in boys and as long as 
2 years in girls, remains quite suppressed until the 
onset of puberty (see Section “HPG axis in adoles-
cence”). However, the HPA axis changes its activity 
usually between the ages of 6 and 8 years. There 
are no differences in the secretion of ACTH or cor-
tisol or the salt-retaining hormone, aldosterone; 
however, the inner zone of the adrenal cortex (zona 
reticularis) begins to increase in size in both sexes 
and to secrete the adrenal androgen precursors, 
dehydroepiandrosterone (DHEA) and its sulfate 
(DHEA-S), and androstenedione. This zone contin-
ues to proliferate, and the levels of these androgen 
precursors increase until late adolescence/young 
adulthood, likely under the infl uence of a pituitary 
factor distinct from ACTH. These morphologi-
cal and biochemical changes are translated into a 
low magnitude and quite variable mid-childhood 
(~8 years old) growth spurt and the outward signs 
of adrenarche: pubic and axillary hair and axillary 
sweating (“pubarche”).

The GH/IGF-1 system remains pulsatile through-
out this period of growth and likely refl ects the 
level and distribution of body fat and lean body 
mass, only to show a remarkable augmentation as 
very early pubertal maturation ensues (see Section 
“GH/IGF-1 axis in adolescence”).

Hypothalamic-pituitary-adrenal axis

Cortisol is a naturally occurring corticosteroid 
(glucocorticoid) that has wide-reaching and com-
plex actions that infl uence nutrition and energy 
distribution, immune function, and growth. It is 
the product of the adrenal cortex and is produced 
under the trophic infl uence of pituitary-derived 
adrenocorticotropic hormone (ACTH). ACTH pro-
duction is stimulated by hypothalamic CRH and 
vasopressin. As is the case for the GH/IGF-1 and 
HPG axes, the HPA axis also receives many other 
inputs, including the light/dark cycle, feeding 
schedules, immune regulation, and many neu-
rotransmitters that mediate the effects of exercise 
and physical and psychic stress.

Hypothalamic-pituitary function
in childhood

As discussed in the preceding section, hypothalamic-
pituitary function varies over the lifespan. In utero, 
GH is relatively unimportant, as evidenced by indi-
viduals with Laron dwarfi sm caused by loss of the 
GH receptor. Such infants are within 10% of normal 
size at birth and only begin to demonstrate growth 
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Figure 3.4 Hypothalamic-pituitary-gonadal (HPG) 
axis in males (left) and females (right). Gonadotropin 
releasing hormone (GnRH) stimulates pituitary release of 
the gonadotropins [luteinizing hormone (LH) and follicle 
stimulating hormone (FSH)]. LH is the primary stimulus 
for testicular testosterone secretion, while both FSH and 
LH are required for normal ovarian estradiol production. 
In males, testosterone provides negative feedback for 
LH secretion, while inhibin suppresses FSH release. The 
situation in females is more complicated, as estradiol 
can inhibit GnRH release, but can also provide positive 
feedback during the mid-point of the menstrual cycle.
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For the females, most athletes were noted to 
have an average SA for chronological age and to 
grow and mature (SA) at a physiologic pace. Once 
again, the exception was peripubertal artistic gym-
nasts; for, as noted in boys, there was a spectrum 
from early to late SA during childhood, but from 
the peripubertal ages onward, competitive athletes 
were more likely to have modest delays in SA. In 
the main, these data are based on cross-sectional 
studies. In the few longitudinal studies, gains 
in skeletal and chronological ages were similar 
in both boys and girls. Given the available data, 
one may conclude that training for sport does not 
infl uence skeletal maturation as noted at the hand 
and wrist. Selection for specifi c sport is apparently 
the most important factor infl uencing delayed or 
advanced SA.

During this time between the “minipuberty” of 
infancy and the onset of puberty, the HPG axis is 
active at very low circulating concentrations of 
gonadotropins and sex steroid hormones. This 
state is likely due to the exquisite sensitivity of 
the GnRH-secreting neurons to feedback from the 
minute (compared to pubertal) levels of the sex ste-
roid hormones. As puberty unfolds, this sensitivity 
to negative feedback lessens and the hypothalamus 
and pituitary begin to secrete GnRH and gonado-
tropins, respectively—at fi rst at night and then 
during the day as well (see Section “HPG axis in 
adolescence”). This altered HPG activity underlies 
the physical changes of pubertal maturation.

Effects of physical activity on the 
endocrine system in prepubertal 
children

Physical activity (PA) refers to any body movement 
produced by the skeletal muscle that results in a 
substantial increase over resting energy expendi-
ture. It has historically been viewed as important 
for healthy growth, but the type, frequency, inten-
sity and duration required to support growth are 
not known with certainty. Nutrition (and energy 
balance) is presumably the non-pituitary, non-
sex-steroid-mediated mechanism that surveys the 
“size” of the child and signals that an adequate 
supply of energy is available to promote and sus-
tain the processes of growth and maturation.

Three maturity indicators have been used in 
studies of young athletes—(1) skeletal age (SA), 
(2) secondary sexual characteristics, and (3) the ado-
lescent growth spurt in height. Among these, the SA 
is the only one appropriate for the prepubertal child 
or for longitudinal studies beginning prepubertally 
and fi nishing during or after pubertal maturation.

Few data are available in athletes less than 
10 years of age. Most data from boys note a spec-
trum including some with advanced or delayed SA 
compared to age-matched controls. After the age 
of 10–11 years and until mid- to late puberty, the 
male athletes who continued to participate were 
more likely to be skeletally advanced (Figure 3.5). 
Adolescent gymnasts were the single exception 
among male athletes, for they were likely to pres-
ent with delayed SA.

Figure 3.5 Male competitive soccer players were more 
advanced in puberty and were taller than age-matched 
controls. In this cross-sectional study (Cacciari et al., 
1990), 175 boys, aged 10–16 years, were compared 
to 224 boys who had never participated regularly in 
sports. The athletes were more advanced in all measures 
of pubertal maturation, including testicular volume. 
Testicular volume did not differ in prepubertal athletes 
and controls, but in pubertal subjects, mean testicular 
volume was 3 mL greater in athletes than controls, 
suggesting more rapid maturation in athletes. Bone 
age was more advanced, and the differences in height 
between athletes and controls did not persist when 
corrected for bone age. (With kind permission from 
Springer Science and Business Media.)

Figure not available in this digital edition.
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before ovulation begins and this non-ovulatory 
bleeding may be irregular and unpredictable. Addi-
tional gonadotropin exposure leads to establish-
ment of dominant follicles and large increases in 
estradiol secretion. As the hypothalamus matures, 
the classic negative feedback effect on LH by estra-
diol is reversed at high levels, leading to a spike in 
LH secretion that stimulates ovulation and pro-
gesterone secretion. The ruptured follicle becomes 
the corpus luteum and continues progesterone and 
estradiol secretion for several days. As progesterone 
and estradiol levels subsequently fall, FSH increases 
and promotes follicle development for the next 
cycle. Eventually, progesterone and estradiol con-
centrations are insuffi cient to maintain the endo-
metrium, and a normal menstrual period ensues.

In the male, increasing LH production in the 
nighttime hours results in testicular Leydig cell 
secretion of testosterone. In the early stages of 
puberty, this is primarily a nightly and early morn-
ing phenomenon. However, although daytime tes-
tosterone concentrations increase with progression 
of puberty, there continues to be a diurnal varia-
tion in testosterone levels into young adulthood. 
Serum concentrations of testosterone increase 
from <10 ng/dL before puberty to 300–900 ng/dL 
in adulthood, with the most rapid rise occurring 
between Tanner stages 2 and 3. FSH promotes 
development of the Sertoli cells and seminiferous 
tubules, which comprise the majority of the tes-
ticular volume. Testicular volume increases from 
1–3 mL before puberty up to 15–25 mL in adult-
hood. Spermatogenesis begins early in pubertal 
development, between Tanner stages 2 and 3, 
although normal sperm concentration, morphol-
ogy, and motility are often not established until 
the end of puberty. Throughout puberty in males, 
a portion of testosterone and androstenedione is 
converted to estradiol, which plays a major role in 
the promotion of body growth (see next section).

GH/IGF-1 axis in adolescence

The hallmark of adolescent growth is the pubertal 
growth spurt. The timing and magnitude of the 
growth spurt varies between boys and girls, and 
both are extremely variable between individuals. 
In the average girl, the growth spurt begins around 

Hypothalamic-pituitary function in 
adolescence

The onset of adolescence is marked by dramatic 
changes in endocrine systems, particularly in the 
HPG and GH/IGF-1 axes. These changes do not 
occur in isolation, but the two systems are inti-
mately connected, with increased secretion of sex 
steroids and increased action of GH together hav-
ing synergistic effects on physical maturation.

HPG axis in adolescence

The mechanism that signals the onset of puber-
tal maturation remains unknown but involves a 
decrease in negative feedback inhibition of gonado-
tropin secretion. The earliest neuroendocrine mani-
festation of puberty is the production of kisspeptin 
from hypothalamic neurons. Kisspeptin alters 
release of GnRH from the hypothalamus, stimulat-
ing the amplitude and pulse frequency of secretion. 
In the prepubertal child, GnRH is released in low 
amplitude pulses at a relatively low frequency. In 
the early stages of puberty, pulse amplitude increases 
and frequency increases to every 1–2 hours, primar-
ily at night. As maturation progresses, these changes 
extend into the daytime hours. Along with GnRH 
secretion, LH and FSH production also increase, ini-
tially during the night. Early in puberty, serum lev-
els of FSH are typically higher than those of LH, but 
this reverses as puberty ensues.

In the female, FSH promotes early follicular devel-
opment in the ovary, and in conjunction with LH 
leads to gradually increasing secretion of the major 
circulating estrogen, estradiol. Estradiol concentra-
tions in early puberty are quite low and vary with 
time of day, peak levels occurring in the morn-
ing hours. Estradiol is maintained at higher lev-
els throughout the day as puberty progresses, and 
begins to show monthly cyclicity well before the 
onset of menstrual periods. With increasing gonad-
otropin stimulation, ovarian follicle development 
progresses and estradiol-induced proliferation of the 
uterine lining (endometrium) occurs. Near the end 
of puberty, typically at breast Tanner stage 4, part 
or all of the endometrium is sloughed, leading to 
menarche. Often, episodic endometrial loss occurs 
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lacking gonads, but with intact pituitary glands, do 
not experience growth spurts. Interestingly, studies 
of males with a defective estrogen receptor or the 
inability to synthesize estradiol have demonstrated 
that, even in males, estrogens are specifi cally 
required for the increased GH/IGF-1 axis activ-
ity and increased height velocity during puberty. 
Additionally, these individuals also illuminate the 
requirement of estrogens for growth plate matura-
tion, cessation of growth, and accrual of normal 
bone mass in males as well as females.

Ovarian-derived estrogens in females and estro-
gens produced from conversion of testosterone 
to estradiol in males act to increase GH secretion 
from the pituitary gland (Figure 3.6). In the liver, 
the higher GH activity stimulates secretion of IGF-1 

age 9, reaches its maximum velocity of 8.3 cm per 
year between breast Tanner stages 2 and 3, and 
accounts for a total growth of 28 cm. Boys have 
later and larger growth spurts, with the take-off 
beginning at an average age of 11 years, peaking at 
a height velocity of 9.5 cm per year, and account-
ing for 30–31 cm of total growth. In both boys 
and girls, the pubertal growth spurt accounts for 
17% of adult height. Prepubertal growth involves 
relatively greater growth of the extremities. Thus, 
a teen with delayed puberty has longer legs in pro-
portion to total height.

During the pubertal growth spurt, large increases 
are noted in the serum concentrations of both GH 
and IGF-1, mediated largely by the higher levels of 
sex hormones as reviewed above. Thus, patients 
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Many previous reports of “stress” endocrinology 
have employed multiple samples of blood or urine. 
These may be quite invasive for athletes who are 
training or especially competing. There are now 
some early reports analyzing levels of stress hor-
mones in saliva, particularly cortisol and some 
androgen precursors. Because it is uncommon for 
the steroid binding (carrier) proteins to be found in 
saliva, the assays require additional sensitivity given 
that it is the free fraction of the circulating hor-
mone that is measured. The collection procedure is 
relatively straightforward and stress-free, an impor-
tant point for those who attempt to measure psy-
chological stress, not only of physical training but 
also of the anticipation of competition. An example 
of this is Georgopoulos et al. (2011), who demon-
strated loss of diurnal variation of salivary cortisol 
excretion in male and female elite artistic gymnasts.

Neuroendocrine regulation of 
appetite/satiety

Energy balance

The neuroendocrine regulation of appetite/satiety 
is just part of the overall balance in total energy. 
Athletes in the aesthetic sports attempt to limit 
caloric intake at a time when energy expenditure is 
high. Nutrition studies of female gymnasts report 
mean energy intakes that are 275–1200 kcal lower 
than recommended. Even after accounting for the 
differences in precision of the various self-reported 
food intakes, it is evident that many female gym-
nasts eat too little (Caine et al., 2001). Experimen-
tally, this has been studied by Loucks and Thuma 
(2003), who noted decreasing LH pulsatility in 
runners as their energy balance turned negative by 
decreasing intake from 45 kcal/kg lean body mass to 
10 kcal/kg lean body mass (Figure 3.7). This is simi-
lar to the cross-sectional study of Ackerman and 
colleagues (2012) noted below. Others have noted 
increasing cortisol secretion as well as an addi-
tional factor that diminishes GnRH release in those 
who exercise at an energy defi cit. These perturba-
tions are likely integrated at the anterior hypo-
thalamus through neurons that respond to leptin, 

into the circulation, where it is delivered to target tis-
sues. Additionally, estrogens increase local (autocrine 
and paracrine) production of IGF-1 in peripheral tis-
sues, including the growth plates of long bones. This 
higher circulating and locally derived IGF-1 leads to 
chondrocyte proliferation and hypertrophy, thus 
increasing the rate of long bone growth. Increasing 
estrogen concentrations in later puberty lead to ossi-
fi cation of the cartilage, termed growth plate senes-
cence, and linear growth ceases.

Testosterone has limited, GH-independent 
effects on bone development. Acting via the andro-
gen receptor on osteoblasts, testosterone increases 
cortical bone thickness and strength, protecting 
against osteoporosis. The androgen receptor is also 
present in the growth plates, and testosterone may 
have a modest direct contribution to linear growth 
independent of the GH/IGF-1 axis and without 
conversion to estradiol.

Stress response

The HPA axis is activated by stress, whether physi-
cal or psychological. The increased cortisol produc-
tion acts in concert with the sympathetic nervous 
system. The teleological objective is to meet the 
increased demand for energy in somatic tissues 
and to dampen the threat or perceived threat to 
homeostasis.

If the challenge (stress) of total energy imbalance 
(defi cit) is signifi cant enough, the HPG axis is down-
regulated. This is more noticeable in girls to keep 
the HPG axis in the prepubertal state, with the clini-
cal condition of delayed pubertal maturation, or if 
menarche has occurred, with the clinical condition 
of secondary amenorrhea. The latter is marked by 
diminished pulsatile GnRH (and LH) release along 
with a relative nighttime predominance of LH 
pulses, as in early to mid-pubertal maturation. Less 
well described are the additional effects of energy 
defi cit to dampen the HPT axis, which may also 
contribute to the disruption of the HPG axis.

As the energy defi cit becomes chronic, IGF-1 lev-
els decrease with a concomitant rise in GH levels as 
the feedback loop is opened, resulting in a state of 
partial GH insensitivity. This has also been noted in 
some male athletes in sports that maintain weight 
classes (weight-restricted), such as wrestling.
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Leptin

Leptin was discovered in 1994. It is a product of 
adipose tissue, and serum leptin concentrations 
are directly proportional to body fat stores. Leptin 
acts in the hypothalamus to suppress appetite via 
its actions on neurotransmitters including mela-
nocyte stimulating hormone, neuropeptide Y, and 
agouti-related peptide. That leptin is active in long-
term body weight regulation was demonstrated 
by animal models of leptin defi ciency as well as 
a few children with mutations in the genes for 
leptin or its receptor. Such individuals have early 
onset severe obesity (within the fi rst year of life), 
and administration of exogenous leptin results in 
suppression of appetite and weight loss. The vast 

ghrelin, and peptide tyrosine tyrosine (peptide YY, 
PYY). The mechanism that diminishes gonadotro-
pin release as a consequence of the energy defi -
cit involves kisspeptin and proopiomelanocortin 
(POMC) neurons.

The neuroendocrine regulation of appetite and 
satiety is incompletely understood, but many pub-
lications over the last 10 years have expanded our 
knowledge. Current concepts involve a balance of 
inputs from two key hormones, leptin and ghrelin 
(see Sections “Leptin” and “Ghrelin”), that provide 
competing feedback to the CNS regarding periph-
eral fat stores. Intriguingly, both leptin and ghrelin 
also are intimately involved in the HPG axes and 
are thought to integrate energy balance with repro-
ductive function.
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concentrations of ghrelin are inversely propor-
tional to body mass index and increase with weight 
loss. Ghrelin appears to functionally antagonize 
leptin’s actions in the hypothalamus, with each 
providing checks and balances against the other.

Like leptin, ghrelin is also involved in regulation 
of the reproductive system. There are relatively few 
human data, so our picture of how this works in 
humans is incomplete. In animals, ghrelin leads 
to decreases in GnRH secretion and gonadotropin 
production, thus acting inversely to leptin. Limited 
human data support this action. Elevation in circu-
lating ghrelin delays puberty in rats and appears to 
have a sexually dimorphic effect, with males being 
affected more than females. Whether this is true 
in humans is unknown. Ghrelin also acts locally 
in the gonads. Again, human data are limited, 
but in the rat testis, ghrelin decreases testosterone 
production within the Leydig cell. In the ovary, 
ghrelin is produced by multiple cell types but 
seems to be most abundant in the corpus luteum. It 
may act in the ovary to decrease estradiol and pro-
gesterone production. What is not clear at present 
is whether these effects of ghrelin are mediated by 
circulating hormone or by locally produced (para-
crine) hormone. Studies of gymnasts have revealed 
higher plasma concentrations of ghrelin compared 
to age-, sex-, and BMI-matched controls (Parm et 
al., 2011). Although it is teleologically appealing to 
think that high-circulating ghrelin resulting from 
energy deprivation acts to inhibit gonadal func-
tion, thus limiting reproductive function in times 
of starvation, evidence for this is lacking at present.

Interaction of appetite regulatory 
systems and control of pubertal 
maturation

Thus, leptin and ghrelin seem to have opposing 
effects on both appetite/satiety and reproductive 
function. While leptin acts as a satiety signal and 
inhibits food intake, ghrelin acts to signal hunger 
and increases food intake. Furthermore, leptin has a 
stimulatory role in HPG axis activity and promotes 
pubertal maturation and reproductive function, 
while ghrelin appears to decrease both hypo-
thalamic and gonadal activity and has negative 
effects on reproduction. Both leptin and ghrelin 

majority of obese individuals, however, have ele-
vated leptin concentrations, refl ecting a resistance 
to its action that is not well understood.

Leptin also infl uences other neuroendocrine pro-
cesses, including the HPA and HPG axes. Leptin 
is required for normal reproductive function, and 
both leptin-defi cient animals and humans lack nor-
mal GnRH and gonadotropin secretion, and they 
do not enter puberty normally. Replacement of 
leptin in leptin-defi cient humans also leads to the 
initiation of pubertal maturation, accelerates GnRH 
pulsatility, and stimulates pituitary gonadotropin 
secretion. Thus, leptin appears to be one of the 
links between adiposity and the triggers of puberty. 
Strenuously exercising young women often have 
secondary amenorrhea due to decreased energy 
availability related to increased energy expenditure 
and decreased energy intake. Serum leptin concen-
trations may be one of the mediators of this phe-
nomenon. Administration of leptin for 36 weeks to 
10 female athletes with hypothalamic amenorrhea 
led to resumption of menses in 70%, compared 
to 22% of women receiving placebo (Chou et al., 
2011). Those subjects receiving leptin also demon-
strated increases in serum markers of bone forma-
tion and with longer term treatment increased their 
bone mineral density. In elite gymnasts, serum 
leptin concentrations are lower than those of the 
general population and are directly correlated with 
BMI and percent body fat. Leptin concentrations in 
this group are comparable to those seen in females 
with anorexia nervosa (Matejek et al., 1999).

Ghrelin

Ghrelin was discovered in 1999 as a small molecule 
promoter of GH secretion. Although it does act via 
its receptor on GH-secreting cells of the pituitary 
gland, it arguably has more important actions in 
body weight regulation. Ghrelin is produced in 
the gastric mucosa, and its release is stimulated by 
gastric emptying and inhibited by food intake. It 
has potent orexigenic actions, acting in the hypo-
thalamus via the neurotransmitters neuropeptide 
Y and agouti-related peptide. Levels of ghrelin 
increase during fasting and decrease during feed-
ing, but ghrelin also appears to function in the 
long-term regulation of body weight as well. Serum 
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longer a passive bystander awaiting gravitational 
or muscle-activated loading. A new whole animal 
physiology, including metabolic actions within 
the bony compartment, will inform the homeo-
static functions with the classical feedback loops to 
defi ne both the “basal” state and the “biologically 
selected” gymnasts along with the responses to 
their training and competition. A more complete 
understanding of the effects of the forces on the 
structural compartments of bone will follow from 
the more recent use of new imaging techniques, 
particularly peripheral quantitative computed 
tomography (pQCT).

Summary

The endocrine system consists of numerous complex 
axes, including the GH/IGF-1, HPA, and reproduc-
tive systems. Each is self-regulating through a nega-
tive feedback response of its end product hormones 
on the regulating trophic hormones, resulting in 
maintenance of homeostasis. Alterations in this 
steady state may be the result of injury, infection, 
stress, or exercise. Thus, athletes in training represent 
a dynamic of changing and interacting hormones 
that may have major effects on training outcomes. 
Female gymnasts in particular may reach high lev-
els of training and competition during adolescence 
and may be particularly susceptible to adverse endo-
crine effects. Gymnasts experience a reduction in 
IGF-1 concentrations with acute exercise that sub-
sequently return to baseline, and long-term body 
growth does not appear to be impaired. The HPA 
axis is activated by physical or psychological stress. 
The GH/IGF-1, HPA, and the reproductive axes 
appear to exert many of their effects through energy 
balance, acting via the neuroendocrine regulation 
of appetite and satiety. Some athletes in aesthetic 
sports attempt to limit caloric intake at a time when 
energy expenditure is high, thus leading to a state of 
negative energy balance. Two key hormones, leptin 
and ghrelin, appear to provide competing feedback 
to the CNS regarding peripheral fat stores, refl ecting 
energy balance. Both leptin and ghrelin also are inti-
mately involved in the HPG axis and are thought to 
integrate energy balance with reproductive function. 

act via the arcuate and paraventricular nuclei in the 
hypothalamus and may deliver opposing effects on 
mediators such as neuropeptide Y, galanin-like pep-
tide, and kisspeptin to infl uence GnRH, gonadotro-
pin, and sex steroid production in addition to their 
more established effects on appetite and feeding.

There are some data to show that the human 
chronic stress response in athletes involves inter-
play among all of the hormones noted above and 
likely many more in other areas of the hypothala-
mus. Work by Kluge et al. (2007) demonstrated that 
higher ghrelin levels and lower leptin secretion are 
associated with diminished LH pulsatile release 
in amenorrheic adolescent athletes compared to 
either a control group or a group of eumenorrheic 
athletes. Ackerman and colleagues (2012) noted 
that ghrelin infusion suppresses the secretion of LH 
in healthy adults, and leptin has been noted to par-
tially restore menstrual cycles in women (including 
athletes) with hypothalamic amenorrhea. In addi-
tion, leptin administration permits pubertal matu-
ration in children with congenital leptin defi ciency. 
Synthesizing all of these data into a central hypoth-
esis, one may note that the diminished pulsatile 
release of LH has, as a proximate cause, an increased 
stress response that not only modifi es the HPA axis 
(up-regulation) but also intersects with the energy 
homeostasis system, at least through the increase 
in ghrelin and the decrease in leptin. There are few 
data for the very delayed-maturing gymnasts who 
are the subject of this review. The extant data for 
other athletes by no means prove this mechanism 
but lay the groundwork for focused clinical trials.

Future research

Descriptive data for anthropometry, pubertal 
development, and basal hormone levels (with ref-
erence to the HPG and GH/IGF-1 axes) have been 
published and reviewed above. Future research 
should focus on the dynamic aspects of the regu-
lation and interconnectivity of these axes. There 
are many connections to the hormones of appetite 
and energy regulation that will produce another 
level of complexity among these axes and energy 
homeostasis. It is becoming clearer that bone is no 
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In elite gymnasts, serum leptin concentrations are 
lower than those of the general population, which 
may lead to the secondary amenorrhea seen in 
strenuously exercising young women as a refl ection 
of decreased energy availability related to increased 
energy expenditure and decreased energy intake. 
Studies of gymnasts have also revealed higher con-
centrations of ghrelin resulting from energy depriva-
tion, and high-circulating ghrelin appears to inhibit 
gonadal function, although studies in humans are 
limited. The higher ghrelin levels and lower leptin 
secretion are associated with diminished LH pulsa-
tile release in amenorrheic adolescent athletes. Addi-
tional research should focus on the interrelationship 
of these systems.

References

Ackerman, K.E., Slusarz, K., Guereca, G., Pierce, L., 
Slattery, M., Mendes, N., Herzog, D.B., and Misra, M. 
(2012) Higher ghrelin and lower leptin secretion are 
associated with lower LH secretion in young amenor-
rheic athletes compared with eumenorrheic athletes 
and controls. American Journal of Physiology, Endocrinol-
ogy, and Metabolism, 302, E800–E806.

Cacciari, E., Mazzanti, L., Tassinari, D., Bergamaschi, R., 
Magnani, C., Zappulla, F., Nanni, G., Cobianchi, C., 
Ghini, T., Pini, R., and Tani, G. (1990) Effects of sport 
(football) on growth: auxological, anthropometric and 
hormonal aspects. European Journal of Applied Physiology 
and Occupational Physiology, 61, 149–158.

Caine, D., Lewis, R., O’connor, P., Howe, W., and 
Bass, S. (2001) Does gymnastics training inhibit growth of 
females? Clinical Journal of Sports Medicine, 11, 260–270.

Chou, S.H., Chamberland, J.P., Liu, X., Matarese, G., 
Gao, C., Stefanakis, R., Brinkoetter, M.T., Gong, H., 
Arampatzi, K., and Mantzoros, C.S. (2011) Leptin is an 
effective treatment for hypothalamic amenorrhea. Pro-
ceedings of the National Academy of Science of the United 
States of America, 108, 6585–6590.

 Georgopoulos, N.A., Rottstein, L., Tsekouras, A., Theodo-
ropoulou, A., Koukkou, E., Mylonas, P., Polykarpou, G., 
Lampropoulou, E., Iconomou, G., Leglise, M., Vagena-
kis, A.G., and Markou, K.B. (2011) Abolished circadian 
rhythm of salivary cortisol in elite artistic gymnasts. 
Steroids, 76, 353–357.

Kluge, M., Schussler, P., Uhr, M., Yassouridis, A., and 
Steiger, A. (2007) Ghrelin suppresses secretion of lutein-
izing hormone in humans. Journal of Clinical Endocrinol-
ogy and Metabolism, 92, 3202–3205.



40

Gymnastics, First Edition. Edited by Dennis J. Caine, Keith Russell 
and Liesbeth Lim. © 2013 International Olympic Committee. 
Published 2013 by John Wiley & Sons, Ltd.

Chapter 4
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Factors involved in skeletal growth: 
sensitive period from childhood to 
adulthood

During skeletal growth, the balance of cellular 
activity occurs in favor of net bone formation. At 
the time of peak bone mass, the osteoclastic bone 
resorption is exactly matched by the osteoblastic 
bone formation. Peak bone mass is the amount of 
bone tissue accrued during childhood and adoles-
cence and present at the end of the skeletal matura-
tion. Beyond sex and racial differences in skeletal 
development, large variability exists among indi-
viduals in bone size, geometry, and mass. After 
the heritable factors that account for an estimated 
60–80% of the variability, growth and sex hor-
mones play an essential role during adolescence.

A number of hormones affect bone modeling and 
remodeling. Endogenous circulating estrogens and 
androgens independently exert positive effects on 
bone growth, development, and mineral acquisi-
tion in both male and female adolescents. Hor-
monal defi ciencies or receptor abnormalities are 
associated with lower than expected bone mass. The 
growth hormone (GH) regulates directly the bone 
size and mass. Endogenous GH and insulin-like 
growth factor-1 (IGF-1) increase dramatically dur-
ing puberty, augmented by the increasing concen-
trations of sex steroids. The action of GH on bone 
is mainly mediated through IGF-1, which positively 
affects bone turnover by stimulating osteoblast pro-
liferation and differentiation. The bone remodeling 
cycle is directly infl uenced by endocrinopathies 

Introduction

Gymnastics is a sport characterized by early inten-
sive practice. It can represent the most demand-
ing sport in which excellence in performance is 
reached during childhood and early adolescence. 
Childhood and adolescence are periods of enor-
mous skeletal growth (at the end of adolescence, 
the major part of adult bone mass is acquired). 
Continuous processes of bone resorption and for-
mation are characteristic features of the bone tissue 
in the entire human body and produce a constant 
turnover during the life span.

The balance between bone resorption and for-
mation involves changes in the size, shape, and 
material properties of bone that determine skel-
etal strength. Moreover, skeletal changes (tempo 
of growth in bone size, mass, and density) evolve 
differently within different regions of the skeleton 
and within the trabecular and cortical compart-
ments. Although genetic factors determine the 
major part of the variability in skeletal develop-
ment, modifi able factors related to lifestyle and 
disease can infl uence bone health.



Skeletal health of gymnasts 41

gymnastics is associated with pronounced advances 
in bone parameters even prior to puberty.

Mechanisms of adaptive responses of 
bone to exercise

Experimental studies report that movement (mechan-
ical) opportunities could determine over 40% of 
post-natal bone strength. The skeleton responds 
to the mechanical stimuli by inducing or inhibit-
ing bone modeling and remodeling, a process that 
keeps peak strains within a safe physiological range. 
Such a mechanism is associated with the mechano-
stat theory that proposes a negative feedback system 
to explain the adaptation of bone by homeostatic 
control of peak strains. This process depends on the 
characteristics of the loading. The modalities for ren-
dering the stimuli “osteogenic” consist of high-mag-
nitude, high-frequency, and unusually disseminated 
strains. The mechanical load needed to stimulate 
osteogenesis decreases as the strain magnitude and 
frequency increase. The mechanosensitivity of bone 
cells is saturated after a few cycles of loading but can 
recover after rest; thus, separating loading into short 
bouts with periods of rest optimizes the response to 
loading. As a result, many of the demands of gym-
nastics can be interpreted as highly likely to be ade-
quately stimulating bone growth.

Exercise as a stimulus for bone site

The evidence base of research supporting the posi-
tive effects of physical activity on bone strength 
continues to increase. The nature and frequency of 
exposure determine the potential ability for a sport 
to be more or less osteogenic. For example, weight 
lifters display higher bone mineral content (BMC) 
and bone mineral density (BMD) than runners or 
swimmers, although factors relating to the bias of 
self-selection may in part explain these fi ndings. 
Weight-bearing or impact-loading exercises are 
essential for stimulating bone accretion, but load-
ing is site specifi c.

Among the best examples of exercise loading on 
specifi c sites are reports from young tennis play-
ers who displayed marked side-to-side differences 

(e.g., thyroid or parathyroid hormone and cortisol) 
or indirectly via their effects on the sex steroids.

The peripubertal period is characterized by major 
hormonal changes. This stage of development 
seems particularly sensitive to the factors involved 
in building the skeleton. It has been shown that, in 
females, incremental gains in bone mass are partic-
ularly pronounced over a 3-year period, generally 
from 11 to 14 years of age. The rate of gain dramati-
cally slows after 16 years of age and/or 2 years after 
menarche. In males, the gain in bone mass is par-
ticularly high over a 4-year period, generally from 
13 to17 years; after which time, the rate of gain 
markedly attenuates. However, in males, bone 
growth remains signifi cant between 17 and 20 years 
for lumbar spine and mid-femoral shaft regions.

Genetic potential for bone health can be reached 
only when diet, physical activity, and hormone 
production are adequate. Specifi cally, this includes 
an environment with suffi cient intake of protein, 
effi ciency of calcium and vitamin D absorption, 
an “above threshold” response to biomechanical 
stimuli, and other mechanisms that infl uence the 
skeletal development. The skeletal effect of calcium 
and vitamin D in children and adolescents is an 
issue that has been extensively researched. How-
ever, skeletal loading during physical practice, with 
respect to exercise modalities, is the most effective 
stimulus for improving the bone mineral accrual. 
Activities characterized by weight bearing or impact 
loading are known to have an osteogenic action on 
the skeleton. There is evidence to suggest that the 
capacity of bone to adapt its mass to such activity 
is greatest during puberty. Artistic Gymnastics is a 
dynamic sport, habitually exposing young gym-
nasts to training programs higher in volume and 
intensity than other sports for children of a similar 
age. Artistic Gymnastics from an early age is associ-
ated with a similar peak in bone mineral accrual in 
prepubertal female participants. It represents one 
form of physical activity that is particularly effec-
tive for the acquisition of bone mass in children.

Most physical activity interventions in children 
occur in the school setting. The interventions 
involve adding weight-bearing physical activity 
to children’s lifestyle. The greatest “window” for 
responsiveness appears to occur at and around 
the time of puberty. But habitual exposure to 
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when participating in regular gymnastics (Ducher 
et al., 2009). At diaphyseal sites these differences are 
predominantly in the bone and muscle geometry and 
not density. Conversely, at trabecular sites, the differ-
ences are increased density rather than geometry.

Comparisons of site-specifi c loading in young jock-
eys (mean age 19 years) with age-matched controls 
showed lower bone strength at the tibia. However, at 
other occupationally specifi c sites such as the radius, 
jockeys showed greater bone strength and trabecular 
density, independent of bone size (Wyner, 2010).

Specifi city of gymnastics in upper and 
lower limbs

As a widely practiced activity by very young athletes, 
gymnastics has been studied extensively. Many gym-
nastics skills have been analyzed to determine the 
specifi c impact loading exerted on the skeleton. 
Ground reaction forces to both the upper and lower 
extremity have previously been recorded. Often, 
advanced level skills can generate forces of up to 
13–14 times body weight on young highly trained 
gymnasts. Few intermediate skills have been assessed, 
with forces varying from 2 to 4 times body weight for 
the wrists and 10 times bodyweight for the ankles. 
Estimates of national and international gymnasts’ 
upper and lower body ground reaction forces con-
fi rmed higher forces in the more experienced, skilled 
gymnasts.

Video analysis of the frequency of gymnastic-
specifi c movements has been also used to estimate 
gymnastics loading. Gymnastic-specifi c move-
ments including static, swing, and impact move-
ments have been used to quantify the frequency 
of gymnastics loading during different phases of 
training, for male international level gymnasts. 
In this study (Burt et al., 2010), gymnastics train-
ing was associated with, on average, 102 and 217 
impacts per session on the upper and lower extrem-
ities, respectively with peak magnitudes of 4 and 
10 times body weight.

One can point out that the wrist is subjected to 
forces in gymnastics that can exceed two to four times 
body weight. Therefore, the regular use of the upper 
extremities to support body weight subjects the wrist 
joint to recurrent impacts and loading. Wrist pain 
is common among artistic gymnasts of both sexes. 

in arm bone mass and density (favoring the domi-
nant arm), in comparison with age-matched controls 
(Haapasalo et al., 1998). A less documented mecha-
nism to increase bone strength is the redistribution 
of the bone mass to the regions submitted to high 
mechanical strains. Further, in prepubertal children, 
the increased bone density induced by gymnastic 
training in the stressed sites of the body could be 
related to a decreased skull bone mass. Courteix et al. 
(1999) report that the contribution of the head BMC 
to the whole body was signifi cantly lower in gymnasts 
(25%) than in swimmers (28%) and controls (29%). 
Similar observations were found in astronauts during 
weightlessness conditions. In the gymnastics popu-
lation, the bone mass increased at the head (+4.2%) 
and decreased at the pelvis (–7.4%), and femoral neck 
(–5%). This gradient in bone mass changes may be 
related to fl uid shifts occurring in microgravity.

Exercise during growth is important because of 
the associated changes in bone geometry that trans-
late to greater increases in bone strength than an 
increase in bone mass alone (Ducher et al., 2009a; 
Figure 4.1). A study performed in school children 
highlighted how the prepubertal skeleton develops 
in response to the repetitive training it experiences 

Change
in bone

dimensions

Change
in bone
shape

Change in
trabecular

volumetric BMD

Figure 4.1 Potential changes in bone mass and shape that 
underpin the exercise-induced increase in bone strength 
in children and adolescents. The different mechanisms 
depicted are not mutually exclusive and in many 
instances, are combined. Changes in bone dimensions 
and bone shape are the preferential mechanisms in long 
bone shafts in response to exercise during growth. In long 
bone ends that are rich in trabecular bone, the increase 
in bone size is limited, and thus, exercise alternatively 
promotes an increase in trabecular volumetric density 
(trabecular vBMD). (Source: Ducher et al. (2009a).)

www.Ebook777.com

http://www.ebook777.com


Skeletal health of gymnasts 43

physical loading is associated with inhibition of 
linear bone growth. These fi ndings suggest repeti-
tive physical loading in excess of tolerance limits as 
a principle etiological factor in distal radius physeal 
injury and growth disruption. Unfortunately, other 
potential etiological factors such as nutrition, tech-
nique, and equipment have not been well studied.

In summary, repetitive loading of the wrist joint 
in young gymnasts is frequently associated with 
wrist pain, and injury to the distal radial physis 
occurs in some individuals. However, the relation-
ship between these events and the development of 
positive ulnar variance is less clear.

Skeletal responses to mechanical 
loading at pre-, peri-, and post-pubertal 
stages

The osteogenic benefi ts obtained from exercise 
during growth are maturity- and sex-dependent. 
Exercise interventions seem to be most effective 

Estimates of wrist pain in these participants range 
from 46 to 79% (Mandelbaum et al., 1989). In 
addition, more than 50% of young, beginning to 
mid-level, gymnasts also experience wrist pain. Cross-
sectional surveys indicate that approximately 45% of 
gymnasts report pain of at least 6 months’ duration.

There may be many possible causes of wrist pain 
in young gymnasts including dorsal wrist impinge-
ment, triangular fi brocartilage complex, and ulnar 
impaction syndrome (DiFiori et al., 2006). How-
ever, because nearly all gymnasts enter the sport at 
a young age, the growth plates of the wrist are also 
potential sites for injury. Roy et al. (1985) described 
a stress reaction in a series of young gymnasts (Fig-
ure 4.2). Since then, there have been multiple case 
reports and case series describing stress injury to the 
distal radial physis. The cause of physeal injury in 
this setting may be a compromise of the metaphy-
seal and/or epiphyseal blood supply and may, infre-
quently, result in premature partial or complete 
closure of the epiphysis (DiFiori, 2006). The reports 
of distal radial physeal arrest are consistent with 
experimental studies in which prolonged intensive 

Figure 4.2 Radiographs and 
line drawings of the wrist 
of a symptomatic young 
gymnast. Changes of the 
distal radial epiphysis include 
widening of the radial 
margin, fragmentation, cystic 
changes and irregularity of 
the metaphyseal margin, 
and a beaked effect of 
the distal aspect of the 
epiphysis. (Source: Roy S, 
Caine D, Singer KM (1985) 
with permission from SAGE 
Publications.)
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musculoskeletal benefi ts would seem to be a devel-
opmentally appropriate strategy.

Differential effects of gymnastics 
on bone mass, density, geometry, 
architecture, and bone strength index

Gymnastics training is unique in generating high 
mechanical loading to the skeleton of very young 
children. Most of the studies have focused on 
competitive female participants. Recently, stud-
ies have extended to recreational gymnasts, using 
longitudinal follow-up designs. In these studies, a 
large range of participants has been analyzed, from 
4 to 17 years old. Indeed, this age span includes 
peripuberty in which bone is highly responsive 
to loading stimulations. As such, gymnastics pro-
vides an excellent model for assessing the effects of 
weight-bearing physical activity on bone mineral 
development.

Bone mineral density

To date, there is evidence for an osteogenic effect of 
gymnastic training, specifi cally via bone mass and 
density.

From cross-sectional studies, girls training 
regularly in gymnastics for 2 or more years have 
displayed a higher BMD than their untrained 
counterparts at specifi c skeletal sites. Prepubertal 
girls who participated in elite level gymnastics 
had greater BMD at the mid-radius, distal radius, 
lumbar spine, femoral neck, and Ward’s triangle 
than age-matched peers. In contrast, prepubertal 
female swimmers failed to show differences in 
BMD values when compared with age-matched 
nonswimmers (Courteix et al., 1998; Figure 4.3). 
These differences may be attributable to the inter-
mittent high-impact ground reaction forces, such 
as jumping and tumbling that are involved in 
gymnastics, as opposed to the generation of mus-
cular forces in a low-gravity environment such as 
swimming.

Some studies have assessed the link between the 
volume (duration and intensity) of training and 
the magnitude of improvement in bone mass gain. 

when initiated during pre- or early puberty. It is 
thought that exercise may preferentially affect the 
surface of bone that is undergoing apposition dur-
ing growth. Before puberty, the skeleton reveals 
the capacity of responding to loading by adding 
more bone on the periosteal surface than would 
normally occur through growth-induced periosteal 
apposition.

Several studies have suggested that the skeletal 
response to activity varies by pubertal stage. A 
6-year longitudinal study (Saskatchewan bone 
mineral accrual study; Bailey et al., 1999) showed 
that active children gained more bone during 
the 2 years surrounding peak bone velocity than 
inactive children (from 10 to 40% depending on 
the skeletal site). In this study the accrual rates 
for the different maturation stages were not 
assessed.

A cross-sectional Finnish study analyzed the 
relationship between maturity and BMD in 
child and adolescent female racquet sport play-
ers and maturity-matched controls (Haapas-
alo et al., 1998). In this study, the side-to-side 
BMD differences were measured at the proximal 
humerus, humeral shaft, and distal radius. The 
differences were significantly greater in play-
ers than controls at Tanner stages 3, 4, and 5. 
There were no differences between players and 
controls at Tanner stage 1, while the girls dif-
fered at the humeral shaft for Tanner stage 2. A 
potential correlation between training volume 
and intensity, and maturation stages could bias 
such observations, but it seems that after stage 3 
the association of training and bone gain suggest 
a synergistic effect of pubertal hormone activity 
and mechanical loading in explaining the bone 
accretion.

Knowing the stage of development at which 
bone is most responsive to mechanical constraints 
offers an attractive possibility to enhance bone 
mass to benefi t children by means of a physical 
activity program.

Ironically, as age increases in the majority of 
children, and girls in particular, physical activity 
decreases. Intuitively, establishing good physical 
activity patterns prior to puberty appears appro-
priate. Promoting sports such as gymnastics with 
great attraction for girls and well-established 
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to exhibit positive gains at both the lumbar spine 
and femoral neck.

Beyond the use of dual energy X-ray absorpti-
ometry (DXA) in investigating the bone density 
of skeleton, recent investigations have also used 
more precise methods to explore the changes 
of shape, size, and geometry within bone 
compartments.

Although BMD is one of the most important 
factors contributing to bone strength, it cannot 
explain alone how the bone tissue organization 
evolves under the constraints. Other factors includ-
ing geometry and microarchitecture are involved 
in explaining bone strength.

Geometry

The mechanical behavior of bone not only 
depends on its material properties but also 
largely depends on the spatial distribution of 
bone material within the given structure. Geo-
metric factors such as external diameter and cor-
tical thickness can signifi cantly infl uence bone 
strength. The outer diameter of long bone can, 

Results indicate that the higher the volume of prac-
tice, the greater the enhancement of bone mass.

Longitudinal studies have reported that areal 
BMD increased 30–85% more rapidly in young 
female gymnasts than in sedentary children. One 
study compared the bone mineral accrual of high-
level versus recreational participation in gym-
nastics by 4–10-year-old girls (Erlandson et al., 
2011b). The fi ndings suggest that recreational and 
precompetitive gymnastics participation is asso-
ciated with greater BMC. This study emphasizes 
the ability of low-level gymnastics participation 
to positively infl uence bone accretion. Therefore, 
participation in gymnastics even through school 
physical education programs should be promoted 
for all children.

The association of sports participation to longi-
tudinal changes in BMD in collegiate female ath-
letes aged 18–29 years was explored in gymnasts, 
runners, swimmers, and controls, in two cohorts 
followed-up for either an 8-month or a 12-month 
period (Taaffe et al., 1997). These results pointed 
out the highest BMD values in gymnasts. During 
follow-up, the gymnasts were the only participants 
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Devices such as the pQCT provide macrostruc-
tural characteristics such as cortical area, CSA, 
and density. However, one of the most interesting 
components of bone geometry is bone strength. 
Essentially, bone strength is the product of bone 
structure (size and shape) and material properties 
(density). Using estimates obtained from a pQCT 
device, bone strength at a specifi c site is calculated 
by fi rst dividing the cross-sectional moment of 
inertia by 0.5 of the subperiosteal width and then 
multiplying the quotient by the cortical density.

In a comparison of well-trained adolescent female 
athletes, gymnasts showed 60% and 53% greater 
bone strength at the distal and proximal tibia, 
respectively, than their nonactive peers (Greene 
et al., 2012). Independent of bone size, bone 
strength differences can be found. Weight-bearing 
bones in small people can continue to develop 
strength by laying down cortical bone on the inside 
surface and/or through improving cortical density.

For example, when tibial bone characteristics 
of young apprentice jockeys were compared with 
age-matched peers, the apprentice jockeys showed 
lower bone strength at the tibia than controls. 
However, greater bone strength was apparent at 
the radius of the jockeys than the controls. Site-
specifi c loading adaptations are therefore well sup-
ported by macroarchitectural estimates of bone 
strength.

Longitudinal results from recreational and com-
petitive gymnasts who were tracked for 6 months 
just prior to, or in the early stages of puberty, 
showed the greatest bone strength gains in the 
radius of the gymnasts who were most exposed to 
gymnastics over this period of time. From the lon-
gitudinal results, we can also improve our under-
standing of how dose-responsive musculoskeletal 
adaptations can occur from participating in sports 
such as gymnastics.

Measures of bone strength have also been used 
in combination with body weight and forearm 
length to estimate fracture risk in the radius and 
ulna of gymnasts. Greater bone strength to weight 
ratios were found in 6–11-year-old gymnasts than 
non-gymnasts at the proximal ulna than radius 
(Burt  et  al., 2011). This has also been shown in 
retired elite gymnasts. The traditional measurement 
site of the radius may therefore be  underestimating 

for example, predict up to 55% of the variation 
in bone strength.

Most bone geometric research in retired gym-
nasts have been performed at the forearm, with 
results often showing greater indices of total bone 
size and strength in gymnasts than controls.

In a recent cross-sectional study, the geom-
etry of 173 gymnast and control participants, 
8–17 years old, was analyzed using the hip struc-
tural analysis technique (Dowthwaite et al., 
2012). Maturity, assessed by the stages described 
by Tanner, was taken into account in this study. 
Maturity-specifi c comparisons suggested site-
specifi c skeletal adaptation to loading during 
growth, with greater advantages at the radius 
than the proximal femur. At the radius, gym-
nasts’ advantages included greater bone width, 
cortical cross-sectional area (CSA), and corti-
cal thickness; in contrast, at the femoral neck, 
gymnasts’ bone tissue CSA and cortical thickness 
were greater, but bone width was narrower than 
in nongymnasts.

Although hip structural analysis provides inter-
esting additional data, it remains limited by its 
two-dimensional techniques. Peripheral quantita-
tive computed tomography (pQCT) provides three-
dimensional (3D) analyses in regions of interest to 
bone loading such as the tibia and radius. Devices 
such as pQCT are included among instruments 
capable of providing more informative 3D analy-
ses of bone geometry at the “macroarchitectural” 
level.

Macroarchitecture: bone strength

Bone geometry can be an important component of 
the quantitative assessment of bone. Understand-
ing bone strength at the macroarchitectural level 
involves the characteristics of shape and structural 
integrity, particularly from data acquired for corti-
cal bone.

It is also possible to acquire microarchitec-
tural characteristics to improve the understand-
ing of bone geometry at a more precise level and 
include information about trabecular volume, 
trabecular spacing, and connectivity. Microar-
chitectural analyses will be discussed later in this 
chapter.
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Skeletal health of gymnasts after 
training cessation

The exercise-induced skeletal benefi ts obtained 
during growth cannot be considered clinically 
important unless they are maintained into late 
adulthood, when fractures occur. Intuitively, this 
would seem unlikely because the mechanostat the-
ory predicts a decrease in bone strength if exercise 
is reduced or ceased in adulthood.

A recent paper from the University of Saskatch-
ewan’s Pediatric Bone Mineral Accrual Study presents 
the results of a 14-year follow-up in gymnasts and 
nongymnasts in whom higher bone mass was 
previously reported (Erlandson et al., 2011a). At 
the start of the study, the participants were pre-
menarcheal. The last bone measurements were 
performed 10 years after the retirement or ces-
sation of training, that is, 14 years after the fi rst 
investigation. Ten years after retirement, gym-
nasts had maintained similar (and superior) size-
adjusted total body, lumbar spine, and femoral 
neck BMC differences (p < 0.05) (13%, 19%, and 
13%, respectively) when compared with nongym-
nasts. Therefore, bone mass benefi ts fi rst observed 
in premenarcheal gymnasts were still apparent 
even after the long-term removal of the gymnas-
tics loading stimulus.

the magnitude of exercise-induced skeletal adapta-
tions that can be associated with participating in 
sports such as gymnastics.

Microarchitecture

Access to parameters of bone quality has improved 
in recent years with the refi nement of bone imag-
ing techniques. Using high-resolution pQCT 
(HR-pQCT) or magnetic resonance imaging, 3D 
images of the radius and tibia with a high resolu-
tion can be readily achieved. This provides in vivo 
access to parameters such as percentage of bone 
volume (BV/TV), cortical thickness (Ct.Th), trabec-
ular number (Tb.N), trabecular thickness (Tb.Th), 
and trabecular separation (Tb.Sp).

Trabecular bone microarchitecture is an impor-
tant skeletal feature that identifi es individuals with 
fracture risk as well as, or better than, BMD. The 
unique study (Modlesky et al., 2008) that investi-
gated the trabecular bone microarchitecture, such 
as apparent trabecular bone volume to total vol-
ume (appBV/TV), trabecular number (appTb.N 
[mm−1]), trabecular thickness (appTb.Th [mm]), 
and trabecular separation (appTb.Sp [mm]) using 
magnetic resonance imaging in young female artis-
tic gymnasts exhibit higher appBV/TV (14%) and 
appTb.N and lower appTb.Sp (14%) than controls 
(Figure 4.4).

(A) (B)

Figure 4.4 High-resolution magnetic resonance images of the proximal tibia of a female collegiate artistic gymnast
(A) and a female control (B). There is a greater amount of trabecular bone (black) and less marrow (white) in the 
gymnast’s proximal tibia, which is highlighted by the magnifi ed subregions presented at the top right of each image. 
(Source: Modlesky et al. (2008) with permission from Springer Science + Business Media.)
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bone tissue. One recent study reported greater 
lumbar spine BMC and BMD as well as trabecu-
lar volumetric density and bone strength in the 
peripheral skeleton of former gymnasts without 
a history of menstrual dysfunction, but not in 
those who reported either primary or second-
ary amenorrhea (Ducher et al., 2009b). Another 
study reported that mechanical forces generated 
by high-impact loading and muscular contrac-
tion during gymnastics training had powerful 
osteogenic effects, which could counteract the 
increased bone resorption resulting from oligo-
amenorrhea and amenorrhea observed in the 
gymnasts (Burt et al., 2010). Other researchers 
have attempted to determine whether hypo-
leptinemia occurring in rhythmic gymnasts, 
and probably resulting from the energy defi cits 
observed in such population, may negatively 
impact on bone health; the authors concluded 
that high-impact training is able to counterbal-
ance bone effects usually encountered in young 
females with abnormal hormonal responses.

  The question would be: can we advance 
the understanding of the mechanisms of 
higher bone mass and properties observed in 
gymnasts despite the presence of amenorrhea, 
oligo-amenorrhea, and hypoleptinemia?

Summary

In summary, children participating in the 
sport of gymnastics have the potential to ben-
efi t from a very osteogenic environment cre-
ated by habitual, intermittent, and relatively 
high-intensity loading of the musculoskeletal 
system. Although the understanding is incom-
plete, loading (impact forces) of up to 2–4 times 
body weight has been identifi ed at the wrists 
and 10 times body weight loading has been 
estimated at the ankles during performances of 
fundamental gymnastics skills. Without the sup-
port of bone enhancing hormones that promote 
bone modeling and remodeling during puberty, 
signifi cant advances in bone health parameters 
can be observed in prepubertal gymnasts. It is 
postulated that pubertal hormonal activity in 

The literature brings evidence that past gymnas-
tics training is associated with greater bone mass 
and bone size in women some years after retire-
ment. Skeletal benefi ts are site specifi c, with greater 
geometric adaptations (greater bone size) in the 
upper compared with the lower limbs. Further 
investigations with pQCT revealed that the greater 
bone mass of the retired gymnasts was associated 
with greater bone size, cortical CSA, and trabecular 
volumetric density in the radius, and greater CSA 
and trabecular volumetric density at the tibia.

These results support the theory that structural 
adaptations obtained during growth may be main-
tained until senescence. This can be explained by 
the fact that the mature skeleton is thought to lose 
bone mass essentially through remodeling on the 
endosteal envelope, and to a much lower extent on 
the periosteal envelope, thereby preserving bone 
size and strength.

Further research (with questions still to 
be answered or to be investigated)

1 Gymnastics is usually considered one of the 
most osteogenic sports, its practice induces great 
magnitude and frequency of constraints on 
upper and lower limbs. Therefore, if naturally 
these impacts can induce a better bone strength, 
reducing the risk of fracture later in life, one 
can consider that the soft tissues and the joints 
could also be improved or altered by these high 
stresses.

  The question to be investigated is to determine 
the effects of intensive gymnastic training, on 
joints and conjunctive tissues, and whether the 
consequences on the joints and connective tis-
sue could induce deleterious side effects on the 
children’ health.

2 Female gymnasts frequently present with overt 
signs of hypoestrogenism, such as late menarche 
or menstrual dysfunction. Primary amenorrhea  
has been found in approximately 15–20% of 
elite female gymnasts, while episodes of second-
ary amenorrhea were reported in 40–60% of this 
population. There are discrepancies in the results 
concerning the effects of hormonal disorders on 
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 combination with gymnastics training may be 
optimal for the musculoskeletal health of many, 
but not all, gymnasts. Although limited, there is 
also evidence that some of the benefi ts associated 
with gymnastics measured during the peripuber-
tal stage of development, can be maintained into 
adulthood. The evidence of the effectiveness of 
gymnastic participation for the musculoskeletal 
health of children is strengthened by the avail-
ability of precise devices such as DXA and, more 
recently, pQCT. However, more randomized con-
trolled trial and longitudinal studies are required. 
Research on dose responsiveness showing greater 
adaptations with more intense gymnastics par-
ticipation remains imperfect due to the limited 
number of studies involving recreational partici-
pants and because of the confounding potential 
of musculoskeletal maladaptation (injuries) with 
increased exposure to gymnastics. Wrist injuries 
among gymnasts remain highly prevalent. Multi-
ple and developmentally important factors such 
as associative changes to joints and connective 
tissue, and hormones associated with menstrual 
function (and dysfunction) require further inves-
tigation if we are to more completely understand 
the impact of gymnastics on the musculoskeletal 
health of young females.
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by the gymnasts’ nutritional status. Therefore, 
in this chapter, the nutritional demands of male 
and female gymnasts are explored, including the 
potential risks and consequences of restrictive eat-
ing. In addition, recommendations related to opti-
mal energy and nutrient intake and healthy weight 
control are included.

Energy requirements for gymnasts

Energy intake

Energy intake (EI) should support the variability of 
the gymnast’s annual training and competition plan 
to bring dedicated months and years of training to 
fruition with expected performance outcomes. How 
much the athlete needs to eat is not easily estimated, 
especially considering the four different disciplines 
of Olympic gymnastics. Examining the literature on 
doubly labeled water (DLW) studies, conducted in 
athletes participating in various sports in free-living 
conditions, shows that energy expenditure can be 
quite high but variable among sports.

What these studies also show is that there is a 
mismatch between total daily energy expendi-
ture (TDEE) and EI in the absence of weight loss, 
indicating the inherent bias of dietary assessment 
methods to underreporting (Hill and Davies, 2001). 
Underreporting is especially of concern in popula-
tions focused on body mass and weight loss and 
should also be expected in gymnasts (Hill and 
Davies, 2001).

Introduction

Gymnastics requires gracefulness, speed, power, 
and coordination. Gymnastics is supposed to be 
aesthetically appealing. A fi nite balance between 
strength and body composition is required so that 
routine movements can be performed gracefully. 
Thus, it is important for gymnasts at the elite level, 
representing all the four disciplines of Olympic gym-
nastics (e.g., Rhythmic, Men’s and Women’s Artis-
tic, and Trampoline), to maintain a lean physique 
and strength for both performance and aesthetic 
reasons. Optimal nutritional practices are critically 
important for training and top performance during 
competition. It is particularly important that young 
gymnasts consume suffi cient energy and nutrients 
to meet the demands of growth, training, and tis-
sue maintenance. Dietary assessments of high-level 
gymnasts at different age groups indicate that 
many of these athletes consume less than the rec-
ommended amount of energy and some nutrients 
for their age and training load (Jonnalagadda et al., 
1998; Michopoulou et al., 2011).

Studies indicate that delayed menarche, men-
strual dysfunction, and eating disorders are com-
mon among female gymnasts, which may impact 
growth, development, and athletic performance. 
It is clear that all of these factors are infl uenced 
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adequacy can be an effective approach, especially if 
used over time. However, in athletes with disordered 
and/or restrictive eating, energy effi ciency may 
again complicate the professional’s ability to evalu-
ate the athlete using body weight and composition. 
While no follow-up studies have confi rmed this, 
Duetz et al. (2000) showed a signifi cant association 
between the energy defi cits incurred throughout 
the day and percent body fat. This study compared 
gymnasts to runners and showed that runners who 
appeared to graze throughout the day had less body 
fat than gymnasts who seem more prone to energy 
restriction throughout the day. Interestingly, both 
groups experienced a similar energy defi cit at the 
end of the day, but grazing versus dieting for pro-
longed periods of time was associated with lower 
body fat levels in runners versus gymnasts (Duetz 
et al., 2000). Thus, it is possible that gymnasts who 
chronically diet are at greater risk for low RMR 
and increased fat storage to preserve energy. These 
athletes are also expected to be more resistant to a 
weight loss program, and thus, may struggle more 
to attain and maintain a lean physique.

Another valuable tool to evaluate adequacy of EI 
is menstrual regularity, as menstrual dysfunction 
may indicate a low EI, high EEE, or a combination 
of the two. A diet reduced in calories may simply be 
too low to meet all physiologic functions beyond 
what is necessary for exercise. This concept is 
referred to as energy availability (EA) and is derived 
by EEE subtracted from EI. For female athletes in 
particular, reducing EI, while continuing with hard 
training poses a risk due to the link between low EA 
and menstrual dysfunction. Thus, an irregular or 
absent menstrual cycle may well indicate that the 
athlete is not consuming enough calories to meet 
the demands of the sport and daily energy needs 
for growth and repair. Menstrual dysfunction is 
one of the components of the female athlete triad 
(Nattiv et al., 2007). While an athlete not eating 
enough may jeopardize endocrine function, she/
he is also at risk for acute effects that may interfere 
with performance, including glycogen depletion, 
micronutrient defi ciencies, and fatigue. Manore 
et al. (2007) proposed the following guidelines for 
maintaining EA in exercising women during vari-
ous phases of weight loss, maintenance, growth, 
and recovery (Table 5.1). These values can be used 

For the practitioner working with gymnasts, 
assessing TDEE in athletes also comes with a vari-
ety of complications. At the least complex level, 
the sport dietitian can select physical activity lev-
els (PALs) or physical activity coeffi cients (PA) in 
calculations deriving energy expenditure require-
ment (EER) and/or multiples of resting metabolic 
rate (RMR). RMR can be measured or assessed. 
Practitioners are advised to use lean body mass if 
possible when estimating RMR in athletes. Other 
quick approaches include reference tables sum-
marizing energy cost for a given person relative to 
weight and sport. More time-consuming, burden-
some, and complex approaches are assessment 
techniques that involve PA records using metabolic 
equivalents for 24 hours or less (e.g., detailing exer-
cise energy expenditure, EEE).

Energy requirements to support daily training 
for female and male athletes exercising approxi-
mately 90 minutes per day or less may need to be 
around 45 kcal kg−1 per day and 50 kcal kg−1 per 
day, respectively. This may be a helpful target for 
those working with athletes and is similar to what 
is suggested by Manore et al. (2007).

Using EI data from dietary records in combination 
with stable body weight has also been recommended 
as a tool for determining energy needs of athletes.

That these data can accurately refl ect energy 
requirement of athletes should not be assumed and 
several factors should be considered when using 
dietary intake data to estimate TDEE in gymnasts. As 
mentioned above, underreporting of dietary intake 
occurs in individuals and groups. Especially in sports 
such as the gymnastic disciplines that emphasize 
leanness and thinness, it should be expected that EI 
is underreported. Other issues of using EI to gauge 
energy needs in athletes relate to energy effi ciency. 
For example, reported EI of gymnasts do not seem 
to be very high (Jonnalagadda et al., 1998; Micho-
poulou et al., 2011). Does this mean that gymnasts 
have grown accustomed to long-term underfeeding? 
If true, reported EI is expected to meet the newly 
established, however, suppressed TDEE.

There are a few other approaches to evaluate 
whether a gymnasts eats enough, without having to 
assess two highly biased variables, EI and TDEE. First, 
evaluating changes in body weight and composition 
for the purpose of nutritional, and especially caloric, 
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5–6 hours per day, need a carbohydrate intake of 
between 5 and 6 g kg−1 per day, which in absolute 
terms ranges from 250 to 300 g of carbohydrate 
per day for a female athlete weighing 50 kg. For 
carbohydrate, reduced intakes (~3 g kg−1 per day) 
in gymnasts are not problematic, as long as the 
athlete understands the importance of increasing 
carbohydrate with greater training intensity or vol-
ume. Carbohydrate adequacy is essential for the 
maintenance of glycogen stores and the ability to 
recover from training on a daily basis. Depleting 
glycogen stores during heavy training may pose 
both performance and health risks to the athlete. 
Obviously, when needed, weight loss and body 
composition manipulations should be attempted 
during off-season and low-intensity training 
phases. However, this is not always possible nor 
is it practical. Therefore, utmost attention should 
be paid to carbohydrate adequacy and a minimum 
level of 3 g kg−1 per day (Burke et al., 2011) should 
be met by both artistic and rhythmic gymnasts. 
While dietary assessment methods can help evalu-
ate carbohydrate intake, performance indices along 
with subjective ratings of fatigue, mood state, 
hours of sleep, in combination with interdisciplin-
ary approaches to monitor performance and health 
in the athlete can help evaluate overall stress and 
risk for underrecovery and overtraining related to 
carbohydrate inadequacy.

Protein

When it comes to protein intakes in gymnasts 
there are no specifi c recommendations. The rec-
ommended daily allowance (RDA) of protein for 
the general population is set at 0.8 g kg−1 per day 
and the adequate macronutrient distribution range 
(AMDR) suggests 10–35% of EI coming from pro-
tein. Athletes and active individuals have greater 

to evaluate at least a female athlete’s EI relative to 
various phases of training, competition, and/or 
growth. To date, there are no recommendations for 
male athletes, although it may be that similar tar-
gets apply due to the relative expression (i.e., body 
weight) of these values.

Taking into consideration the methodological 
challenges and the limitations related to EI data, 
Table 5.1 shows that EI in gymnasts varies and 
EI reported is well below expected requirement, 
although this is dependent on gender, age, per-
formance level, and gymnastic discipline. Some 
studies report that the adolescent gymnast has ade-
quate intake, however, the majority of the studies 
report insuffi cient EI and daily energy defi cits in 
both adolescent and older female gymnasts (Jon-
nalagadda et al., 1998; Michopoulou et al., 2011). 
There are very few data on male gymnasts. How-
ever, from the studies reviewed it seems that male 
gymnasts report a more adequate EI. While the low 
reported EI in female gymnasts may refl ect under-
reporting or energy effi ciency issues, it may also be 
due to their attitudes about diet and body image. 
There are several concerns regarding a low EI, espe-
cially in athletes with heavy training loads. Low EI 
will, in most cases, lead to insuffi cient macro- and 
micronutrient intakes. When low EI is reported, it 
also commonly shows a lower than optimal carbo-
hydrate and protein intake.

Carbohydrates

Carbohydrates provide energy for performance 
and recovery and exhibit a protein sparing effect. 
Gymnasts undergoing moderate, repetitive, skill-
based training require a carbohydrate intake of at 
least 3 g kg−1 per day (Burke et al., 2011) and up to 
5–6 g kg−1 per day if subjected to higher training 
loads (Burke et al., 2011). Most gymnasts, training 

Table 5.1 Recommended levels of energy availability for female athletes during various phases of training, 
competition, growth and weight maintenance.

Weight loss
(kcal kgFFM−1 d−1)

Maintenance
(kcal kgFFM−1 d−1)

Growth/intense training or 
racing (kcal kgFFM−1 d−1)

Energy availability 30–45 45 >45

Source: Manore et al., 2007.

FFM: fat-free mass
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Protein intake post-exercise has the ability to 
enhance recovery and repair of muscle tissue. Tim-
ing of intake, type of protein, and the addition of 
other macronutrients such as carbohydrate have 
all been investigated (Phillips et al., 2011). Using 
the strategy discussed above (0.25 g kg−1 per meal) 
should also be benefi cial for gymnasts, especially 
after hard training sessions as protein intake post-
exercise enhances the ability to repair and rebuild 
muscle tissue. A thorough dietary assessment 
should provide the basis for recommendations 
given to athletes regarding daily protein require-
ments.

Fat

There are currently neither specifi c fat recommen-
dations nor an RDA set for the general public or 
the active individual. The AMDR for fat is 20–35% 
of EI. Athletes should aim to distribute their fat 
calories among saturated and unsaturated fat and 
consume essential fatty acids as recommended by 
the dietary reference intakes (DRIs). Thus, nutri-
tion education for gymnasts should include the 
discussion of the type of fats known to provide 
health and performance benefi ts. For gymnasts, 
carbohydrate and protein should be a priority due 
to the type of activity and appearance; however, fat 
intake should not be lower than 15–20% of total EI.

Vitamins and minerals

Although vitamins and minerals are not a source of 
energy, they play a vital role in energy metabolism 
and overall health. RDAs for vitamins and min-
erals are defi ned to prevent nutrient defi ciencies 
and are not determined based on PALs (see “Rec-
ommended reading”). In general, athletes have 
adequate intakes of vitamins and minerals as long 
as EI is appropriate. However, B vitamins, calcium, 
vitamin D, iron, some antioxidants (e.g., vitamin C 
and E, beta carotene, and selenium), zinc, and mag-
nesium can be of concern, especially in gymnasts. 
Athletes who may present with compromised 
micronutrient status are those who restrict energy 
for weight control and/or performance, eliminate 
one or more food groups due to dietary regimens, 
restrictions, or fear of calories, or who consume 

protein needs due to the importance of muscle 
growth and repair (Phillips and Van Loon, 2011) 
and this includes gymnasts. Protein recommenda-
tions have recently focused on optimizing post-
exercise muscle protein synthesis (Phillips and Van 
Loon, 2011). Optimal protein intake may now be 
expressed relative to a meal based on recent research 
by Moore et al. (2009) who studied protein intake 
post-resistance exercise in a dose-response protocol. 
The optimal intake to maximize muscle fractional 
synthetic rate after exercise appears to fall within a 
range of 20–25 g. However, further analyses show 
that a relative protein intake of 0.25 g kg-1 per meal 
may be a more practical approach and would also 
prevent an excess intake in lighter athletes. Using 
these dynamic recommendations throughout the 
day, total daily protein intake still ranges from 1.2 
to 1.6 g kg−1 per day, which is in line with current 
recommendations (Phillips and Van Loon, 2011). 
Thus, for a gymnast weighing 50 kg, a protein 
intake of 12–15 g spread over two post-exercise 
snacks and 15–20 g over three meals will equate to 
~80 g (1.6 g kg−1) per day. To be specifi c, a gymnast 
of that body mass could target 12–15 g of protein 
post-exercise to support recovery processes before 
eating lunch or dinner 1–2 hours later. It is likely 
that nutrient intakes will vary and protein inges-
tion may exceed 15–20 g for a dinner, especially if 
a piece of fi sh, meat, or poultry (25–30 g per 100 g) 
is combined with carbohydrate-rich sources such as 
pasta. This should not be of concern, however, and 
is usually compensated for by breakfast and lunch 
that are somewhat lower in protein.

The physiological demand of gymnastics is met 
by both aerobic and anaerobic means. In addition, 
gymnasts are generally strong as they need to gen-
erate a high level of power. Rhythmic gymnasts’ 
physique, however, tends to be less muscular, as 
this discipline requires less strength and power 
compared to artistic gymnasts. Many daily training 
hours dictate a protein intake similar to strength 
and power athletes and on the order of 1.6 g kg−1 
per day. In addition, dieting athletes or athletes 
with low EI may minimize loss of lean body mass 
if there is a relatively high protein intake. Further, 
adequate protein intake is considered important 
in low-energy diets due to the thermogenic and 
satiety-inducing effects.
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body in young growing female athletes develops in 
a direction against the ideal body in gymnastics—
being as lean as possible. This may intensify per-
ceptions of self-appearance and performance. 
Gymnasts start practicing sports by the age of 3 or 
4 years of age, and already at age of 5–7 years, girls 
competing in gymnastics, report greater weight 
concerns than girls in nonaesthetic sports and non-
athletic girls (Davison et al., 2002). As a result, a 
number of elite female Artistic and Rhythmic Gym-
nastics teams report the use of self-prescribed diets 
and pathogenic weight control methods. While 
more reported in female athletes, inadequate nutri-
tional intake and the use of pathogenic weight 
control methods are also experienced in some male 
gymnasts. Female elite gymnasts often display low 
estradiol levels, hypoleptinemia, reduced body 
fat mass, insuffi cient caloric intake, and retarded 
menarche, while the pubertal development of male 
gymnasts remains almost unaltered. Long-term 
inadequate energy and nutrient intakes during 
the growth period could result in delayed pubertal 
development and retarded growth. However, there 
is presently only limited epidemiological evidence 
of reduced growth or delayed pubertal develop-
ment in gymnasts. It is diffi cult to prove that gym-
nasts experience inadequate growth because of the 
selection for late-maturing females into the sport. 
Therefore, the study has yet to be conducted that 
would provide an estimate of the incidence rate of 
inadequate growth among female gymnasts.

The consequences of long-term low energy avail-
ability (LEA), such as amenorrhea and the imbal-
ance in bone remodeling, are more severe for the 
adolescent athlete since the lag time of adequate 
bone formation interferes with reaching a high 
peak bone mass, adequate stature, and the normal 
development of the reproductive system. While a 
long-term process, studies demonstrate a catch-up 
effect for bone growth and body mass when caloric 
intake is normalized in young athletes suffering 
from LEA (Caine et al., 2001).

Although dieting is considered an important risk 
factor for the development of eating disorders, it 
is not necessarily dieting per se that triggers dis-
ordered eating or eating disorders. Controlled 
weight loss interventions in elite athletes seem not 
to increase the risk for disordered eating or eating 

unbalanced diets characterized by low micronutri-
ent density.

Studies including gymnasts show that intake 
of iron, copper, potassium, calcium, magnesium, 
zinc, vitamin A, several B vitamins, and vitamin D 
and E are compromised in these low-energy diets. 
Actually, some studies report inadequate micro-
nutrient intakes in adolescent gymnasts, despite a 
relatively high EI. This shows that a well-planned 
eating (i.e., meals) and fueling (before, during, 
and after exercise) strategy should be followed 
when restricting EI to ensure adequate intakes. A 
gymnasts’ food intake should be rich in nutrients, 
while low in energy (calories). This requires careful 
attention when selecting foods and snacks. Finally, 
most micronutrients are available through dietary 
sources with the exception of vitamin D, which 
is best obtained from the sun. Due to the indoor 
nature of gymnastics, these athletes are at risk for 
vitamin D defi ciency and thus, should be screened 
for low vitamin D status and adequately treated if 
defi ciency exists.

In summary, nutritional habits of gymnasts are 
often suboptimal considering their daily train-
ing regimen. Sport nutrition professionals should 
ensure that athletes meet energy requirements. 
Low EI leads to both acute and chronic adapta-
tions, some of which affect performance, while 
others may compromise the health and growth of 
the athlete. Gymnasts should ingest suffi cient car-
bohydrate and protein to ensure daily performance 
in the gym and rapid recovery post-exercise. Gym-
nasts should eat a diet rich in nutrients but low in 
energy density to meet all micronutrient require-
ments. Finally, gymnastics occurs indoors with 
little sunlight. All indoor athletes are at greater risk 
for vitamin D defi ciency and should be screened. 
The next section will focus on the prevalence and 
risks of disordered eating and eating disorders in 
the sport of gymnastics.

Dieting and disordered eating
in gymnasts

The prepubertal physique confers a performance 
advantage for gymnasts. Given the biological 
changes in both male and female athletes during 
adolescence, it is important to remember that the 



56 Chapter 5

often want to reduce weight. In such a case the 
coach and health care team should motivate the 
athlete to improve strength and power rather than 
encouraging weight loss. The focus should be on 
optimal nutrition and performance enhancement 
via nondieting strategies including better eating 
strategies, maintenance of optimal health, as well 
as improved mental and psychological approaches 
to training and competition. Health care providers 
should educate gymnasts and coaches that weight 
loss does not necessarily lead to improved athletic 
performance. Furthermore, since athletes are eager 
to perform, it is important to inform them about 
the side effects of undereating and inconsistent 
eating behavior. If the coach is concerned about 
an athlete’s eating behavior, body image, and/or 
weight or body fat level, he/she should be referred 
to a sport dietitian or health care personnel for fur-
ther evaluation and consultation. However, some 
gymnasts need to lose weight or change body com-
position. Therefore, recommendations published 
by Sundgot-Borgen and Garthe (2011) for healthy 
changes in body composition or weight are helpful. 
These are listed below and are specifi cally adjusted 
for gymnasts.

Recommendations for weight loss 
interventions in gymnasts

The body composition goal should be based on 
objective measurements of body composition. Prior 
to weight loss intervention, energy and nutrient 
status should be assessed. Furthermore, questions 
related to weight history and weight goal, men-
strual history and status for females, dietary habits, 
and feelings about body image, body weight, and 
food should be included. If a history of disordered 
eating/eating disorders is present, a more intense 
and longer follow-up is suggested. Measurements 
of body composition should be done in private and 
the results should be explained and discussed with 
the athlete. The weight loss period should be done 
during off-season to avoid interference with com-
petitions and sport-specifi c training loads.
• A 4-day or a 7-day diet record, objective mea-
surements on body mass and fat mass and a blood 
test should be performed. If the gymnast has a 
history of amenorrhea or other indicators of low 

disorders when guided by a professional sports 
dietician (Garthe et al., 2011). However, athletes 
who are still growing should not diet, but be guided 
how to optimize EI and nutrient intake. Risk fac-
tors for eating disorders can be divided into two 
categories: (1) The pathogenesis of eating disorders 
is multifactorial with cultural, individual, family, 
and genetic/biochemical factors all playing a role. 
(2) There are sports-related factors such as person-
ality factors, experienced pressure to lose weight 
leading to restricted eating, body dissatisfaction, 
early start of sport-specifi c training, injuries, the 
impact of coaching behavior, and sports regula-
tions (Nattiv et al., 2007). The reason why some 
athletes, including gymnasts, cross the line from 
dieting to serious clinical eating disorders is cur-
rently unknown. However, it has been reported 
that dieting and the desire to be leaner to improve 
performance is associated with the development of 
eating disorders in adolescent athletes and that reg-
ulations, such as in gymnastics, might indirectly 
increase the risk for eating disorders (Sundgot-
Borgen and Garthe, 2011). Prospective controlled 
studies, examining risk and trigger factors for eat-
ing disorders in athletes, do not exist, and thus, 
the true risk factors for clinical eating disorders in 
aesthetic sports are not yet known.

Optimizing energy intake and
body composition

In order for coaches to adequately perform a sup-
portive function, many need factual information 
on nutrition and optimal body composition, risks 
and causes of disordered eating, menstrual (dys)
function for females and hormonal changes in 
males, and psychological factors that both nega-
tively and positively affect health and athletic per-
formance. The authors suggest that all gymnastic 
disciplines should have position statements with 
guidelines related to optimizing nutrition and 
body composition and how to recognize symp-
toms associated with disordered eating and compo-
nents of the triad. Dieting and weight issues should 
never be initiated from the coach, but be presented 
according to the athletes wish. Coaches should 
avoid putting pressure and/or telling an athlete to 
lose weight. Most gymnasts are fi t and lean, but 
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bone mass during weight loss. If that is the case, 
strength training should be included during the 
weight loss period. A moderate energy restriction 
combined with strength training has been shown 
to alleviate the negative consequences on lean 
body mass and performance (Garthe et al., 2011). 
Further, increasing protein intake can also prevent 
lean body mass.
• After weight loss, body fat percentage should not 
be lower than 5 for males and 12 for females. It 
is important to evaluate each gymnast using her 
own genetic predisposition relative to body fat and 
weight. Some gymnasts may tolerate a lower per-
cent body fat at no consequence, whereas others 
may not do as well, meaning they may develop 
hormonal imbalances and consequential health 
and performance issues.
• Changes in body composition should be moni-
tored on a regular basis, and athletes should be fol-
lowed for at least two additional months after the 
weight or percent body fat goal has been reached 
just in case any continued or unwarranted losses or 
weight fl uctuations occur.
• “Normal weight” gymnasts under the age of
18 years should be discouraged to lose weight.

Further research

There are a limited number of large-scale stud-
ies examining energy intake and expenditure in 
elite gymnasts representing all of the four Olym-
pic disciplines. If practitioners are to tailor rec-
ommendations for weight management specifi c 
to the disciplines, more data need to be collected 
relative to both aspects of the energy balance equa-
tion in all four disciplines. Studies using the DLW 
technique should be prioritized in order to reduce 
the double-sided bias of dietary and PA assessment 
methods. More data are especially needed for male 
gymnasts. Large-scale prospective studies are also 
needed that follow cohorts of gymnasts over time, 
even into their retired years, to examine changes in 
eating and dieting behavior and associated perfor-
mance and health risks. Prospective cohort studies 
are also suitable for examining risk and trigger fac-
tors for eating disorders among gymnasts.

bone mineral density (BMD), an objective measure 
of BMD is warranted (e.g., DXA). If a blood test 
indicates any specifi c micronutrient needs (e.g., 
iron, vitamin B12, and vitamin D), these vitamins 
should be provided and biochemical changes mon-
itored during the period. Multivitamin, mineral, 
and omega-3 fatty acid supplements may be pro-
vided during the weight loss period to assure suffi -
cient micronutrient and essential fatty acid intake.
• The gymnast should consume suffi cient energy 
to avoid menstrual irregularities and aim for a 
gradual weight loss corresponding to ~0.5 kg per 
week. To induce a weight loss of 0.5 kg per week 
an energy defi cit similar to ~500 kcal per day is 
needed, but there are individual differences. This 
can be achieved by reduced EI, increased energy 
expenditure through cardiovascular conditioning, 
or a combination of the two.
• A sport dietician who understands the demands 
of the four disciplines of Olympic gymnastics 
should plan nutritionally adequate eating strate-
gies tailored to the individual. Throughout this 
process, the role of overall good nutrition prac-
tices in optimizing performance should be empha-
sized. The plan should contain at least 3–5 g kg-1of 
carbohydrate, between 1.4 and 2 g kg-1 of protein 
per day (depending on the athlete’s body compo-
sition goals), and provide between 15 and 20% 
of fat calories (of total EI). The focus should be 
on foods with low energy content but high nutri-
ent density from a variety of sources, ingested at 
frequent intervals to support RMR and prolonged 
satiety, and prevent early fatigue during train-
ing. Post-exercise, recovery nutrition should be 
emphasized through timely (within 30 minutes) 
ingestion of carbohydrate and protein-containing 
foods. Foods high in whey protein, such as a fl a-
vored milk beverage to optimize muscle repair and 
recovery may also be recommended. Dairy prod-
ucts are also optimal due to their calcium con-
tent. Depending on the athlete and the situation, 
a well-timed recovery meal within 30 minutes 
post-exercise may be all that is needed, excluding 
the immediate recovery strategy in an attempt to 
reduce extra calories.
• It is important that the weight loss/change in 
body composition does not compromise gymnastic 
performance. For most, that means not to lose lean 
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Summary

It is particularly important that young gymnasts 
consume suffi cient energy and nutrients to meet 
the demands of growth, training, competition, 
and tissue maintenance. Education and counsel-
ing regarding factors associated with optimal nutri-
tion and body composition should be provided to 
both male and female gymnasts, parents, coaches, 
and health personnel. Circumstances that may 
adversely affect the gymnast’s short- and long-term 
health include LEA, disordered eating behaviors, 
and eating disorders. Some gymnasts cross the line 
from dieting and use of pathogenic weight loss 
methods to serious, diagnosable eating disorders. A 
continuous focus on optimal EI and nutrient intake 
and the prevention of the female athlete triad is 
important for all working with young gymnasts.
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in gymnastics training such as warm-up, fl exibility 
exercises, ballet, and physical conditioning, is more 
or less free of the risk of acute overload and related 
injuries and often takes more than a third of total 
training hours. Coaches, gymnasts, and physical 
trainers need to have a general understanding of 
mechanical loading throughout gymnastics and 
the response of biological tissues from short- and 
long-term perspectives to ensure injury risk can be 
minimized. Therefore, the major topic of this chap-
ter is to give the reader a functional approach to 
the mechanical stimulus and response processes on 
both body segment and tissue levels (macroscopic 
and microscopic).

Notably, the sources of knowledge on mechani-
cal loading in all three disciplines of gymnastics- 
male and female Artistic Gymnastics, Rhythmic 
Gymnastics, and Trampoline- are very limited. 
Few experimental data and reliable quantitative 
information on tissue loading are available and 
the majority of reported fi ndings are limited to 
ground reaction forces or contact force to the 
apparatus (e.g., pommel horse, rings, parallel and 
horizontal bars, and asymmetric bars). Especially 
in Rhythmic Gymnastics and Trampoline, data on 
potentially heavy loaded musculoskeletal struc-
tures are rare. The research of movement tech-
niques is more or less descriptive in nature even 
if there are some exceptions especially in airborne 
movements and long swings on horizontal and 
asymmetric bars and rings. In order to present 
comparable data of mechanical loading during 
gymnastics this chapter focuses on quantitative 
information derived from similar models and 

Introduction

Gymnastics (Artistic, Rhythmic, Trampoline) is 
listed under the most spectacular Olympic sports. 
The artistry and the skills performed by gymnasts 
often appear to be close to the ultimate limits of the 
human body. Sometimes reported severe injuries 
lead to the assumption that the ultimate biome-
chanical and biological limits have been achieved. 
From a public and especially a media perspective, 
the risk of overuse and acute injuries may be high 
in gymnastics given the spectacular artistic move-
ments, onset of training at an early age, extreme 
mechanical and mental loading, and the enormous 
training load, especially in elite gymnasts. Acute 
injuries during competitions appear rather seldom, 
but if they happen the outcome is often dramatic 
and severe. Technical training aids and close spot-
ting by coaches often defuse the risk of injury dur-
ing training.

The rate of acute and overuse injuries of US col-
lege women gymnastics related to the number of 
participants is relatively high in practice and com-
petition compared to other sports (Hootman et al., 
2007); the same scenario was reported for chil-
dren’s and youth sports (Caine et al., 2006), but the 
injury rate is moderate in relation to the number 
of activity hours. For example, preparatory work 
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An increase in skill diffi culty corresponds to the 
demand for higher mechanical energy achieved. 
The higher mechanical energy for an element 
allows, for example, a higher fl ight and improves 
the fl ight time for the execution of the more dif-
fi cult skills. With an improved fl ight time the 
tuck body confi guration in an airborne skill can 
be replaced by a straight body confi guration that 
increases the assessment and the diffi culty defi ned 
by the Code of Points. A higher angular momen-
tum is the prerequisite for more somersaults and/
or twists. Higher amounts of mechanical energy 
for the most attractive fl ights are related to higher 
energy when landing from the fl ight and increased 
biomechanical requirements for the biological 
structures involved.

The higher demand on energy generation is 
related to a higher mechanical loading of the bio-
logical structures responsible for the force produc-
tion, the force transmission to the skeleton, and 
fi nally the force transfer to the physical abutment 
at the contact area to the ground, the trampoline, 
or in Artistic Gymnastics to the apparatus. The 
higher mechanical energy for the skills is related 
to higher linear and rotational velocities of the 
entire body and its body segments, which increase 
the stress of the biological systems for balance and 
motion control. In general, biological structures 
and systems have the potential for functional and 
morphological adaptation. An increasing number 
of failures of the biological system of male and 
female gymnasts or trampoline athletes, and the 
increasing frequency of mistakes during the rou-
tines in competition as well as in training, indicate 
the structural and functional limits of both the 
musculoskeletal and the motion and balance con-
trol systems or the neuromuscular systems is being 
approached (Knoll et al., 2000).

A tissue loading response model will elucidate 
the relation between the mechanical loading as 
an input signal and the biological reaction as the 
related output (the biological or morphological 
and functional response) (see Figure 6.1).

In Artistic Gymnastics, mechanical load acts 
on the biological response matrix in a single or a 
multiple series over seconds, hours, days, weeks, 
and years. The mechanical exercise stimulus (MES) 
is characterized by the loading amplitude, the

collected with the same measuring technologies. 
Most data presented in this chapter arise from our 
own data collection of elite and subelite gymnasts 
during training, laboratory, and competitive ses-
sions. Some reports of tissue response in young 
and also former gymnasts, mostly from Artistic 
and Rhythmic Gymnastics, can be derived from 
the literature. Unfortunately, these data are rarely 
related to the individual loading history of the 
athletes. Therefore, in addition to the retrospec-
tive data of tissue reaction to general loading in 
gymnastics, this chapter also presents data of tis-
sue response of gymnasts arising from a 3-year 
survey of elite female gymnasts (Brueggemann, 
2005).

The chapter generally approaches the objective 
of how biomechanics and mechanical loading in 
gymnastics is related to acute injuries or to overuse 
and to biological tissue response.

Estimates of mechanical loading in gymnastics 
will be derived from gymnastics skills, elements, 
techniques, and technical training aids. Critical tis-
sue limits and the related mechanical loading will 
be critically evaluated. The long-term response to 
gymnastics-related mechanical loading of spinal 
biological structures and on peripheral joints will 
also be reviewed. Finally, an appropriate injury 
prevention model will be derived from the load-
response perspective.

A tissue response model related
to gymnastics

Recently, there has been an upswing and a strong 
concentration of diffi culties in the routines of male 
and female gymnasts both in Artistic Gymnastics 
and Trampoline. A similar trend can be reported 
for Rhythmic Gymnastics. The rate of the devel-
opment of more diffi cult elements is increasing. 
An increase in skill diffi culty is mainly a result of 
changes to the Code of Points rules. In addition 
to rule changes, the development of materials 
and apparatus, the increased knowledge of train-
ing the athletes, and probably an increased impact 
from scientifi c knowledge has infl uenced this rapid 
development.
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within the tissue under mechanical load. Assum-
ing that the input signal to the response matrix is 
appropriate in terms of amplitude, direction, fre-
quency, and intensity, ST will increase the cellular 
activation, which leads to tissue adaptation (TAD) 
on the cellular level as well as of the extracellular 
matrix. This is of relevance because the extracel-
lular matrix defi nes and determines the mechani-
cal properties of the tissue and is strongly related 
to mechanical strength of the given tissue. From 
this basis one can derive that tissue strength adap-
tation (TAD) is a function of the mechanical stimu-
lus (MES), the response matrix (TRM), and the ST 
process. TAD is the source of tissue matrix change 
and therefore of tissue strengthening.

Tissue strength enhancement is the major con-
cern in the physical preparation of the young gym-
nast allowing the tissue to withstand the extreme 
forces and torques in modern gymnastics. The key 
factor for minimizing the risk of long-term over-
use is the appropriate loading of the biological 
structures guaranteeing TAD and strengthening. 
Consequently, prerequisites of load management 

loading rate, the frequency and the duration of 
loading, and also by the pauses between the load-
ing sequences. The biological tissue response matrix 
(TRM) is determined by the genotype, the tissue 
architecture, the tissue age, gender, pre-injuries, 
mechanical tissue properties, the tissue fatigue, the 
hormonal tissue status, and other factors. Due to 
the early onset of training in gymnastics and there-
fore the increased mechanical loading at an early 
age, the tissue is extremely sensitive to overuse in 
young gymnasts. During growth spurts the poten-
tial of tissue to withstand load bearing is tempo-
rarily decreased, which makes an appropriate load 
management most diffi cult in gymnastics.

If the MES is excessive, such loading has the 
potential for acute morphological and physical tis-
sue damage (ATD), which means an acute failure 
of the tissue involved. If the MES is within the lim-
its of the response matrix potential, the mechani-
cal stimulus results in a signal transduction (ST) 
at the cellular level or—if the loading stimulus is 
not appropriate in terms of amplitude, frequency, 
or even direction—in an increased cell death (CD) 

Mechanical exercise stimulus (MES) MES = f (x1, ..., xn)

TRM = f (GT, TA, A, G, TP, TF, TH, PI, PL, ...)

ST = f (MES, TRM)

AD = f (ST)

x1 = mechanical loading determinants

Loading amplitude, loading rate,

loading frequency, repetitions,

loading duration, pauses, ....

GT : Genotype

TA : Tissue architecture

A : Tissue age

G : Gender

TP : Mechanical tissue properties

TF : Tissue mechanical fatigue

TH : Tissue hormonal status

PI : Pre-injuries

PL : Tissue loading history

... .

Tissue response matrix (TRM)

Acute tissue

damage

(ATD)

Signal transduction

(ST)

Increased

cell death

(CD)

Tissue adaptation

(TAD)

Adaptation effects

(AE)

Figure 6.1 Tissue loading response model.
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gymnasts and nongymnasts. However, many of the 
retrospective studies do not demonstrate results 
from top or elite subjects but those from subelite 
or recreational athletes. Froehner (2000) reported 
deformities and disorders of the spinal struc-
tures and the peripheral joints of 42 female and 
27 male former top German gymnasts (all partici-
pated in Olympic Games, World Championships, 
or European Championships) 8.9 (±5.2) years after 
retirement from competitive Artistic Gymnastics.

Close to 10 years after their career, more than 
90% of the male and female former gymnasts suf-
fered from moderate or severe disorders of the 
spine, 40% of knee and ankle joints, and more than 
30% of the male gymnasts of shoulders, elbows, 
and wrists. Severe discomfort of the spine was dem-
onstrated in 57% of the female gymnasts (21% cer-
vical spine, 17% thoracic spine, 52% lumbar spine) 
and in 58% of the male gymnasts (23% cervical 
spine, 19% thoracic spine, 50% lumbar spine). In 
32 female former elite gymnasts Froehner (2000) 
identifi ed structural changes and deformities in 
42 vertebrae of the thoracic spine and in 21 verte-
brae of the lumbar spine, which gives an average of 
two affected vertebrae per gymnast. The numbers 
for the male gymnasts are even higher (58 thoracic, 
21 lumbar) with 3.76 affected vertebrae per gym-
nast. The highest frequency of structural changes 
of the former athletes is found in the thoracic-
lumbar junction.

Spinal loading above the critical limits in regard 
to loading amplitude, loading rate, frequency, 
and duration resulting in deformation and struc-
tural changes might appear in Artistic Gymnastics 
especially in the thoracic-lumbar junction and 
more in female gymnastics in the lumbar region. 
Repeated hyperextension of the lumbar spine 
mainly in female Artistic and Rhythmic Gymnas-
tics is assumed to pose a major risk to the lum-
bar spine and especially the pars interarticularis. 
However, a 3-year survey of elite German female 
gymnasts (Brueggemann & Krahl, 2000) (n = 135; 
age: 12–21 years) reports a frequency of slip insta-
bility (spondylolysis, retrolisthesis, pseudolisthe-
sis) in 15 of 135 (11%) individuals, which is in 
the range of the normal population. A spondylo-
lythesis was identifi ed in 2.9% of the examined 
gymnasts. This frequency does not differ from 

in gymnastics’ training are a sound knowledge of 
mechanical loading in gymnastics (MES) and a pro-
found background of the TRM, which determines 
the tissue’s critical strength limits. The weakness 
of the model is the limited knowledge of the indi-
vidual characteristics of the determinants of the 
response matrix.

Acute and overuse tissue failure
in gymnastics

ATD in Artistic and Trampoline Gymnastics results 
from falls on the ground, on the mats, and on the 
apparatus (trampoline, horizontal bars, asymmetric 
and parallel bars). Catastrophic injuries from direct 
falls with severe consequences to the spinal cord are 
infrequent. However, according to reports from the 
US National Center for Catastrophic Sports Inju-
ries, the occurrence of this type of injury appears to 
be high in comparison to other sports. Acute inju-
ries from direct falls affect the biological structures 
of feet, the ankle and the knee joints, the spine, the 
thoracic cage, and the elbows, wrists, and fi ngers. 
The mechanical energy applied to these biological 
structures at the collision instantaneously exceeds 
the actual tissue strength limits and leads to failure.

The main concern in gymnastics is overuse 
injury or overuse tissue failure, which is the result 
of frequent mechanical stimuli close to the ulti-
mate tissue strength limits. In comparison to other 
sports, overuse injury rates in elite gymnastics and 
especially in artistic gymnasts are relatively high 
(Froehner, 2000). The foot, ankle, and knee joints 
and the spine are the most commonly injured loca-
tions. In male gymnastics the shoulder and the 
wrist are also ranked high in the injury frequency 
tables.

Studies of risk of injuries in gymnastics typically 
represent a broad range of performance levels, age 
groups, training systems, and related mechani-
cal loading. Few retrospective studies on former 
elite athletes report chronic injuries and especially 
spinal radiological deformities of elite gymnasts 
(Pollaehne, 1991). Other retrospective studies 
(e.g., Tertti et al., 1990) did not identify any major 
differences in early tissue degeneration between 
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an estimation of loading-related variables on or 
within a biological tissue. Direct measurements 
are extremely seldom in gymnastics (exceptions 
are direct tendon force measurements in gym-
nastic like jumping and hopping) due to ethical 
and technical restrictions. The latter do not allow 
unhindered or nonrestricted movements for the 
gymnast, which is a prerequisite to approach realis-
tic loading data. The modeling techniques applied 
to gymnastics used multibody models with an 
inverse dynamic approach and distribution mod-
els, which distribute the resultant joint moments 
and forces to load carrying structures and allow an 
estimate of mechanical load transmitted to specifi c 
tissue (bones and articular cartilage, intervertebral 
discs, muscle-tendon units, ligaments). Due to the 
fact that the mathematical models used for esti-
mations of mechanical tissue loading have more 
unknowns than equations these approaches are 
underdetermined. Additional assumptions (e.g., 
tissue material properties, joint surface areas, and 
lever arms of ligament or tendons) must be taken 
into account and static optimization has often been 
used to minimize the solution space. It is obvious 
that the numerical solution is strongly related to 
the cost function used to solve the problem. There-
fore, model outcomes have to be interpreted care-
fully and results of different models cannot be 
(quantitatively) directly compared. The data pre-
sented in this chapter are all derived from the same 
model and therefore comparable. The kinematic 
model input data are from three-dimensional (3D) 
motion analyses, while the kinetic data are taken 
from direct measurements of reaction forces on the 
ground (ground reaction forces) or on the appara-
tus (rings, horizontal bar, asymmetric bars, pom-
mel horse, vaulting table, balance beam).

The measurement of the optic fi ber transducer, 
which was also applied in gymnastics hopping and 
jumping and implanted in the Achilles and Patellar 
tendons (Brueggemann et al., 2000), is based on 
modulation of light intensity by mechanical modi-
fi cation of the geometric properties of the plastic 
fi ber that is inserted into the tendon. The structures 
of optical fi bers used in animal and human experi-
ments consist of two layered cylinders of polymers 
with small diameters. When the fi ber is bent or 
compressed the light can be reduced linearly with 

that of a nonathletic population. The difference of 
these fi ndings to earlier reports could be related to 
changes in the nature and type of the mechanical 
loading in female gymnastics. The repeated trunk 
fl exion when landing from various heights or dur-
ing take-off from the spring fl oor or the springboard 
may create compression forces suffi cient to damage 
the anterior aspect of the vertebral endplate in the 
thoracic-lumbar region and disrupt further growth 
at this side.

Froehner’s unique data demonstrate the knee 
and the ankle joint at second highest risk. From the 
42 former female gymnasts 28% suffered from ankle 
joint disorders and 24% from knee-related discom-
fort. Among male athletes the knee showed 27% 
disorders and the ankle joint 15%. Upper extremi-
ties disorders were more common in the male 
subjects than in the female gymnasts. This can be 
explained by the different events and apparatus in 
male and female gymnastics. The females perform 
on three (fl oor exercise, balance beam, vault) of 
four disciplines that are intuitively prone to load 
the lower extremities, while the male gymnasts 
have only two (fl oor exercise, vault) of six appara-
tus. The total loading time of the lower extremity 
and the number of lower extremity loading repeti-
tions are defi nitively higher in female than in male 
Artistic Gymnastics. Loading frequency and total 
loading time appear in combination with the load-
ing amplitude as key determinants of the MES in 
Artistic Gymnastics.

Mechanical loading of biological 
structures in gymnastics

Measurement of mechanical loading

Two principal approaches are applied to study 
mechanical tissue load in gymnastics and other 
sports: (1) direct measurements and (2) indirect 
methods. While the direct techniques use sen-
sors and transducers based on different technical 
principles and provide data describing variables 
directly connected to mechanical tissue loading, 
the indirect methods provide a compromise of 
mathematical models allowing a calculation or 
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in regard to the thoracic-lumbar spine. One point 
discussed as a cause for the growth disturbances in 
the ring apophysis was the fast changes between 
fl exion and extension of the thoracic-lumbar 
junction during the swings on the rings and hori-
zontal bar. Some authors considered the damage 
at the ring apophyses in gymnasts as a fl exion 
trauma and speculated that this could be caused 
by incorrect landing. This controversy led to the 
inclusion of gymnastic landings and long swings 
combined with dynamic fl exion and extension of 
the thoracic-lumbar spine in the data acquisition 
to quantify spinal loading. The compressive forces 
at Th12/L1 in gymnastic landings are signifi cantly 
higher than, for example, in running and showed 
the highest amplitudes compression forces of 
all the studied skills. Landing from a dismount 
(from the rings, horizontal bar, asymmetric bars) 
results in net compression forces to L5/S1 and 
therefore to the intervertebral disc of more than 
11.6 times bodyweight (average force) in the fi rst 
50 milliseconds of ground contact with peak forces 
up to 20 times bodyweight. These resultant force 
data are calculated by the distribution model based 
on ground reaction force measurements and 3D 
kinematic data. Shear force to the disc at L5/S1 is 
estimated at 3.5 times body weight. These numbers 
give a compressive force to the segment L5/S1 (and 
the disc) for a 65 kg gymnast while landing from a 
dismount of at least 7500 N and a shear load to the 
L5/S1 disc and the pars interarticularis of >2000 N.

The few cadaver studies of young specimens 
loaded in a physiological environment (e.g., 
Genaidy et al., 1993) documented maximum 
compressive strength for young male adults of 
<8000 N and ultimate shear force tolerance of a 
lumbar motion segment of <3000 N. About the 
same loading amplitude with a little low loading 
rate was calculated for the motion segments of the 
lumbar-thoracic junction. These numbers indicate 
that landing in gymnastics gives tissue mechanical 
loading values close to the critical tissue tolerances. 
Vertebral deformities and growth disturbance 
of the anterior column of vertebrae at lumbar-
thoracic junction shown (Froehner, 2000) can be 
explained by increased CD due to excessive loading 
and the related disturbed TAD. This mechanism is 
of major concern during growth and the higher 

pressure. The fi ber can be inserted into the tendon 
or ligament with help of a hollow needle that is 
fi rst passed through the tendon or ligament. The 
sterile optic fi ber is then passed through the nee-
dle. The needle is removed and the fi ber remains in 
situ. Both ends of the fi ber are then attached to the 
transmitter–receiver unit. The calibration usually 
gives a good linear relationship between external 
force and optic fi ber signal.

The direct methods are invasive or are often 
restricted to static positioning of the subject and 
have therefore limited application to dynamic 
movements and especially high-impact physi-
cal activities in gymnastics. In Artistic Gymnas-
tics direct measurements are infrequent, whereas 
model-based estimations allow a fi rst insight view 
into tissue loading and at least a relative compari-
son of loading within the spectrum of skills. Nota-
bly, the model-based quantities are conservative 
estimations by nature due to the chosen cost func-
tion. The real mechanical tissue loading will be 
even higher than the model-based estimates.

Mechanical exercise stimulus
in gymnastics

As mentioned above, an increase in gymnastics 
skill diffi culty is associated with the demand for 
higher mechanical energy. The further increase 
of mechanical energy results in higher mechani-
cal stress on and in the biological structures. This 
increasing mechanical loading impacts primarily 
(a) the most distal joints of the kinematic chain 
with the hands/elbows/shoulders or the lower 
extremities (feet, ankle, and knee joints) and 
(b) the spinal structures. Due to the increased fre-
quency of loading and the more frequent loading 
schedule one has to consider not only the ultimate 
tissue tolerances but also the modifi cation of tissue 
tolerance limits in repeated loading regimes.

Spinal loading

The major and most dramatic clinical and radiolog-
ical fi ndings in gymnastics concern the thoracic-
lumbar junction and the lumbar spine. There is 
controversy in the discussion about which skill or 
drill in gymnastics produces the highest loading 
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inertial forces and compression and shear forces 
are counterintuitively low in comparison to the 
above presented activities. The long swings on 
rings, horizontal bar, and asymmetric bars show 
only moderate spinal loading. Even scooped giant 
swings and fl ight elements with regrasp are related 
to maximum lumbar-thoracic junction compres-
sion load of <4.5 times body weight and shear 
forces of <3.0 times body weight. Notably, these 
values represent valid and successfully performed 
trials. No data are available from failed movements. 
Health problems due to swings and giants should 
be explained by different overloading mechanisms 
rather than compression and shear loading to ver-
tebrae and discs. Hyperextension with a high ten-
sile strain on the anterior vertebral ligament and 
high tensile stress on the insertion to the vertebra 
may explain tissue failure.

Foot and ankle loading

The Achilles tendon is paradoxically the strongest 
tendon of the human body and it is frequently 
affected by acute and overuse injuries in gymnas-
tics. Using cine phase-contrast magnetic resonance 
imaging (MRI), it was recently demonstrated that 
the free Achilles tendon strain is clearly higher 
than that of the aponeurosis (Finni et al., 2003). 
This observation suggests that the free Achilles 
tendon is more compliant than the aponeurosis, 
which gives the free tendon the higher poten-
tial to store elastic energy. At the same time the 
more compliant free tendon is at a higher risk for 
injury. In single-leg jumping, peak tendon tensile 
stress up to 11 MPa have been measured in vivo 
using buckle transducer or optic fi ber techniques. 
Figure 6.2 demonstrates the Achilles tendon force 
measured with the optic fi ber device in a drop jump 
take-off for a forward somersault from an elastic 
gymnastic spring fl oor. Maximum load is in the 
mid-stance that corresponds with the peak ground 
reaction force. Achilles tendon force reaches a max-
imum tensile force of >5000 N. The loading rate is
100 kNs-1, which is high in relation to single-leg 
jumping measures.

Achilles tendon loading during jumping on 
elastic surfaces is characterized by high tensile 
tendon force, high loading rates, and therefore 

vulnerability of the musculoskeletal system of the 
young gymnasts.

As expected, the compression forces increase sig-
nifi cantly with increasing kinetic energy at touch-
down and therefore with the height of the fl ight 
prior to landing. The shear forces are more or less 
constant with increasing height of the fl ight. When 
landing from a somersault the gymnast has to man-
age the linear and the angular momentum from 
the fl ight. This is related to an increased forward 
lean and trunk fl exion. The resultant compression 
and shear forces at Th12/L5 gain 130–150%. Initial 
energy at touchdown, body position at landing, 
and body’s angular momentum prior to landing 
determine the compression and shear force at the 
thoracic-lumbar junction and the lumbar portion 
of the spine in gymnastic landings.

The use of the supplementary mats demonstrates 
the impact of technical aids to control maximum 
compression and shear forces when landing from a 
dismount. Compressive forces during landing can 
be reduced to 80% by thin supplementary layers on 
top of the landing mats or the spring fl oor. Landing 
from a vault with a horizontal momentum close 
to the vertical momentum can be assumed to be 
related with similar or even higher spinal loading 
than in landing from an apparatus dismount. Dur-
ing the take-off from the spring fl oor or the spring-
board spinal loading appears to be lower than for 
landing from a fl ight. Maximum compression 
forces at L5/S1 level are estimated at 6.5–8.5 times 
body weight and maximum shear loading at 
3.0–3.5 times body weight. This brings the take-
offs on second place in the spinal loading listing. 
On third place of the spinal loading list rank the 
jumps, landings, and artistic skills on the balance 
beam. The cumulative spinal loading from training 
on the balance beam should not be underestimated 
given the extensive time spent and the high fre-
quency of skills and repetitions on this apparatus.

The giant swings (e.g., in the scooped technique) 
on the horizontal bar and asymmetric bars, prior 
to dismount and fl ight elements with regrasp are 
expected as high loading demands for the spine. 
Compression and shear forces were calculated over 
the entire skills. The data demonstrate that the spi-
nal loading is a compressive type loading during 
the whole drill. Muscle forces are higher than the 
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stress and the related tensile strain in fl oor exercise 
take-offs has the potential to lead to an acute fail-
ure through tissue loading above the critical limits 
or tolerances. Such asymmetric loading actions are 
reported when gymnasts take-off for a somersault 
with twists and when they initiate the longitudinal 
axis rotation during the contact to the ground.

From the resultant plantar fl exion moment at 
the ankle joint one can derive the net tendon and 
muscle forces of the Achilles tendon and the tri-
ceps surae muscle when the lever arm of the Achil-
les tendon is kept in mind. The highest calculated 
force applied to the Achilles tendon is reported for 
the take-off of a (double) backward somersault after 
a handspring backward in gymnastics at higher 
than 9000 N (Brueggemann, 1985), which is about 
15 times body weight. The reasons for the extreme 
forces are the high kinetic energy of the gymnast 
prior to take-off, the transfer of angular momen-
tum to linear momentum during the take-off, and 
a direction change of center of mass path of >45° 
during the 120 milliseconds ground contact. The 
highest reported data of Achilles tendon loading in 
gymnastics was published by Panzer (1987) when 
subjects landed on the fl oor after a double back-
ward somersault. The maximum resultant force at 
the Achilles tendon was estimated by one of the 
subjects at 25,000 N. The take-offs after a round-
off or a handspring backward are related to high 
forces to the Achilles tendon. In jumping and some 
landing tasks in gymnastics the peak tendon forces 
are clearly approaching the ultimate strength limits 
of the tissue. Due to the fact that tendinous tissue 
has the capacity to adapt to a long term and well- 
organized training and adaptation, it allows the tis-
sue to withstand such extreme loads.

The increased demands in fl oor exercise and 
tumbling with take-offs immediately after landing 
from a jump amplify the risk of asymmetric load-
ing of the Achilles tendon, the foot and the stabi-
lizing ligaments. Direct combinations of landings 
from a twisted somersault even scale up the risk of 
acute failure as well as of overuse.

Mechanical load to the heel (calcaneus) comes 
from the Achilles tendon and from external forces 
when landing on the heel. The poor landing from 
a forward somersault on the hard surface of the 
beam in female gymnastics should be related to 

high strain rates. In general, the mid-substance of 
the tendon has the potential to withstand such 
mechanical loading as long as the entire tendon 
is homogeneously loaded. Differences in medial 
and lateral forces in cadaver Achilles tendon have 
been observed when separate muscles of the triceps 
surae were loaded. The alignment of the calcaneus 
plays an important role in asymmetric Achilles 
tendon strain. It was demonstrated in an in vitro 
experiment that a 7.5° calcaneal eversion leads to 
an increase of tensile strain at the medial column 
of the Achilles tendon of more than 75%. A 15° 
eversion is related to a 100% increase of medial 
strain. In addition to mediolateral axial strain dif-
ferences, an intratendinous shear strain results and 
may cause sliding between tissue layers parallel 
to the acting forces. Asymmetric strain and shear 
strain between tissue layers should be discussed as a 
possible mechanism of Achilles tendon local tissue 
overuse, damage, and failure to free tendon. This 
mechanism of asymmetric strain and local tissue 
loading is given in gymnastics take-offs for back-
ward somersault (on fl oor or from the springboard 
in vaulting) when the calcaneus is in an everted 
position. This calcaneal eversion may be related 
to neuromuscular weakness or fatigue or to tech-
nical defi cits, or even a breakdown of spring fl oor 
or springboards. Asymmetric landing offers the 
option of a similar local increase of strain and tis-
sue loading. An asymmetric Achilles tendon tensile 
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Figure 6.2 Achilles tendon force (black) and vertical 
ground reaction force (gray) of a drop jump take-off for 
a forward somersault from an elastic gymnastic spring 
fl oor. The vertical solid line gives the fi rst contact of the 
feet with the ground; the dashed line indicates the last 
contact with the ground.
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take-offs with intensive muscle contraction may 
explain the increased bone mass in gymnasts and 
the maintained bone density in former gymnasts.

Eckstein et al. (2002) reported that compared 
to bone and muscle, cartilage thickness was not 
modulated in the subjects after birth by an increase 
of mechanical stimulation. A recent study on car-
tilage volume and thickness of the patella femoral 
and the tibiofemoral joint compared former female 
gymnasts with nonathletic controls (Brueggemann 
et al., 2011). Neither the absolute cartilage volume 
or the volume normalized to standing height or 
body mass nor the absolute or normalized aver-
age cartilage height were increased in the athletic 
population relative to the controls.

Response of spinal structures

Froehner (2000) reported structural changes in the 
vertebrae of the thoracic spine and of the lumbar 
spine in former elite athletes with an average fre-
quency of two affected vertebrae per female gym-
nast. The number for the male gymnasts was even 
higher than that of the female gymnasts. The 
highest frequency of structural changes of the for-
mer athletes was found in the thoracic-lumbar 
junction. The lumbar vertebrae of 16 female gym-
nasts (10–19 years of age) were compared with the 
vertebrae of 16 matched controls using 3D MRI 
reconstruction (Brueggemann & Krahl, 2000). A 
signifi cant higher frequency of structural changes 
and morphological abnormalities were found in 
the gymnasts and increased in number according 
to age. The normalized heights of all lumbar verte-
brae were lower for the gymnasts while the endplate 
areas were signifi cantly greater in the gymnasts than 
in the controls. Due to the mechanical loading of 
the gymnasts the load carrying area increased while 
the vertebral height decreased. These data give an 
impressive example of how biological structures 
have the potential to respond to mechanical stimuli.

In order to illuminate the impact of mechani-
cal loading to morphological changes of the spinal 
structures 37 female gymnasts were surveyed for a 
period of three consecutive years (Brueggemann, 
2005). The individual spinal loading related to the 
most common and frequently performed tasks was 
derived by modeling estimates. The highest loading 

shear loading to the calcaneus and the develop-
ment of calcaneal apophysitis (Sever’s disease).

For take-offs and landings on the hard fl oor in 
Rhythmic Gymnastics and on the balance beam 
in Artistic Gymnastics the resultant bone-to-bone 
force at the talonavicular joint was estimated at up 
to 8000 N. With foot deformities, abnormalities, or 
connective tissue weakness, the joint contact area is 
increased and the local intraarticular pressure rises up 
to 20 MPa, which might exceed the ultimate tissue 
functional potential and may lead to overuse injury.

Tissue response to loading
in gymnastics

Response of bone and articular 
cartilage

Increased mechanical stimuli have been shown 
to improve bone integrity. The gain in bone mass 
might be explained to more than 50% by the load-
ing rate. Impact activities like gymnastics produce 
an increase in skeletal mass, while athletes involved 
in low-impact activities such as swimming have low 
bone density (Grimston & Zernicke, 1993). A positive 
biological bone response in regard to an increased 
strength and/or bone mass might be related not 
only to high-strain (2000–3000  microstrain), low-
frequency (1–3 Hz) events per activity unit but also 
to a persistent barrage of low-strain, high-frequency 
events (10–50 Hz), stemming from muscle contrac-
tion to retrain or maintain posture. This might 
explain the bone mass accumulation reported 
among samples of artistic gymnasts. Brief exposure 
to mechanical signals of high frequency and low 
intensity has been shown to provide a signifi cant 
anabolic stimulus to bone (Ozcivici et al., 2010). 
Such low-intensity and high-frequency stimuli 
are related to muscle contraction and therefore to 
the active or bouncing loading in gymnastics and 
retaining posture and balance. Muscle contraction 
seems to play the outstanding role in maintaining 
and increasing bone mass; the mechanical signals 
generated by the muscle forces are the most impor-
tant anabolic agents in bone. In gymnastics the 
combination of impact like  loading in landings and 
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Further research

This review of the gymnastics literature indicates 
that in the recent past biomechanics research 
in gymnastics was infrequent and was predomi-
nantly focused upon performance enhancement 
and technique optimization. Mechanical loading 
and especially joint and biological tissue stress and 
strain were not the main body of applied research 
to gymnastics. However, some work is available on 
estimates of mechanical loading in Artistic Gym-
nastics. Epidemiological studies of overload and 
related overuse injuries were retrospective and 
therefore solely descriptive. In addition, these 
studies typically represent a broad range of per-
formance levels, age groups, training systems, and 
related mechanical loading. Few retrospective stud-
ies on former elite athletes report chronic injuries 
and especially tissue responses of elite gymnasts. 
A very limited number of prospective studies in 
elite gymnasts, considering both the cumulative 
MES and the tissue response, indicate the strong 
correlation between mechanical loading and the 
prevalence of overuse. Mechanical load and repeti-
tive loading in training and competition deter-
mines at a high percentage but not completely 
tissue response as shown for the spinal structures. 
The TRM and therefore the acute tissue strength 
determine how the biological structure treats the 
mechanical stimulus.

An injury prevention model in gymnastics in 
general and in Artistic Gymnastics specifi cally has 
to consider the total mechanical load to the dif-
ferent biological structures in training and compe-
tition and the current individual strength of the 
biological structures involved. The current tissue 
capacity is highly athlete dependent and strongly 
related to previous loading, biological age, hor-
monal status, and eventually pre-injuries. This 
will lead to a highly individualized loading regime 
and a sophisticated monitoring of loading in train-
ing and competition. An elementary monitoring 
of the reaction forces applied to the gymnast at 
some given moments during training or competi-
tion may be an improvement but will not be suf-
fi cient to predict the risk of overuse injury. The 
numbers of repetitions, the loading amplitude, and 

was shown for landings from dismounts and tum-
bling and from vaulting followed by take-offs on 
fl oor and vault. Spinal loading when performing 
on the balance beam was third and the swing ele-
ments on asymmetric bars ranked fourth. This 
gave a ranking of spinal loading in gymnastics per 
training unit and allowed an estimate of cumulated 
loading for the week, the months, and the entire 
year. All training units and competitions were doc-
umented for the 3 years and the cumulated spinal 
loading used to explain the development of spinal 
deformity and structural changes. In 23 of 37 gym-
nasts (62%) the structural changes of the lumbar 
and the thoracic vertebrae were explained by the 
cumulated spinal loading in the 3-year period. 
The remaining 38% of tissue response could be 
explained by tissue architecture, mechanical tissue 
properties, and genotype (see Figure 6.3).

It was demonstrated that tissue behavior and 
injury is strongly related to biomechanics of gym-
nastic loading. Morphology and mechanical prop-
erties of bony structures as well as of connective 
tissue are strongly determined by mechanical load. 
Articular cartilage does not have the potential to 
adjust its morphology to increased mechanical 
loading. But some recent research indicates that the 
material properties of cartilage (e.g., permeability) 
have the potential to adapt and that this specifi c 
tissue can be specialized to specifi c mechanical 
demands (Brueggemann et al., 2011).
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Figure 6.3 Spinal abnormalities and/or structural 
changes as function of cumulated mechanical spinal 
load of 37 elite female gymnasts in three consecutive 
years. Mechanical spinal load is cumulated for three 
consecutive years and normalized to maximum loading 
of the sample. Spinal deformity and/or structural 
changes at the lumbar region and/or the thoracic-lumbar 
junction are indicated as moderate (1), severe (2), or 
excessive (3).
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the shoulder, elbow, and wrist complete the list of 
highly loaded biological structures. It was shown 
that these structures are prone to overuse and are 
injured most frequently. Biological structures have 
the potential to respond to the mechanical stimuli 
as the stimulus is appropriate for the given response 
matrix. The TRM is defi ned by the tissue architec-
ture, its mechanical properties, material fatigue, pre-
injuries, and the genotype. Results from gymnastic 
research illustrate the potential of TAD of spinal 
structures, as well as of bone and cartilage in detail. 
An appropriate injury prevention model in gymnas-
tics will consider the total mechanical load to the 
different biological structures in training and com-
petition and the current individual strength of the 
biological structures involved. The current tissue 
capacity is highly athlete dependent and strongly 
related to previous loading, biological age, hor-
monal status, and eventually pre-injuries. This will 
lead to a highly individualized loading regime and a 
sophisticated monitoring of loading in training and 
competition. Future training in the high-demand 
sport of gymnastics may use biomarkers to estimate 
the tissue strength of the biological structures and 
to derive appropriate individual loading regimes not 
only for the muscle but also for bone, cartilage, and 
connective tissue. Such markers will permit a bet-
ter control of the response to mechanical stimuli for 
the individual athlete. This may decrease the risk of 
overuse and will optimize the individual mechani-
cal loading in training. Finally, a critical review of 
the demands of Artistic, Trampoline, and Rhythmic 
Gymnastics, and a review of the governing rules of 
the Code of Points and consequently changes in 
the assessment and the rules have the potential to 
decrease the risk of injuries in gymnastics.

References

Brueggemann, G.-P. (1985) Mechanical load of the 
Achilles tendon during rapid sport movements. In: 
S.M. Perren and M. Schneider (eds), Biomechanics: Cur-
rent Interdisciplinary Research, pp. 669–674. Martinus 
Nijhoff, Dordrecht.

Brueggemann, G.-P. and Krahl, H. (2000) Belastung und 
Risiken im weiblichen Kunstturnen (Loading and Risks in 
Female Artistic Gymnastics).  Hofmann, Schorndorf.

the pauses between loading sessions should be of 
major importance and must be documented.
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to young athletes and include both epiphyseal 
growth plates near the ends of long bones (which 
are mainly subjected to compression forces) and 
apophyseal growth plates between tendon attach-
ments and bone shafts (which are mainly subjected 
to traction/tension forces). Epiphyseal growth plate 
injuries occur at the distal radial physis (wrist) and 
distal femoral physis (just above the knee), whereas 
Osgood–Schlatter’s disease (tibial apophysitis in the 
lower leg, near the knee) and Sever’s disease (calca-
neal apophysitis in the heel) are common apophy-
seal growth plate injuries. Stress changes of the 
distal radial physis with inhibition of radial growth 
caused by repetitive physical loading of the limbs 
in female gymnasts have been reported (DiFiori et 
al., 2006). Scoliosis (lateral curvature of the spine) 
is another condition thought to be exacerbated by 
overuse. Lower extremity injuries with a gradual 
onset typically include ankle impingements (from 
repetitive pointing of the foot), lower leg stress 
fractures and compartment syndromes (from the 
repetitive stress associated with landing), and patel-
lofemoral knee problems (from biomechanically 
dysfunctional tracking movement of the patella).

Case and cross-sectional studies indicate a large 
number of gradual onset injuries involving the dis-
tal radius (wrist) and distal humerus (elbow), and 
include distal radial growth plate disorders and, 
primarily in females, osteochondritis dissecans 
of the humeral capitellum. These injuries can be 
severe, and are the result of compressive forces to 
overly stressed and immature joints. Shoulder inju-
ries are especially common amongst male gymnasts 

Introduction

The most pressing and serious problem faced by 
many Olympic sports is injury. Targeted injury pre-
vention strategies have the potential to help reduce 
the incidence and severity of gymnastics injuries 
if based upon an understanding of injury mecha-
nisms related to biomechanical load and associated 
risk factors. This review focuses on the effects of 
mechanical loading during weight bearing/land-
ings on gymnasts (i.e., Artistic, Rhythmic, and 
Trampoline). Training and performance aspects are 
considered to identify how high forces and decel-
erations, limb asymmetry and alignment, leg stiff-
ness and joint ranges of motion, all affect risk of 
injury during landings.

Growing gymnasts are at increased risk of injury 
due to the biomechanics of their immature muscu-
loskeletal structures. For example, muscle strength 
increases during growth, but it may not increase 
in proportion to limb inertial properties (Hawkins 
& Metheny, 2001). Understanding such variabil-
ity in growth can be important for predicting and 
preventing overuse injuries to circumpubertal ath-
letes. Overuse injuries are common when a skel-
etally immature athlete is exposed to high training 
loads, especially during periods of rapid growth 
(Kolt & Kirby, 1999). Growth plates are unique 
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Exercise-induced muscle fatigue can also cause 
alterations in movement patterns and distribution 
of stress resulting in excess force transmitted to 
focal sites along the bone.

Mechanisms of injury are usually multifacto-
rial. For example, biomechanical mechanisms for 
noncontact anterior cruciate ligament (ACL) inju-
ries have been proposed to involve the quadriceps 
drawer mechanism and valgus loading, or knee 
abduction. Anterior tibial translation induced by a 
high tibiofemoral compression and tibial plateau 
inclination has also been proposed as a possible 
loading mechanism. A complete biomechanical 
description for ACL injury in gymnastics should 
quantify whole-body and knee kinematics, foot 
position, loading directions, magnitudes, and rates.

Frequent and/or high forces and decelerations 
during landings create biomechanical loads upon, 
and within a gymnast’s body. Overuse injuries are 
usually caused by repetitive loading with large decel-
erations during landings, while acute injuries are usu-
ally caused by large forces in combination with large 
decelerations during landings (Beatty et al., 2005). 
Weight-bearing impacts onto the hands and the 
repetitive compressive forces can lead to both acute 
and chronic injuries to the wrists. The biomechani-
cal cause of injury can also be muscular in nature. 
The ability to develop force and power through 
high-velocity muscle actions is an essential com-
ponent of gymnastics that infl uences performance 
but can also put the gymnast at risk of injury. For 
example, the mechanism of stress fractures may arise 
from an increase in the magnitude and frequency 
of the muscle action that exceeds the bone’s abil-
ity to adapt, or exercise-induced muscle fatigue that 
causes alterations in movement pattern and distri-
bution of stress resulting in excess force transmitted 
to focal sites along the bone. Injuries may be due to 
decreased energy absorption transfer between joints 
via decreased limb coordination or ineffectiveness 
of muscles to absorb the forces. Biomechanical fac-
tors related to noncontact ACL injury are infl uenced 
by both magnitude and timing of lower extremity 
energy absorption during landing (initial impact 
phase, terminal phase, and total landing).

Certain levels of stress and strain on the muscu-
loskeletal system are essential in adaptation and 
positive enhancements to performance. Impact 

and are most frequently muscle strains (acute), or 
shoulder joint impingements (chronic) (Meeusen 
& Borms, 1992).

The severity of lower back problems in gymnas-
tics is also of concern. Descriptive studies indicate 
that gymnastics lower back injuries tend to have a 
gradual onset (which may reduce the reported inci-
dence of back problems since most injury surveil-
lance systems record acute injuries but not overuse 
injuries), involving primarily advanced level gym-
nasts. This implicates experience and competitive 
level as risk factors for injury. Movements most 
likely to result in lower back injury are chronic 
repetitive fl exion, and extension and rotation 
demanded of the spine and its associated structures 
during gymnastics maneuvers. High loading forces 
resulting from dismount and tumbling landings 
place the spine and lower extremities under enor-
mous stress, especially if combined with poor land-
ing biomechanics. The results of cross-sectional 
studies in the early 1990s showed a higher preva-
lence of spondylolysis (stress fracture) in Artistic 
Gymnastics than in the general population. Recent 
research, which is limited on spine injuries, indi-
cates anterior spine problems.

Epidemiology studies of injury affecting gym-
nasts have shown that the lower limbs are most 
likely to sustain injuries (53% of all competition 
and 69% of all practice injuries) and that the 
majority of Women’s Artistic Gymnastics compe-
tition injuries (approximately 70%) result from 
either landing in fl oor exercises or dismounts 
(Marshall et al., 2007) (see also Chapter 10).

Biomechanics research can help identify and 
quantify risk factors and provide assessment of 
mechanisms (inciting events) resulting in these 
acute and overuse injuries occurring in gymnastics.

Injury mechanisms and risk factors

The mechanism of injury is the physical action or 
cause of injury (Bahr & Krosshaug, 2005). Examples 
include the strong force of muscle actions acting 
on bone via the tendon, compression at a joint 
and accumulation of damage, and repeated impact 
forces on bone or cartilage resulting in damage. 
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interaction of multiple risk factors and events 
(Emery, 2010). Internal and external risk factors 
when combined with the mechanism of injury 
may make a gymnast more prone to injury (see 
Figure 7.1). Risk factors for gymnastics’ injury can 
include intrinsic (e.g., differences in anatomy, hor-
monal and neuromuscular function, musculoskel-
etal stiffness, muscle strength, or psychology) and 
extrinsic factors (e.g., equipment such as landing 
mat characteristics, exposure to training and com-
petition, coaching techniques, or repetitive nature 
of gymnastics activities). Previous injury and a pos-
itive musculoskeletal assessment have been identi-
fi ed as risk factors for future injury (Caine et al., 
2006) among artistic female gymnasts. Key factors 
that increase a gymnast’s potential risk of injury 
are biomechanical loading, poorly designed and 
maintained gymnastics equipment, neuromuscular 
performance, reduced muscular strength, and the 
suboptimal technique (Brueggemann, 2010). Rules 
of gymnastics may also be a contributing risk factor 
for gymnastics injuries. Skill diffi culty increases in 
gymnastics routines are linked to increases in bio-
mechanical energy, which leads to higher loading 
and increased risk of injury.

Results of studies attempting to investigate ana-
lytical epidemiology should be viewed with cau-
tion given the design limitations present in nearly 
all such studies. In most cases, these studies are 
able to link a risk factor with injury; but this in no 
way suggests that the risk factor causes the injury 
(Meeuwisse et al., 2007). For example, taller gym-
nasts have been reported as more at risk of injury. 
This does not suggest that a particular gymnast’s 
height caused an injury, but rather that height may 
be one of several contributing factors in the occur-
rence of an injury. It is possible that such factors 
as greater height, weight, and age tend to char-
acterize older gymnasts with more years training 
and involvement in higher levels of training and 
competition.

Measurement of load

Given the high magnitude of impact load in land-
ings, both acute and accumulative, coaches should 
monitor impact loads per training session, taking 
into consideration training quality and quantity 

loading in gymnastics can increase levels of tra-
becular and cortical bone, therefore improving 
gymnasts bone mineral density. However, overload 
to the musculoskeletal system can lead to nega-
tive tissue damage (Brueggemann, 2010). Success 
in gymnastics requires gymnasts to experience 
high levels of biomechanical energy and load-
ing. Genetically, gymnasts have varying stress and 
strain thresholds; however, due to the performance 
requirements, they are required to take on similar 
levels of biomechanical loading. Increased physi-
cal stress and strain during gymnastics can exceed 
the biomechanical limits of the body structures. 
The magnitude of forces on the gymnasts’ body is 
approximately 4 times body weight (BW) for take-
offs and 11 times BW for landings. Upper extremity 
forces have magnitudes of approximately 1.5 times 
BW for vault, 3.9 times BW for horizontal bar, 
9.2 times BW for rings, 2.0 times BW for pommel 
horse, and 3.1 times BW for uneven bars.

Landings in sport movements can be stressful to 
the lower back due to increased compression and 
extension of the spine, especially if there is over- or 
underrotation. Backwards landings are more com-
mon than forward landings due to the increased 
preparation time available, that is, time to visu-
ally spot the landing. Therefore, because backward 
landings are more prevalent, there is typically more 
fl exion of the trunk during landings than exten-
sion. Repetitive stress to the spine can result in 
vertebral ring apophysis infl ammation. If rested 
and managed appropriately the injury can be 
resolved, but if excessive stress is continued, frac-
tures can occur. Gymnasts can be at greater risk of 
developing spinal injuries if they have weak lower 
abdominal muscles. Gymnasts are more likely to 
compensate for weak abdominals by using the 
lumbar spine as a fulcrum or pivot point, which 
places greater compressive forces on the vertebrae. 
Excessive rotational or torsional stress can damage 
the small zygapophyseal (facet) joints on the ver-
tebral arches that help link one vertebra with the 
next. Although only a relatively small amount of 
movement occurs at each joint, damage at one ver-
tebra can result in a weak link in the spinal column 
“chain.”

Injuries rarely occur as a result of one single 
risk factor, rather injuries result from a complex 
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the Tsukahara vault have all been reported. Video 
and force analysis of six young female gymnasts 
showed that reaction forces at the hand during 
back handsprings produced large compression 
forces (an average of 2.37 times BW) and siz-
able valgus moments at the elbow (an average of
0.03 times BW) (Koh et al., 1992). The combina-
tion of these forces may contribute to the occur-
rence of lateral compression injuries of the elbow 
joint such as osteochondritis dissecans of the capi-
tellum. Correlations of measures of elbow angle 
and measures of reaction force showed that large 
elbow fl exions may protect the elbow from large 
valgus moments.

Feedback systems via equipment instrumenta-
tion can help to monitor training loads, detect 

such as the control of rotation and the height 
from which the landings are executed. For these 
we need practical methods for monitoring train-
ing loads. Impact load can be measured biome-
chanically by the use of instrumented equipment 
(e.g., beat board), instrumentation on the gymnast 
(accelerometers), or by landings on force plates. 
A variety of gymnastic-specifi c movements have 
been examined in terms of impact. Pressure dis-
tribution under the sole of the foot during leaps 
and landings, three-dimensional analysis of arm 
impact during gymnastic back handsprings in 
children, impacts during beam and fl oor training 
in preadolescent gymnasts via video, force plat-
form, and accelerometer (Burt et al., 2007), and 
elbow joint forces and technique differences in 

Injury causation in gymnastics: risk factors and mechanisms

Predisposed gymnast 

Susceptible gymnast 

Injured gymnast 

 

 

Internal risk factors
• Age (biological, maturational)
• Body composition (body, fat and muscle mass, bone mineral density, anthropometry)
• Health (history of previous injury, joint instability)
• Physical fitness (muscle strength/power, joint range of motion, speed, neuromuscular)
• Anatomy (elbow carrying angle, immature musculoskeletal structures)
• Skill level (routine D scores, technique, postural stability)
• Psychological factors (competitiveness, motivation, perception of risk, anxiety, negative state of mood) 

Exposure to external risk factors
• Gymnastics factors (coaching, Code of Points/rules, judges) 
• Protective equipment (hand grips, wrist guards, upper arm wraps, shoes)
• Gymnastics equipment (apparatus, mats, competition podium, maintenance)
• Environment (training hall, competition arena, temperature, noise, maintenance)

Inciting event
• Performance situation; gymnast/teammate/competitor behavior
• Gross/whole-body biomechanics and detailed/joint biomechanics (poor landing mechanics, high forces
 and decelerations, limb asymmetry and alignment, leg stiffness, joint ranges of motion)

 

Figure 7.1 Internal and external risk factors when combined with the mechanism (inciting events) of injury may
make a gymnast more prone to injury. (Adapted by permission from BMJ Publishing Group Ltd. Bahr & Krosshaug 
(2005), British Journal of Sports Medicine, 39: 324–329.)
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program by counting the number of rotations and 
heights from which landings are executed, or mea-
suring decelerations during impacts with accel-
erometers, may be a better injury prevention tool 
than simple quantifi cation of training hours.

Limb asymmetry, alignment, stiffness, 
and joint range motion affect load

The neuromuscular control of the center of mass 
trajectory to control the body’s momentum and 
angular rotation is specifi c to the landing task, 
whether landing from a height without any angu-
lar rotation, or from forward or backward somer-
saults (McNitt-Gray et al., 2001). The amount of 
knee fl exion has an infl uence on the magnitude 
of the impact force. A less erect landing posture 
through increased trunk fl exion (forward lean) can 
encourage more knee fl exion and a reduction in 
the landing impact forces. Either large or restricted 
ranges of motion are known to produce overuse 
injuries to the hips (Caine & Lindner, 1985) and 
back (Kujala et al., 1997).

High-impact landings can result in undesir-
able movement variability that increases energy 
expenditure. In contrast, within- or between-joint 
coupling (coordination) variability may play a 
functional role in reducing injury through variable 
loading of the musculoskeletal features of the joint, 
providing the ability to adjust to changing envi-
ronments. High coupling variability during the 
execution phase of a task could enable the gym-
nast to adjust for various intrinsic factors such as 
confi dence and fatigue, and extrinsic factors such 
as competition arena temperature, which can infl u-
ence their performance.

Attenuating more force on one leg amplifi es the 
risk to gymnasts of sustaining an acute or a chronic 
injury, and is one of the most common means of 
injury in other sports (Kovacs et al., 1998). Func-
tionally symmetrical drop landings have ranged 
from less than 10% difference between limbs 
to 73% asymmetry. The ground reaction forces 
of two-foot landings in gymnastics are signifi -
cant during training (~5 BW) and competition 
(~11 BW), especially if the landing is uneven 
(~18 BW) or if there is unusual foot placement. 
Landing with two feet together after high airborne 

fatigue, and improve technique acquisition. 
However, monitoring training objectively in 
gymnastics, with the exception of qualitative 
video feedback, is not common. Some researchers 
have instrumented men’s gymnastics apparatus 
such as the rings and horizontal bar; however, 
application to training or how they might be 
adapted for use with women’s apparatus, remains 
unclear. A vault feedback system has been used 
to provide reliable approach velocity through to 
beat board contact, as well as prefl ight and table 
contact time during regular vault training of elite 
gymnasts. The advantage of this system was that 
it was designed to work as a feedback tool for 
coaches, with simple operation and result/data 
delivery via a hand-held personal digital assis-
tant device. The system does not require a bio-
mechanist to be present for its operation, or to 
analyze and interpret the data. This system has 
potential as an injury prevention tool by alerting 
a coach when the gymnast is becoming fatigued. 
For example, the table contact time during 
vaulting for female gymnasts is approximately 
200 milliseconds. A 10% (20 milliseconds) 
increase in table contact time for an individual 
gymnast, depending on their task performance 
variability, indicates a performance decline and 
potential fatigue. Instrumentation of the vault 
table and beat board with pressure systems could 
potentially provide an estimate of force, or actual 
force could be provided via instrumentation with 
force plates. However, whilst instrumentation of 
vaulting apparatus is feasible, careful software 
development is needed to enable detailed infor-
mation such as table contact forces to be readily 
and easily accessible to coaches during training.

Beatty et al. (2005) provided descriptive data on 
typical impact loads and decelerations during gym-
nastics training, however no insight was provided 
on how these measures could assist with injury pre-
vention measures. Burt et al. (2007) used video anal-
ysis of training sessions along with accelerometer 
and force platform peak ground reaction force data 
to quantify the effects of participation level (inter-
national and national), apparatus (beam and fl oor), 
and training phase (precompetition and competi-
tion) on estimates of training load in gymnasts aged 
7–13 years. Monitoring the quality of the training 
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potential safe zone for ankle plantarfl exion stiff-
ness. Bradshaw and Hume (2012) reported that 
two gymnasts from an original study by Brad-
shaw, who were still training 8 years later, showed 
increased ankle plantarfl exion stiffness by 10.8 and 
13.9 kN/m. Both gymnasts reported Sever’s disease 
(calcaneal apophysitis due to overuse and repeti-
tive microtrauma of growth plates of the calca-
neus in the heel) in one or both heels and lower 
lumbar spine stress such as pars defect. The altered 
ankle stiffness of these two gymnasts in combina-
tion with the reported injuries indicates that bio-
mechanical tests of stiffness may have potential 
for monitoring injury risk, especially during peak 
growth years.

Risk factors and injury prevention 
strategies to reduce biomechanical 
load

Injury prevention programs should place emphasis 
on the landing phase of gymnastics skills, as this 
phase seems to be critical to injury causation. Impact 
attenuation describes how effi ciently the energy 
from an impact during landing is absorbed. Insuf-
fi cient impact attenuation is linked to an increased 
injury risk as a result of overloading in tissues.

Landing techniques

Uncontrolled or repetitive landings can result 
in acute or overuse injuries. Therefore, there are 
important principles (e.g., segment alignment, 
attenuating forces over time, and using a large base 
of support) related to landings that gymnastics 
coaches can teach to young gymnasts. An upright 
trunk posture, reduced knee and hip fl exion, 
unusual foot placement, and increased leg stiffness 
are potential contributing factors for injury dur-
ing landings. Aiming for a “soft” (or quiet) land-
ing means that attenuation of energy will help 
to reduce injury risk. Both technique and physi-
cal preparation for controlled landings should be 
taught at a young age, practiced often, and con-
tinued throughout athletes’ participation in the 
sport such as described in all editions of Canadian 

skills requires tremendous stabilization and eccen-
tric strength to prevent the knee joints from col-
lapsing due to the high external knee joint loads. 
An uneven landing or unusual foot placement can 
result in increased dynamic valgus knee moments 
and increases the load on the ACL several-fold. 
Ideally, two-foot (toe-heel) landings should be per-
formed with even distribution of forces between 
the feet that are spaced roughly shoulder width 
apart, with actively controlled hip, knee, and ankle 
dorsifl exion with the knees over the toes.

Muscles serve as the primary active stabilizers 
during functional loading conditions, protecting 
against musculoskeletal injury. Active muscle stiff-
ness contributes to musculoskeletal behavior and 
is essential for the maintenance of joint stability. 
Musculoskeletal stiffness regulates the storage and 
reuse of elastic energy and is defi ned as the collec-
tive ability of muscles, tendons, ligament, cartilage, 
and bone to resist deformation from an applied 
force. Lower limb joint stiffness (resistance to 
movement) is the relationship between the defor-
mation of the leg and the force attenuated. While 
some lower limb stiffness may be necessary for 
performance, either too much or too little stiffness 
may lead to injury. Too much stiffness may lead 
to bony injuries and ankle pathology whereas too 
little stiffness may lead to soft tissue injuries and 
knee pathology. Stiffness is well suited to quanti-
fying the behavior of musculoskeletal components 
(i.e., joints, ligaments, tendons, cartilages, muscles, 
and bones) because it describes the resistance of a 
body to applied forces.

Increased lower limb musculoskeletal stiffness, 
as measured during self-paced repeat jump and 
hop tasks (15 contacts of continuous bent-knee 
and continuous straight-leg hops with one foot 
placed on each of two portable force plates), 
was related to an increased incidence of overuse 
injury in 39 adolescent female athletes involved 
in high-impact sports, including 17 high-level 
athletes (Moresi et al., 2010). Screening for 
musculoskeletal stiffness may allow “at risk” 
athletes to be identifi ed and potential athlete 
monitoring or intervention programs to be 
implemented.

Analysis of ankle stiffness measures of self-paced 
double-legged hopping in gymnasts has shown a 
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(12%) and reduced bone bending moments (6%) 
in the shank and thigh compared to a matching 
simulation. Design of landing mats to allow better 
damping of forces whilst retaining landing stability 
should be a focus for future research.

Training conditions

There is epidemiological evidence that sudden 
onset injuries occur more frequently relatively early 
or late in training sessions or when doing familiar 
skills (i.e., possibly due to inattention) (Caine et al., 
1996). Training sessions should therefore involve 
more frequent apparatus changes to decrease the 
likelihood of a gymnast becoming inattentive. A 
number of studies across the gymnastics sports 
have reported increased injury rates for specifi c 
training periods. Coaches need to be aware of 
increased risk of injury when there is an increase 
in training intensity, increased anxiety (e.g., during 
periods immediately prior to competition, during 
competition, when learning new skills, or perform-
ing underprepared routines), increased levels of 
fatigue, or when there is less protection (competing 
without spotting and extra safety landing pads).

There is some controversy in the literature 
regarding the effect of skill level on injury. Caine 
et al. (2003) reported that the relative risk of injury 
was 1.47 times greater in the advanced versus 
beginning level American gymnasts. However, Kolt 
and Kirby (1999) reported that the rate of injuries 
per 1000 training hours was increased for subelite 
Australian gymnasts (4.11 per 1000 hours) com-
pared with elite gymnasts (2.63 per 1000 hours). It is 
possible that reported injury rate differences are due 
to data collection differences used in the Australian 
and American studies. As gymnasts reach a higher 
level of competition, they perform more complex 
(and risky) maneuvers. Elite gymnasts may be more 
at risk of being pressured to return to full training 
too early after injury because of the level they are 
performing at, and where there are greater implica-
tions for time loss from training and competition. 
Those gymnasts are therefore at heightened risk of 
reinjury or compensatory injuries from altered bio-
mechanics due to their incomplete rehabilitation.

Research on men’s and women’s gymnastics 
events show that most injuries occur on the fl oor, 

Level 1 coach certifi cation manuals since 1975 and 
more recently in the 2009 FIG Foundation’s coach 
education manual. Injury prevention strategies 
should focus on neuromuscular training and core sta-
bility programs in the off-season and preseason con-
ditioning to enhance proper landing biomechanics.

Safety equipment

Improved gymnastics equipment, in the form of 
sprung fl oors, sprung beams, thicker landing mats, 
and fi berglass rails has offset the expected decrease 
in injury incidence by enabling the performance 
of increasingly complicated and risky performance 
routines. Poorly maintained or positioned safety 
equipment is implicated in some injuries such 
as spraining an ankle by landing between badly 
aligned mats.

Marshall et al. (2007) reported from analysis 
of collegiate women’s gymnastics injuries over 
16 years, the rate of injury in competition was more 
than two times higher than in practice (15.19 ver-
sus 6.07 injuries per 1000 athlete-exposures; rate 
ratio = 2.5, 95% confi dence interval [CI] = 2.3, 2.8). A 
gymnast was almost six times more likely to sustain 
a knee internal derangement injury in competition 
than in practice (rate ratio = 5.7, 95% CI = 4.5, 7.3). 
It is understood that USA college female gymnas-
tics represents a unique population in the world of 
gymnastics and these results therefore should not 
be generalized to other gymnastics populations. 
These high rates of injury during competition have 
led to some suggestions of increasing the thickness 
of landing mats used in competitions. Identifi ca-
tion of the most important characteristics of gym-
nastics mat design for injury reduction has been 
gained from modeling impact energy absorption of 
surfaces and quantifying the response of gymnas-
tic sports surfaces to dynamic loading. A seven-link 
wobbling mass model was used (Mills et al., 2010) 
to investigate how changes in the material proper-
ties of a multilayer model of a gymnastics competi-
tion landing mat could minimize ground reaction 
forces and internal loading of a gymnast during 
landing. Minimal changes to the mat’s stiffness 
(0.5%) but increased damping (272%) compared 
to a competition landing mat resulted in reduced 
peak vertical and horizontal ground reaction forces 
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prescribe exercises for gymnasts to enhance their 
performance and reduce their injury risk.

The importance of lower extremity dynamic 
malalignment in many lower extremity injuries 
(Willson & Davis, 2009) emphasizes the need to 
be able to screen gymnasts at least annually (more 
regularly during peak growth periods). There is an 
increasing body of research that is showing the 
use of biomechanics of functional movements 
to improve musculoskeletal screening. Dynamic 
alignment of the lower limb resulting in knee val-
gus may predispose the gymnast to ACL injury. 
Patella femoral syndrome is initiated by factors 
including weakness in the medial most quadriceps 
muscle, tightness in the lateral most quadriceps 
muscle, and weakness within the hip fl exor, exten-
sor, and adductor muscles. Other technologies 
beside video analysis may be used by biomecha-
nists for screening. Achilles strain measures using 
ultrasonography during a ramped protocol with 
three different loads of isometric heel raises may 
provide a potential screening tool. Aside from pro-
fi ling physical performance qualities, biomechani-
cal (kinetic) testing has the potential to also aid in 
the assessment and management of the athlete’s 
functional musculoskeletal health (rehabilitation, 
injury risk). Investigation is needed to determine 
reliable functional tests that closely mimic gym-
nastics movements.

Further research

Although theoretically biomechanics can be used 
to help prevent injury via monitoring training 
forces, or predicting injury risk via musculoskeletal 
screening and technique analysis, there have been 
few studies that actually provide evidence of effec-
tiveness of injury prevention intervention strate-
gies based on biomechanical analysis (Bradshaw & 
Hume, 2012). Biomechanics research on gymnas-
tics has predominantly focused upon the high-
performance participation levels, with quantitative 
descriptions of specifi c skills. Greater focus for 
injury prevention is required on the elementary 
years of gymnastics when the fundamental motor 
skills of jumping and landing are being formed and 

however, studies are required that include event-
specifi c exposure time as the injury rate denomi-
nator. It is unclear whether the number of injuries 
on the fl oor is due to the nature of fl oor exercises 
themselves (e.g., repetitive trauma from tumbling) 
or because more time is spent on the fl oor, or a 
combination of the two.

Physique

Biomechanical effi ciencies may be gained with 
particular physiques. Decreased height and weight 
elicit a greater ratio of strength to weight, greater 
stability, and a decreased moment of inertia. Body 
fat adds to mass without adding to power producing 
capability, therefore fat mass is detrimental to the 
gymnast. There can be increased risk of injury dur-
ing periods of rapid body growth due to increased 
moments of inertia, increased muscle-tendon tight-
ness, and decreased physis strength. Female artis-
tic gymnasts who are mature and have a physique 
characterized as relatively tall with high lean body 
mass are at a greater risk for developing positive 
ulnar variance in the wrist (Claessens et al., 1996).

Musculoskeletal dynamic screening

Incorrect biomechanics during movement patterns 
can increase inappropriate loading. There are a 
number of screening protocols that can help iden-
tify movement dysfunction or technique faults. 
A whole-body functional movement competency 
screen that challenges fundamental movement 
patterns of the BW squat, the BW lunge and twist, 
the push-up, the BW bend and pull, and the single-
leg squat, has been developed for use by sport and 
health professionals. The coach video records the 
athlete performing fi ve repetitions of each move-
ment task from the front and side, and then rates 
segment movement quality for the head, shoul-
ders, lumbar spine, hips, knees, ankles, and feet, 
then rates quality of balance and joint range of 
movement. Initial evidence has shown movement 
competency screen scores can predict trunk injury 
for male and female elite athletes, however there 
is no evidence yet for gymnasts. Having screening 
movement tasks that can help predict performance 
or injury will enable coaches to monitor and 
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effective after a very short period of intensive train-
ing or competition (Hume & Gerrard, 1998), there-
fore this issue needs to be researched in gymnasts.

Summary

Large impact forces, in combination with poor 
lower limb geometry during landings, in gymnas-
tics are resulting in injuries predominantly to the 
lower limbs. Using functional movement screen-
ing, biomechanically instrumented equipment 
(e.g., beat board, rings, and bars), or instrumen-
tation on the gymnast (e.g., accelerometers) to 
monitor gymnasts’ motion, and equipment and 
techniques to help reduce biomechanical loading 
should be useful. Given the high magnitude of 
impact load, both acute and accumulative, coaches 
should monitor impact loads in training, consider-
ing quality and quantity such as control of rotation 
and heights from which landings are executed. 
Evidence-based injury prevention interventions 
should be developed for gymnastics focused on 
reducing biomechanical loading during landings.
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apparent that to understand gymnastics physiol-
ogy the principal physiological demands of dif-
ferent aspects of the sport must be identifi ed and 
considered in the context of the gymnasts’ age, 
growth, maturation, and sex.

Exercise metabolism and the supply of 
energy during gymnastics

Anaerobic metabolism

At the onset of exercise, muscle contraction is sup-
ported by the energy released during the hydrolysis 
of adenosine triphosphate (ATP). The intramuscu-
lar stores of ATP relative to muscle size are similar 
in adults and children at ~5 mmol/kg wet weight 
of muscle but this is insuffi cient to support maxi-
mal exercise for more than ~2 seconds. ATP must 
be resynthesized before total depletion and anaero-
bic resynthesis of ATP occurs almost immediately 
from phosphocreatine (PCr) stores in the muscles. 
PCr is depleted rapidly during high-intensity exer-
cise such as gymnastics. PCr resynthesis of ATP 
reaches its peak within ~2 seconds and is the pri-
mary energy component during vaults. PCr stores 
decline rapidly and during the fi nal few seconds of 
a routine on the bars or rings the contribution of 
PCr to ATP resynthesis is ~2% of that during the 
fi rst few seconds. For high-intensity performance 
to be sustained beyond a few seconds ATP supply 
must be maintained and this is ensured, at least in 
the short term, by the processes of glycolysis and 
glycogenolysis.

Introduction

Gymnastics is a complex sport consisting of routines 
performed on different pieces of apparatus for vary-
ing periods of time and with different physiological 
demands. Men’s Artistic Gymnastics routines range 
in length from ~5 seconds in the vault through ~35 
seconds on the rings, pommel horse, parallel bars, 
and high bar to ~70 seconds on the fl oor. Women’s 
Artistic Gymnastics routines vary in length from 
~5 seconds in the vault, through ~45 seconds on the 
uneven bars to ~90 seconds on the beam and fl oor. 
Rhythmic Gymnastics routines last from ~90 sec-
onds in individual routines to ~150 seconds in group 
routines. The balance between the contributions of 
the physiological variables underpinning gymnastics 
routines varies according to the length and demands 
of particular routines and the age, maturation, sex, 
and state of training of the gymnasts.

It is not unusual to see 2-year-old children in 
gymnasium initiation programs and training time 
increases with age with elite gymnasts training for 
~30 hours or more each week. Approximately 80% 
of all gymnasts are younger than 18 years with the 
vast majority between 9 and 16 years of age. Most 
girls reach their competitive peak in their mid- 
to late teens whereas males tend to reach their 
competitive peak in their early 20s. It is therefore 
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simultaneously consume it as an energy source. 
Nevertheless, as exercise proceeds lactate accu-
mulates within the muscle and diffuses into the 
extracellular space and into the blood where it is 
often measured and used as an indicator of glyco-
lytic activity. Blood lactate accumulation does not 
directly refl ect muscle lactate production as it is a 
function of several processes including consump-
tion in the muscle, rate of diffusion into the blood, 
and rate of removal from the blood. The inter-
pretation of blood lactate accumulation during 
childhood, adolescence, and young adulthood is 
clouded by theoretical and methodological issues 
and reports of the blood lactate threshold (TLAC) 
associated with gymnastics activities need to be 
interpreted cautiously.

Aerobic metabolism

The initial step of carbohydrate oxidative metabo-
lism is the passage of pyruvate into the mitochon-
dria, followed by conversion into acetyl CoA, and 
subsequent entry into the tricarboxylic acid cycle 
where the energy liberated during the process 
resynthesizes ATP. The rate at which ATP can be 
resynthesized aerobically in the muscle mitochon-
dria is much slower than that of anaerobic ATP 
resynthesis but the capacity for energy generation 
is much greater and reinforced by the ability to use 
both free fatty acids and amino acids as substrates. 
Young people respond to high-intensity exercise 
with a faster aerobic τ than adults. In a step change 
from rest or low-intensity exercise to high-intensity 
exercise the pulmonary oxygen uptake (pVO2) τ of 
young people is ~20 seconds with maximal values 
of pVO2 being reached within ~80 seconds. Dur-
ing high-intensity exercise aerobic resynthesis of 
ATP gradually increases with time and the oxi-
dative contribution becomes dominant in gym-
nastics routines longer than ~60 seconds. During 
vaults, pommel horse, bars, and rings routines the 
anaerobic supply of energy predominates but dur-
ing fl oor exercises and Rhythmic Gymnastics rou-
tines aerobic metabolism is the principal source of 
energy. In addition, oxidative metabolism can use 
carbohydrates, free fatty acids, and amino acids 
as substrates and although this may be of minor 
importance during gymnastics competitions it is 

Carbohydrates are stored in the muscles and in 
the liver as glycogen. At the onset of exercise mus-
cle glycogen is very quickly converted to glucose-
6-phosphate (G-6-P). Liver glycogen is catabolized 
and released into the blood as glucose where it is 
available to the muscle and other cells as an energy 
substrate. Once glucose enters the muscle it is 
phosphorylated to G-6-P and thereafter glycoly-
sis and glycogenolysis follow a common pathway 
in the muscle sarcoplasm. Despite the number of 
reactions involved, the anaerobic catabolism of 
G-6-P to pyruvate is rapid with a time constant 
(τ, the time taken to achieve 63% of the change) 
of ~1.5 seconds. Peak production of ATP is there-
fore reached within ~6 seconds and the glycolytic 
pathway becomes the main provider of ATP within 
~10 seconds of the onset of maximal exercise. At its 
peak, glycolysis resynthesizes ATP at about half the 
rate of resynthesis from PCr. During rings, pommel 
horse, and bar routines glycolysis is the predomi-
nant energy source.

To sustain glycolysis pyruvate is either reduced 
to lactate or oxidized in the muscle mitochondria 
through the tricarboxylic acid cycle to carbon diox-
ide and water. The rate of muscle lactate production 
during high-intensity exercise is dependent on the 
balance between the anaerobic and aerobic catabo-
lism of pyruvate and therefore the availability of 
oxygen or the demand for power. In the muscle 
the accumulation of lactate is accompanied by an 
increasing acidosis that inhibits the activity of the 
key glycolytic regulatory enzyme (phosphofructo-
kinase, PFK), interferes with the muscle contractile 
mechanism, and stimulates the free nerve endings 
in the muscle giving rise to the painful sensations 
that accompany fatigue from high-intensity exer-
cise and lead to cessation of exercise. As young 
children rely less on anaerobic metabolism than 
adolescents or adults they experience these cau-
tionary fatigue indicators less intensely and are 
more likely than older people to overheat or expe-
rience nausea during rigorous exercise. They there-
fore need careful supervision.

An increase in the glycolytic resynthesis of ATP 
results in a corresponding increase in lactate pro-
duction by active muscle fi bers. Lactate metabo-
lism is, however, a dynamic process and while 
some muscle fi bers produce lactate, adjacent fi bers 
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Developmental exercise physiology 
underpinning gymnastics performance

The assessment and interpretation of young peo-
ple’s muscle strength and aerobic fi tness are well 
documented and data on elite young athletes are 
readily available even though they are often dif-
fi cult to interpret. The responses of young people 
to short-term high-intensity exercise in relation to 
age, growth, maturation, and sex are less clear and 
our understanding of gymnastics-related exercise 
is clouded by technical issues, including the non-
specifi city of current methods of assessment.

Developmental exercise metabolism

Muscle biopsy studies

For both ethical and methodological reasons, the 
muscle biopsy technique has rarely been used with 
healthy children. The few muscle biopsy stud-
ies that have been performed with children have 
focused on resting and post-exercise measures and 
have generally been restricted to small samples of 
boys. Nevertheless, some interesting patterns have 
emerged from the literature.

Muscle fi ber size increases with age from birth to 
adolescence and in males into young adulthood. 
The percentage of type I fi bers in the vastus late-
ralis decreases in healthy males over the age range 
10–35 years. No clear age-related fi ber distribution 
changes have been observed in females but this 
might be a methodological artefact as few data on 
girls and women are available. Studies comparing 
the muscle fi ber composition of boys and girls are 
confounded by the small number of participants 
and large interindividual variations that cloud 
statistical analyses. However, there is a consis-
tent trend with adolescent and young adult males 
exhibiting, on average, 8–15% more type I fi bers in 
the vastus lateralis than similarly aged females in 
the same study.

In the 1970s, Eriksson and his colleagues 
(Eriksson, 1980) carried out a series of muscle 
biopsy studies of small samples of 11–15-year-old 
boys, which have infl uenced the interpretation of 
pediatric exercise metabolism for almost 40 years. 

important as a glycogen-sparing mechanism dur-
ing the many hours of training in which elite gym-
nasts engage.

Direct estimation of energy costs 
during gymnastics routines

Attempts have been made to directly measure the 
energy cost of gymnastics routines for over 50 years 
but technological diffi culties with apparatus and 
fl awed methodologies have limited the interpreta-
tion of the data.

Jemni (2011) described studies that required male 
gymnasts to perform their routines while breathing 
through a mouthpiece into a Douglas bag. At the 
end of each routine, gymnasts held their breaths 
until the investigators attached another bag to 
collect the expired air during recovery. Analysis 
of the respiratory gases indicated that the event 
with the highest energy cost was the fl oor followed 
in decreasing order by the pommel horse, rings, 
high bar, parallel bars, and vault. Another inves-
tigation measured the excess post-exercise oxygen 
consumption during the fi rst 30 seconds following 
female gymnastic routines and reported fl oor exer-
cises to have the highest energy cost followed by 
the uneven bars, the balance beam, and the vault.

In a more recent investigation into the energy 
cost of ball routines in Rhythmic Gymnastics, 
Guidetti et al. (2000) measured heart rate (HR) dur-
ing the routines and blood lactate accumulation on 
completion of the routines. To facilitate the inter-
pretation of the data the 14–16-year-old girls had 
their HR, pVO2, and blood lactate accumulation 
monitored during an incremental treadmill test to 
exhaustion. During the ball routine the girls’ mean 
peak HR was 188 beats/min. The mean average 
HR during the whole ball routine was 177 beats/
min, which corresponded to 88.2% of treadmill-
determined maximum HR. In this study the ball-
routine HRs were similar to the HRs at TLAC on the 
treadmill and the post-exercise blood lactate con-
fi rmed that the girls performed their competitive 
routines at an intensity around their TLAC. From pV
O2 collected pre- and post-exercise and post-exercise 
blood lactate accumulation the energy cost of the 
routines was estimated. It was concluded that the 
most taxed energy system was the aerobic system.
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fi nding is that the ratio of glycolytic to oxidative 
enzyme activity is higher in adults than in adoles-
cents and children, indicating a relatively greater 
potential for anaerobic exercise in adults.

Magnetic resonance spectroscopy studies

Magnetic resonance spectroscopy (31P-MRS) pro-
vides in real time a window through which muscle 
can be interrogated during exercise. 31P-MRS stud-
ies are constrained by exercising within a narrow 
tunnel and the need to synchronize the acquisition 
of data with the rate of muscle contraction. There is 
a leap of faith in the extrapolation of exercise data 
from a specifi c muscle group, normally the quad-
riceps, using laboratory technology to the whole-
body activity of a gymnastics routine, but 31P-MRS 
studies have provided new insights into the physi-
ology underpinning young people’s performance.

31P-MRS allows the monitoring of ATP, PCr, and 
inorganic phosphate (Pi) spectra during exercise. 
During an incremental exercise test to exhaustion, 
Pi increases with a corresponding decline in PCr. 
The expression of muscle Pi/PCr against power out-
put therefore provides an index of mitochondrial 
function. In other words, a muscle with a greater 
oxidative capacity will require a lower change in 
Pi/PCr for a given increment of power output. 
An incremental exercise test to exhaustion results 
in nonlinear changes in the ratio Pi/PCr plotted 
against power output. As power output increases an 
initial shallow slope is followed by a steeper slope 
and the transition point is known as the intracel-
lular threshold (ITPi/PCr). The ITPi/PCr is analogous to 
other metabolic thresholds such as the TLAC.

During exercise at and below the ITPi/PCr the 
cellular energetic state is similar in children and 
adults and between sexes. During exercise above 
the ITPi/PCr adults display a steeper Pi/PCr slope 
than children, which is also the case for girls com-
pared with boys.

The results of incremental exercise studies have 
been supported by those from 31P-MRS kinetics 
studies in which the PCr kinetic response to a step 
change in exercise intensity has been monitored. 
The similar PCr kinetics of children and adults at 
the onset of exercise below the ITPi/PCr indicate a 
comparable capacity for oxidative metabolism 

No similar data are available on girls. Muscle biop-
sies from the quadriceps femoris revealed resting 
ATP stores that were stable over the age range of 
11.6–15.5 years and similar to values others had 
reported with adults. The concentration of ATP 
remained unchanged following 6 min bouts of sub-
maximal cycle ergometer exercise but minor reduc-
tions were observed following maximal exercise.

The mean resting PCr stores of the 11-year-old 
boys were 14.5 mmol/kg wet weight of muscle 
whereas the mean resting values of the 15-year-olds 
were 63% higher at 23.6 mmol/kg wet weight of 
muscle and similar to values recorded previously in 
adults. The PCr concentration gradually declined 
following exercise sessions of increasing intensity 
with values of less than ~5 mmol/kg wet weight of 
muscle reported following maximal exercise.

Muscle glycogen concentrations at rest were 
reported to average 54 mmol/kg wet weight of 
muscle at 11 years rising to 87 mmol/kg wet weight 
of muscle at 15 years, which is comparable with 
adult values reported by others. A decrease in gly-
cogen following exercise was observed in all age 
groups but the depletion was three times greater 
in the oldest compared to the youngest boys indi-
cating enhanced glycogenolysis with age. The 
age-related increase in the glycolytic contribution 
to metabolism is refl ected in Eriksson’s studies by 
muscle lactate accumulation increasing by 76% 
from 8.8 mmol/kg wet weight of muscle at 11 years 
to 15.5 mmol/kg wet weight of muscle at 15 years. 
On the basis of an “almost signifi cant” relationship 
between lactate accumulation in the muscles and 
testicular volume Eriksson hypothesized a matura-
tional effect on lactate production, which remains 
to be proven.

Eriksson reported levels of PFK and succinic 
dehydrogenase (an aerobic enzyme) to be 50% 
lower and 20% higher, respectively, than adult val-
ues his group had observed previously. They sug-
gested that children might have a lower glycolytic 
and more enhanced oxidative capacity than adults 
during exercise. More recent muscle biopsy analy-
ses have been generally supportive and reported 
glycolytic enzyme activity to be positively corre-
lated with age and oxidative enzyme activity to be 
negatively correlated with age over the age range 
6–17 years, in both males and females. A consistent 
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during exercise above the TLAC the overall oxygen 
cost of exercise increases over time. A slow compo-
nent of pVO2 is superimposed upon the primary 
component and the achievement of a steady state 
is delayed by ~600–900 seconds. The mechanisms 
underlying the pVO2 slow component remain 
speculative but appear to be a function of muscle 
fi ber distribution, motor unit recruitment, and the 
matching of oxygen delivery to active muscles.

Children have faster pVO2 kinetics responses 
than adults during the transition to exercise both 
above and below their TLAC. During the transition 
to exercise above the TLAC girls are characterized 
by slower phase II pVO2 kinetics than boys. This 
greater aerobic contribution to ATP resynthesis 
in children compared to adults and, during high-
intensity exercise, boys compared to girls suggests 
an enhanced oxidative capacity, which might be 
due to greater oxygen delivery or better oxygen 
utilization by the myocyte or both. Muscle blood 
fl ow and therefore oxygen delivery during exer-
cise has been reported to decrease with age in boys 
aged 12–16 years. Peak VO2, which is primarily 
dependent on oxygen delivery, is not related to 
pVO2 kinetics during youth and there is no com-
pelling evidence to suggest that increased delivery 
of oxygen infl uences the τ of children’s pVO2 kinet-
ics. Faster phase II pVO2 kinetics therefore refl ect 
an enhanced capacity for oxygen utilization by the 
mitochondria, which might be partially explained 
by an enhanced aerobic enzyme profi le and/or 
reduced creatine concentration (as inferred from 
muscle PCr stores).

Girls have a greater relative pVO2 slow compo-
nent compared to boys and in both sexes the pVO2 
slow component increases with age. The increase 
with age is likely to be related to changes in muscle 
fi ber recruitment patterns and the data are consis-
tent with children having a higher percentage of 
type I muscle fi bers than adults and in accord with 
boys having a higher percentage of type I fi bers 
than similarly aged girls.

Aerobic fi tness

Floor routines and Rhythmic Gymnastics are pre-
dominantly dependent on aerobic fi tness. The best 
single measure of young people’s aerobic fi tness is 

during low-intensity exercise. The PCr kinetic 
response to the onset of exercise above the ITPi/PCr 
shows boys to have a signifi cantly faster PCr kinetic 
response to high-intensity exercise than men.

These fi ndings are supported further by studies 
that have monitored the resynthesis of PCr during 
recovery from maximal exercise and reported boys 
to have a faster PCr τ during recovery than men. 
The lesser accumulation of Pi and fall in PCr during 
exercise above TLAC is consistent with an enhanced 
recruitment of type I muscle fi bers in children com-
pared to adults and in boys compared to girls. This 
indicates a reduced mitochondrial oxidative capac-
ity with age.

Pulmonary oxygen uptake kinetics studies

An understanding of pVO2 kinetics is important 
for all sports that require step changes in exer-
cise intensity (e.g., changes of pace in gymnastics 
routines). It is technically diffi cult to measure the 
pVO2 kinetics response during gymnastics activities 
and there are no data available on young people. In 
the laboratory pVO2 kinetics are studied by the use 
of a step transition where a period of low-intensity 
exercise, such as pedaling a cycle ergometer with-
out a resistance, is followed by a sudden increase in 
exercise intensity to a predetermined level.

At the onset of exercise there is an almost imme-
diate increase in pVO2 measured at the mouth. 
This cardiodynamic phase (phase I), which lasts 
~15 seconds is independent of VO2 at the muscle 
(mVO2) and is associated with an increase in car-
diac output that occurs prior to the arrival at the 
lungs of venous blood from the exercising muscles. 
Phase I is followed by an exponential increase in 
pVO2 (phase II or primary phase) that drives 
pVO2 to a steady state during exercise below the 
TLAC. Phase II pVO2 kinetics are described by their τ 
and it has been demonstrated that they refl ect within 
~10% the kinetics of mVO2 and therefore provide a 
noninvasive window into muscle metabolism.

During phases I and II, ATP resynthesis cannot 
be supported fully by oxidative phosphorylation 
and the additional energy requirements are met 
from muscle oxygen stores, PCr, and glycolysis. 
During exercise below the TLAC children reach 
a steady state in pVO2 within ~100 seconds, but 
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by simply dividing peak VO2 (mL/min) by body 
mass (kg) and expressing it as the simple ratio 
mL/kg/min. When peak VO2 is expressed in this 
manner a different picture emerges with boys’ peak 
VO2 remaining essentially unchanged from 8 to 
18 years at ~48 mL/kg/min while girls’ values 
decline from ~45 to 35 mL/kg/min over the same 
age range. Boys demonstrate higher mass-related 
peak VO2 than girls throughout childhood with 
the sex difference being reinforced by the greater 
accumulation of body fat by girls during puberty.

The conventional use of mass-related (ratio) val-
ues has clouded understanding of peak VO2 during 
growth and maturation. With body mass appro-
priately controlled for by using allometry, boys’ 
peak VO2 has been shown to increase through 
childhood and adolescence into young adulthood. 
Girls’ peak VO2 increases at least into puberty and 
possibly into young adulthood. Longitudinal 
studies have clearly demonstrated that matura-
tion is associated with increases in peak VO2 above 
those explained by body size, body composition, 
and chronological age. Furthermore, ratio scaling 
“over scales” (i.e., favors light children and penal-
izes heavy children) and as gymnasts consistently 
present body masses below the 50th percentile it 
is futile to use ratio scaling to compare the aero-
bic fi tness of young gymnasts with athletes from 
other sports.

Several authors (summarized by Jemni, 2011) 
have concluded that mass-related peak VO2 is 
not directly related to performance parameters in 
gymnastics and that it is therefore unnecessary to 
enhance gymnasts’ peak VO2 but a recent study 
of elite rhythmic gymnasts has demonstrated the 
importance of aerobic fi tness when interpreted 
correctly. Douda et al. (2008) analyzed the physi-
ological and anthropometric predictors of rhyth-
mic gymnasts’ performance, which was defi ned 
from the total ranking score of each athlete in 
a national competition. A multiple regression 
analysis of elite and nonelite gymnasts sepa-
rately revealed that 92.5% of the variations in 
elite gymnasts’ performance was explained by 
peak VO2 (58.9%), arm span (12%), mid-thigh 
circumference (13.1%), and body mass (8.5%). 
High peak VO2 (L/min) was the fi rst predictor 
of performance. As expected, mass-related peak 

peak VO2, the highest rate at which oxygen can 
be consumed during exercise. In the laboratory 
peak VO2 is normally determined on a treadmill 
or a cycle ergometer and as there is no well-estab-
lished ergometer with which to specifi cally assess 
gymnasts’ peak VO2 laboratory data must be inter-
preted with caution.

As illustrated in Figure 8.1, treadmill-determined 
boys’ peak VO2 (L/min) shows a linear increase 
with chronological age and girls’ data demonstrate 
a similar but less consistent trend with some studies 
indicating a tendency to level-off at about 14 years 
of age. From 8 to 16 years peak VO2 increases by 
~150% and ~80% in boys and girls, respectively, 
with the sex difference rising to ~35% by age 16. 
The physiological explanation for sex differences 
in peak VO2 during childhood is complex but the 
balance of evidence suggests that, although there 
are no sex differences in maximal HR or arterial-
venous oxygen difference, maximal stroke index 
is higher in boys than in girls and therefore boys 
deliver more oxygen to the muscles. During ado-
lescence boys’ greater muscle mass is the dominant 
infl uence in enhancing peak VO2 and in late ado-
lescence this is reinforced by boys’ higher concen-
tration of blood hemoglobin.

The peak VO2 of the arms is important in several 
gymnastics activities. Peak VO2 determined using 
an arm ergometer is only about two-thirds that of 
the peak VO2 of the legs but it presents the same 
underlying trends during youth.

Peak VO2 is strongly correlated with body 
mass and this is conventionally controlled for 
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Data on blood lactate accumulation during 
youth are equivocal but a consistent fi nding is 
that young people accumulate less blood lactate 
than adults during both maximal and submaxi-
mal exercise. Lower exercise-induced blood lactate 
accumulation in children than in adults might 
refl ect faster removal from the blood, and/or a 
smaller muscle mass with a higher percentage of 
type I fi bers combined with a facilitated aerobic 
metabolism rather than lower muscle lactate pro-
duction. There is no conclusive evidence of sig-
nifi cant sex differences in performance at fi xed 
submaximal blood lactate levels during childhood 
and adolescence.

Blood lactate accumulation during gymnastics 
exercises has been reported but confusion with 
steady state and nonsteady state exercise mod-
els of blood lactate confound analyses and inter-
pretation. Direct comparisons (and averages) of 
gymnasts’ blood lactate accumulation following 
routines of different duration and intensity and 
using predominantly different muscle groups 
(e.g., fl oor versus rings versus pommel horse) 
have been reported and summarized by Jemni 
(2011) but add nothing of signifi cance to the 
literature.

Short-term high-intensity exercise

Vaults, pommel horse, and bars routines are pre-
dominantly supported by anaerobic metabolism. 
During the vaults the main source of energy comes 
directly from the breakdown of ATP and PCr in the 
muscle with a small contribution from glycolyis 
and a minute contribution from aerobic metabo-
lism. The pommel horse and bar routines are pri-
marily supported through glycolysis following an 
initial contribution from high-energy phosphates 
with the aerobic contribution increasing with the 
length of the routine.

The direct examination of muscular energet-
ics during short-term high-intensity exercise is 
complex and research has focused on tests that 
assess leg power output during maximal exercise. 
A plethora of tests involving jumping, running, 
and cycling has been developed but none are spe-
cifi c to gymnastics performance. All performance 
tests have fl aws but data generated during growth 

VO2 (mL/kg/min) was not well correlated with 
performance score.

Blood lactate accumulation

Blood lactate accumulation must be interpreted 
with caution and should not be assumed to refl ect 
a direct relationship with muscle lactate produc-
tion. Nevertheless, when interpreted appropriately 
blood lactate accumulation acts as a useful measure 
of submaximal aerobic fi tness that can be used to 
monitor improvements in muscle oxidative capac-
ity with training in the absence of changes in peak 
VO2. Post-exercise blood lactate can be used to 
indicate effort during short-term high-intensity 
exercise and to estimate the anaerobic contribution 
to exercise.

At the onset of a progressive, incremental exer-
cise test to exhaustion there are minimal changes 
in blood lactate accumulation. It is not unusual for 
blood lactate to initially increase and then fall back 
to near-resting levels due to the interplay between 
type I and type II muscle fi ber recruitment. As 
exercise progresses, blood lactate accumulation 
increases and reaches an infl ection point where it 
begins to increase more rapidly with a subsequent 
steep rise until exhaustion. The point at which 
blood lactate increases nonlinearly in response to 
an increase in exercise intensity is defi ned as the 
TLAC that serves as a measure of submaximal aero-
bic fi tness.

To avoid blood sampling some authors have 
used the ventilation threshold (i.e., the point 
during incremental exercise where ventilation 
increases disproportionally with the increase in 
pVO2) to estimate the TLAC. With some exercise 
protocols a clear infl ection point is not always dis-
cernible and to circumvent this fi xed blood lactate 
reference values have been used to estimate sub-
maximal aerobic fi tness. These reference values are 
not recommended for use with gymnasts as they 
are not equivalent to the TLAC. Fixed reference val-
ues and TLAC vary both within an individual and 
independently with age and possibly maturation. 
A lactate reference value (e.g., 2.5 or 4 mmol/L) 
might be above or below the individual’s TLAC and 
not comparable with the relative performance of 
another gymnast.
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and 66% in girls whereas increases in peak VO2 
were somewhat less at 70% and 50% for boys and 
girls, respectively.

Sustained or repeated use of the glycolytic energy 
pathway during bouts of high-intensity exer-
cise inevitably leads to an increase in acidity, an 
accumulation of lactate in the muscle, and symp-
toms of muscle fatigue that are more marked 
during the use of smaller muscle groups such 
as the arms. The ability to perform without imper-
fection despite being under “metabolic stress” 
is particularly important in gymnastics but dur-
ing a well-organized gymnastics competition 
with appropriate rest periods, or preferably low-
intensity activity recovery periods between events, 
this should not be a major problem with suitably 
trained gymnasts. However, during training when 
anaerobic-type activities are likely to be repeated 
several times with limited rest-recovery periods 
coaches must be aware of the build-up of meta-
bolic by-products that will cause deterioration in 
performance and risk of injury during complex 
movements.

With gymnasts undertaking training for 
~30 hours per week and including frequent bouts 
of high-intensity exercise coaches also need to con-
sider long-term glycogen depletion. It is, however, 
well documented that young people recover faster 
than adults following high-intensity exercise. This 
might be explained by children and adolescents 
having enhanced oxidative capacity, faster PCr 
resynthesis, better acid–base regulation, and lower 
production and/or more effi cient removal of meta-
bolic by-products. It has also been suggested that 
young people’s faster recovery from exercise might 
simply be a direct consequence of their limited 
capacity to generate power from anaerobic sources 
compared to adults.

Muscle strength

Muscle strength underpins the successful perfor-
mance of most gymnastics routines, particularly 
those on apparatus, thus coaches require a clear 
understanding of the development of strength dur-
ing growth and maturation.

The maximal force that can be generated by 
skeletal muscle is primarily a function of muscle 

and maturation are generally consistent. The 
Wingate anaerobic test (WAnT) that allows the 
determination of cycling peak power (CPP), usu-
ally over a 1-, 3-, or 5-second period and cycling 
mean power over the 30-second test period has 
emerged as the most popular test of leg power. 
Data from variants of this test have mapped out 
the development of leg peak power output dur-
ing growth and maturation. Arm peak power can 
be determined in the same manner with either 
alternate or simultaneous arm exercise and the 
sparse data available suggest that arm power out-
put follows the same profi le but tends to be ~60% 
of leg power.

As illustrated in Figure 8.2, cross-sectional 
data show that in both boys and girls there is an 
almost linear increase in CPP from age 7 years 
until ~13 years when, in boys but not girls, a sec-
ond and steeper linear increase in CPP through to 
young adulthood is observed. The indistinguish-
able difference in CPP between boys and girls 
until age 13 years is confounded by the paucity of 
studies simultaneously considering chronological 
age and stage of maturation of the participants. 
By young adulthood the sex difference in CPP is 
~50%. Longitudinal data have emphasized the sex 
difference in CPP in relation to growth and matu-
ration by showing that 12-year-old girls and boys, 
respectively, generate ~60% and ~45% of the CPP 
they achieve at 17 years of age (Armstrong et al., 
2001; Armstrong & Welsman, 2001). Over the age 
range 12–17 years, CPP increased by 121% in boys 
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reported in children as young as 3 years of age but 
differences are small prior to puberty and there is 
a considerable overlap of male and female scores. 
As girls tend to enter puberty ~2 years ahead of 
boys it is not unusual for 10–11-year-old girls 
to be stronger than similar aged boys. The pre-
pubertal strength difference is, however, greatly 
magnifi ed during late adolescence by which time 
very few girls outscore boys on strength mea-
sures. The sex-related difference is more marked 
in the upper extremity and the trunk than in the 
lower extremity, even after adjusting for body size 
differences.

Correlations between measures of muscle 
strength from different muscle actions and/or mus-
cle groups are generally quite low. Nevertheless, 
regardless of muscle action and whether individual 
strength or composite strength scores from several 
muscle groups are examined data describing the 
development of strength during growth and matu-
ration are consistent and are illustrated using grip 
strength data in Figure 8.3.

Changes in body shape during puberty advan-
tage earlier maturing boys over later maturing 
boys. For example, during puberty, as well as 
an increase in muscle strength, boys experience 
an increase in limb length and a marked spurt 
in shoulder breadth. Small differences in shoul-
der breadth can result in large differences in 
upper trunk muscle mass and the greater lever-
age of longer arms enhances the expression of 
strength.

cross-sectional area but there is compelling 
evidence that during late adolescence a higher per-
centage of motor units can be voluntarily activated 
than during childhood.

Muscle mass increases from early childhood 
reaching a peak during late adolescence or young 
adulthood. In addition, changes in muscle penna-
tion during adolescence positively infl uence the 
expression of strength. The percentage of type II 
fi bers increases and attains adult values during 
young adulthood. There are no published data on 
the relationship between muscle fi ber distribution 
and the expression of voluntary strength in young 
people but type IIA and type IIX fi bers in adults’ 
quadriceps have been shown to have, respectively, 
3 and 10 times greater shortening velocity than 
type I fi bers. If this is also the case in adolescents it 
confers a huge advantage to mature boys in sports 
such as gymnastics that demand both strength and 
high power output.

From ~7 years of age boys have a larger abso-
lute and relative (to body mass) amount of muscle 
compared to girls. Girls’ muscle mass increases 
from ~40 to 45% of body mass between 5 and
13 years and then declines in relation to body 
mass, but not absolutely, due to body fat accu-
mulation during adolescence. Boys’ percentage 
muscle mass increases from ~42 to 54% of body 
mass from childhood to young adulthood with 
a marked spurt during adolescence. Peak muscle 
growth velocity occurs several months later than 
peak height velocity (PHV) and peak muscle 
strength growth velocity occurs ~1.0–1.5 years 
after PHV. Earlier maturing male gymnasts are 
therefore strongly advantaged over later maturers 
during this window as the benefi ts of enhanced 
muscle strength become apparent in late adoles-
cence. It is, however, young adulthood before male 
peak strength is achieved.

In boys, muscle strength increases linearly 
with chronological age from early childhood 
until ~13–14 years of age when there is a marked 
increase in strength through the pubertal years, 
followed by a slower increase into the early-, mid-, 
or even late 20s. Girls experience an almost linear 
increase in strength with age until ~14–15 years 
with no clear evidence of an adolescent spurt. 
Sex-related differences in strength have been 
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enhanced with training during both childhood and 
adolescence. It has been hypothesized that there is 
a “maturational threshold” below which the effects 
of training will be minimal but recent research has 
demonstrated that this is clearly not the case. Early 
studies suggesting that prepubertal children do not 
respond to training or that girls are less receptive 
than boys to training are confounded by programs 
using less than optimum intensity exercise.

In order to induce signifi cant changes in peak
VO2 the relative intensity of the exercise needs to 
be higher than that which has been shown to be 
effective with adults. The optimum intensity lies 
within the HR range 85–90% of maximum (i.e., 
170–180 beats/min). There are no age, matura-
tion, or sex effects on the magnitude of changes in 
peak VO2 during youth, although training-induced 
changes tend to be less than those expected with 
adults. Following an appropriate 12-week train-
ing program using large muscle groups, three to 
four sessions per week, for 40 minutes per session, 
an improvement in peak VO2 of ~10% would be 
expected. The improvement in peak VO2 is largely 
due to enhanced oxygen delivery to the muscles 
through an increase in maximum stroke volume.

High-intensity and resistance training

Initial studies of resistance training suggested that it 
was hazardous with children but recent research has 
demonstrated that appropriately supervised resis-
tance training is not more likely to induce injury 
than participation in other sporting activities. Simi-
larly, although several early studies of high-intensity 
training and resistance training failed to demonstrate 
signifi cant changes in either muscle power output or 
muscle strength during youth, the positive effects of 
both modes of training have now been well docu-
mented. Following high-intensity and/or resistance 
training prepubertal children normally experience 
similar (or greater) relative gains in muscle strength 
and/or power output than adolescents and adults but 
smaller absolute gains. There are no, or only small, 
sex-related differences in responses to resistance 
training among prepubertal and early pubertal chil-
dren although absolute muscle strength and power 
output increases are likely to be more pronounced in 
boys during late adolescence and young adulthood.

Physiological principles underlying 
gymnastics training

Endurance training

Endurance training consists of a structured exercise 
program that is sustained for a suffi cient length of 
time and at suffi cient intensity and frequency to 
induce an improvement in aerobic fi tness. As dem-
onstrated in previous sections, aerobic fi tness is a 
vital component of gymnastics performance and is 
particularly important during fl oor and Rhythmic 
Gymnastics routines.

It is well established that training at an inten-
sity at or slightly above the TLAC produces a right-
ward shift in the blood lactate response in relation 
to exercise intensity or percentage peak VO2 (see 
Figure 8.4). Changes in the TLAC might be a func-
tion of either a reduced rate of muscle lactate pro-
duction or an enhanced removal of lactate from the 
blood or a combination of both. Muscle lactate pro-
duction might be diminished by an increased ability 
to resynthesize ATP aerobically following training 
and therefore a lower reliance on glycolysis.

Peak VO2 is the only component of aerobic fi t-
ness on which there are suffi cient data to examine 
dose-response effects of endurance training during 
youth. Genetic infl uences on the responsiveness of 
peak VO2 to endurance training are not well under-
stood but it appears that there is a continuum from 
high responders to nonresponders. Assuming that 
gymnasts in training are not nonresponders the 
evidence is overwhelming that peak VO2 can be 
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with lack of improvement with training, decreased 
self-confi dence, inability to concentrate, short 
temper, depression, increased confl icts with family, 
coach, and friends, and elevated levels of stress.

There are few data on the prevalence of this syn-
drome in elite young athletes but recent surveys 
suggest that aspects of UPS have been experienced 
by ~30% of elite young athletes with a higher prev-
alence in individual sports, such as gymnastics, 
than team sports and in girls than boys.

Very high training loads and intense, frequent 
competitions provide the primary underlying cause 
of UPS in elite young athletes but it is likely that the 
problem is even more multidimensional. For exam-
ple, the anxiety caused by striving to meet the expec-
tations of coaches and parents, the loss of autonomy 
in lifestyle planning through devotion to a single 
goal, and stress from other pressures such as trying 
to cope with both school and training/competition 
demands are some of the most common contribu-
tors to UPS during childhood and adolescence.

Though there are some promising research leads, 
there are no specifi c diagnostic tests, and initially a 
possible underlying illness must be eliminated. UPS 
as a condition is not treated so much as managed 
over 4–12 weeks. This involves modest levels of aero-
bic exercise, possibly cross-training, vital for morale 
as well as physical benefi ts, together with moder-
ate (i.e., quantitatively and qualitatively) skill work. 
Massage by qualifi ed sports masseurs, hydrotherapy, 
and counseled relaxation sessions may also be ben-
efi cial, and monitoring body fat is important, as 
weight may stay constant during the relative lay-off, 
but muscle mass may decrease and fat mass increase. 
Weekly psychological questionnaires may be useful 
to monitor progress but must be used sensitively so 
as not to induce more stress. Full training and com-
petition should be introduced as a gradual progres-
sion, with attention being paid to rest periods and 
days, and incremental levels of competition.

Further research

31P-MRS and breath-by-breath pVO2 kinetics stud-
ies have untapped potential. Data collection, 
analysis, and modeling techniques using these 

The mechanisms underlying training-induced 
changes in muscle strength vary with age, matu-
ration, and possibly sex. It is diffi cult to quantify 
the relative contribution of muscle hypertrophy 
and neurological adaptations such as enhanced 
neural drive, increased motor unit recruitment 
and synchronization, and reduced central nervous 
system inhibition during youth. However, in pre-
pubertal children strength gains can be principally 
attributed to neurological adaptations with muscle 
hypertrophy, the dominant infl uence in late ado-
lescence, particularly in boys.

Resistance training programs during youth are 
probably best included as part of an overall gym-
nastics general fi tness program with no more than 
two or three sessions per week, on nonconsecutive 
days, devoted to them. Training loads on weight 
machines can be quantifi ed in terms of the individ-
ual’s repetition maximum (RM) and with children it 
is best to begin with relatively low resistances, per-
haps 12–15 RM and gradually progress to greater 
resistances and fewer repetitions in accord with the 
gymnast’s growth and maturation. Muscle strength 
improvements of 10–40% have been demonstrated 
in young children following 12-week resistance train-
ing programs.

Overtraining or the unexplained 
underperformance syndrome

Gymnasts training for ~30 hours per week over 
several years might fi nd themselves victims of a 
syndrome loosely termed overtraining but perhaps 
more accurately viewed as the unexplained under-
performance syndrome (UPS) (Budget et al., 2000). 
UPS occurs where high-intensity training, frequent 
competition, and non-sport-specifi c stressors com-
bine to negatively affect the young gymnast. In 
addition to long lasting (i.e., longer than 2 weeks) 
decrements in performance, the signs and symp-
toms of UPS include some or all of the following: 
increased fatigue and perception of effort during 
training, unusually “heavy” or sore muscles, sleep 
disturbances, loss of appetite, mood disturbances, 
and upper respiratory tract infections. During epi-
sodes of UPS, the young gymnast might experience 
some or all of the following: decreased interest in 
training and competition, increased frustration 



96 Chapter 8

Summary

Gymnastics performances are supported by over-
lapping energy systems and the relative contri-
bution of these systems is dependent on exercise 
intensity and duration in relation to age, growth, 
maturation, and sex. Vaults are heavily reliant 
on ATP resynthesis from PCr. The predominant 
energy sources during routines on the rings, pom-
mel horse, beam, and bars are also anaerobic 
but with ATP resynthesis from glycolysis rapidly 
assuming the primary role as the contribution 
from PCr breakdown declines over the fi rst few 
seconds. Aerobic resynthesis of ATP is the primary 
energy source during fl oor routines and Rhythmic 
Gymnastics although both PCr breakdown and 
glycolysis make a signifi cant contribution to the 
energy demand.

Although data from specifi c gymnastics tests are 
lacking, laboratory data are consistent and clearly 
show age-, growth-, maturation-, and sex-related 
changes in anaerobic and aerobic performance that 
are asynchronous. During adolescence and into 
young adulthood both sexes experience a more 
marked increase in the ability to perform exercises 
supported by anaerobic metabolism than those 
supported by aerobic metabolism. Muscle strength 
increases with age in an almost linear manner until 
the mid-teens when boys, but not girls, experience 
a marked spurt in both muscle mass and muscle 
strength. Girls’ strength tends to level-off from 
~16 years of age but boys’ strength continues to 
increase into young adulthood.

In the absence of dietary disorders and energy 
imbalance there is no evidence to indicate that 
exercise training during youth has adverse effects 
on growth and maturation. Aerobic fi tness, muscle 
power output, and muscle strength are important 
components of gymnastics performance and all 
can be enhanced with training during both child-
hood and adolescence.

Signifi cant numbers of elite young athletes on 
long-term intensive training and competition pro-
grams suffer from the UPS. The problem is due 
to a cluster of effects related to the duo of pro-
longed very hard training and frequent competi-
tion. Coaches and parents need to be aware of the 

new technologies are now well established and 
the recent introduction of experimental models 
such as “priming exercise,” “work to work transi-
tions,” and “manipulations of pedal rates” provide 
intriguing theoretical avenues for future research 
into muscle metabolism during growth and matu-
ration (Armstrong & Barker, 2012). However, the 
confi dent application of data from laboratory 
investigations of muscle metabolism founded on 
constrained exercise patterns to a comprehensive 
understanding of the specifi c metabolic pathways 
underpinning complex gymnastics performances 
awaits the development of appropriate technology 
and exercise models.

Gymnastics movement patterns are extremely 
diffi cult to replicate in the laboratory during the 
monitoring of physiological functions. Current test 
batteries used to assess and interpret the fi tness of 
gymnasts lack the specifi city required for confi dent 
extrapolation to gymnastics performances and 
require further research and development (Breivik, 
2007). Laboratory assessment of peak VO2, pVO2 
kinetics, peak power output, and muscle strength 
and interpretation in relation to age, growth, mat-
uration, and sex are well documented. But, specifi c 
data on gymnasts are sparse and await the develop-
ment of appropriate ergometers and unobtrusive 
techniques of physiological data collection during 
gymnastics performances.

Dose-response data on aerobic training and 
resistance training during youth are readily avail-
able although data from high-intensity exercise 
training are less secure. Further research is neces-
sary to interpret the specifi c effects of gymnas-
tics training on both general aerobic fi tness and 
the local muscle fi tness required for gymnastic 
routines. Well-designed and rigorously executed 
training programs reported in the literature are 
limited to ~12 weeks in duration. There are no 
secure longitudinal data on the specifi c and/or 
general physiological effects of intensive training, 
for 20–30 hours per week, from childhood through 
adolescence and into young adulthood. Similarly, 
there are no data on the interaction between long-
term aerobic and resistance training programs 
during stages of growth and maturation. The inci-
dence, causes, symptoms, and treatment of UPS in 
young gymnasts require further investigation.
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symptoms, recognize the problem, and be ready 
to address sympathetically and manage sensitively 
the causes of the malaise.

Gymnasts’ responses to exercise and training are 
dependent upon age, genetics, growth, maturation, 
and sex. Individual biological clocks run at their 
own rate and to interpret the performance and 
progress of gymnasts coaches require an under-
standing of developmental exercise physiology 
and the ability to apply physiological concepts to 
gymnastics training programs and long-term per-
formance planning.
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interplay of a person acting in a particular envi-
ronment with regard to specifi c task demands 
(see Figure 9.1). In gymnastics, the task is pre-
dominantly defi ned by the competitive rules, the 
boundary conditions of the gymnastics apparatus, 
together with biomechanical and functional con-
straints related to an appropriate movement tech-
nique. Task demands may vary from performance 
to performance, and gymnasts have to adapt their 
performance to different settings or to apparatuses 
from different manufacturers. Being able to vary 
skill performance according to such infl uences is an 
important characteristic of elite gymnasts. Regard-
ing the acting person, physiological factors as well 
as psychological factors are thought to infl uence 
performance. While, for instance, personality traits 
of the gymnast may only change in the long run, 
there are other factors such as psychological states 
that may change in the short run depending on 
the current situation. The environment comprises 
physical factors and social factors such as social 
support, peer groups, or norms that can have a 
strong infl uence on the gymnast.

Keeping the factors just described in mind, the 
fi rst and foremost goal in gymnastics psychol-
ogy is to optimize the person–environment rela-
tionship with regard to a given task in order to 
enable a gymnast to optimize his/her behavior 
to best suit a given situation. It is thus essential 
to organize a person–task–environment fi t for 
the attainment of peak performance (Schack & 
Hackfort, 2007). Optimizing the environment by 
using, for instance, a vaulting table from a dif-
ferent manufacturer does not necessarily lead to 

Introduction

A typical competition situation in gymnastics 
reveals a great diversity in behaviors. While the 
gymnast prepares for the upcoming routine, the 
coach may give some fi nal instructions to him/
her. Another group of gymnasts could be relax-
ing or preparing themselves in the gymnast’s 
area. Judges are estimating the quality of the pre-
sented routines. Spectators watch the performing 
gymnasts and applaud when appropriate. The 
different behaviors may result from a variety of 
infl uencing factors. For example, the behavior 
of the spectators and the judges predominantly 
rely on the performance of the gymnasts. The 
behavior of the relaxing gymnasts may rely on 
their current arousal level. The behavior of the 
coach relies on previous observations of the per-
formance of his/her gymnast(s), and the prepara-
tion of a particular gymnast may rely on further 
factors, such as observation of previous routine, 
current arousal level, current confi dence level, 
and so forth. The preparation itself may in turn 
infl uence the gymnasts’ behavior in the upcom-
ing routine.

The diverse behaviors in gymnastics are thought 
to be goal-directed and intentionally driven 
(Hackfort, 2006). They result from the dynamic 
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Psychological infl uences and 
performance-related demands in
high-performance gymnastics

Person: gymnasts’ personality traits 
and psychological states

Physiological and psychological factors are thought 
to infl uence gymnasts’ behavior and thus their 
performance. Two categories of psychological fac-
tors can be distinguished. The fi rst category com-
prises enduring personality traits that may serve 
as templates for assimilating and accommodating 
environmental stimuli. The second category deals 
with psychological responses in particular situa-
tions, called states. For example, to be anxious in 
a wide variety of situations is a personality trait, 
whereas the actual manifestation of anxiety prior 
to performing a complex skill the fi rst time without 
coach assistance is situation-specifi c and thus more 
a state rather than a trait.

Empirical evidence indicates that differences 
in athletes’ personality traits covary with fac-
tors such as type of sport, skill level, competition 
level, gender, and cultural background. Personal-
ity alone is thus a rather weak predictor of gym-
nasts’ behavior and performance in a wide variety 
of situations. Therefore, it is noted that informa-
tion about gymnasts’ personality, plus information 
about the situation, plus information about the 
interaction of gymnasts’ personality with the situ-
ation better predict a gymnasts’ performance than 
a personality or a situation analysis alone (Vanden 
Auweele et al., 2001).

Using such a multidimensional and interactional 
approach, sport psychologists attempt to charac-
terize a psychological profi le for elite gymnasts in 
which selected psychological characteristics are 
identifi ed that covary with gymnasts’ expertise. 
Compared to their less-skilled counterparts or as 
compared to novices, elite gymnasts are thought 
to have a high degree of self-confi dence, are less 
anxious, are mentally tough, have a clear focus on 
the task, view diffi cult situations as challenging, 
are intrinsically motivated, attribute failures more 
to external events, and are strongly committed 
to gymnastics. In contrast, aspects such as low 

signifi cant changes in observable performance in 
the short run, but the gymnast may have a better 
“feeling” of the performed vaults. This, however, 
could be a precondition for signifi cant changes 
in observable behavior. In order to optimize the 
person–environment relationship with regard 
to a given task one fundamental step would be 
to equip the gymnast with skills that may sup-
port this. Nevertheless, infl uences hampering a 
person–task–environment fi t may contribute to 
the development of certain problems (Schack & 
Hackfort, 2007).

In the following sections we will at fi rst sum-
marize psychological infl uences and performance-
related challenges in high-performance gymnastics 
with regard to the acting person, the environment, 
and the task. Afterwards, we will derive psycho-
logical intervention methods that have proven 
to be advantageous for gymnasts to optimize the 
person–task–environment fi t, and that can easily 
be applied in gymnastics training. Finally, we will 
pose several questions that still need to be answered 
with regard to gymnastics psychology.

Person

Task Environment

Behavior(s)

Figure 9.1 Observable behaviors in gymnastics are the 
results of person acting in a particular environment 
with regard to specifi c task demands. The execution 
and the effects of the diverse actions produce feedback 
for the acting person. The environment and the task 
may infl uence each other as well as the person. A 
person–task–environment fi t is a precondition for the 
optimization of actions and thus for the optimization 
of complex behaviors in a particular situation (e.g., 
competition).
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norms, and thus has a potential infl uence on the 
gymnast. Elite gymnasts compete and train in a 
physical, social, psychological, and organizational 
environment that can have both facilitative and 
debilitative effects upon the achievement of ideal 
performance states, and a lot of elite gymnasts 
have modifi ed their lifestyle for the sake of their 
training. Furthermore, one should acknowledge 
that the active or passive presence of other people 
can have direct or indirect infl uences on the gym-
nast. Although gymnastics can be seen as an indi-
vidual sport, gymnasts spend most of their time 
with their training groups, so that peer pressure 
and other interindividual phenomena occur as a 
consequence. Family as well as other team mem-
bers could strengthen or weaken gymnasts’ perfor-
mance by the way they interact with each other. 
One of the most infl uencing environmental fac-
tors is without question the coach and thus we will 
focus on this factor in the next few paragraphs.

It is argued that good coaches are able to develop 
gymnasts to their personal best. However, coaches’ 
work is a multidimensional and also a highly 
dynamic process. Coaches not only organize and 
manage training but also support and interact with 
the gymnasts before, during, and after competi-
tion. Coaches furthermore deal with aspects such 
as parental infl uences, spectators, or gymnasts’ 
personal concerns, as well as represent the sport 
of gymnastics, and fulfi ll expectations of commit-
tees, federations, and others. Given this diversity in 
coaching demands, early research centered on the 
personality traits of coaches and it was believed 
that great coaches were born not made. Since 
then, however, research has evolved to support the 
notion of a situation-specifi c leadership whilst 
highlighting the interaction between the personal-
ity of the coach (leader), the situation, and factors 
such as characteristics of the followers, which are 
likely to infl uence coaches’ behavior (Horn, 2008).

In a multidimensional approach of leadership, 
consequences in both gymnasts’ performance 
and satisfaction evolve as a result of the interac-
tion of three components of coaches’ behavior:
(1) required behavior, (2) preferred behavior, and 
(3) actual behavior. Required behaviors are those 
that conform to the established norms in gym-
nastics. For example, national team coaches are 

self-confi dence, a high degree of anxiety, focus on 
distractions, perceiving diffi cult situations as being 
over-challenging, being extrinsically motivated, 
or attributing failures to oneself are usually asso-
ciated with poor gymnastics performance (Spink, 
1990). It is thus the right mixture of perceptions, 
cognitions, emotions, and behaviors that infl u-
ences the pathway to performance. Despite the 
mentioned differences between elite gymnasts and 
less-skilled counterparts it should be kept in mind 
that the contribution of psychological characteris-
tics (traits/states) explains only approximately 30% 
of athletes’ behavioral variance.

Seen in the long run, psychological factors in 
combination with the gymnasts’ physiological 
state, the environment, and the task play impor-
tant roles in differentiating between elite gymnasts 
and less-skilled gymnasts. Several authors agree 
that the systematic use of psychological skills and 
strategies may support optimizing psychological 
states in the short run and may in turn lead to 
changes in personality traits in the long run. These 
skills and strategies should be learned and continu-
ally practiced, as well as integrated into gymnasts’ 
physical preparation, and refi ned if necessary so 
that a gymnast is able to perform to his/her maxi-
mum potential. The systematic application of psy-
chological skills and strategies should support the 
balance between psychological and environmental 
factors, thus facilitating learning und stabilizing 
performance.

It can be summed up, fi rst, that there are several 
personality traits and psychological states that seem 
to be more benefi cial to a gymnast’s performance, 
development, and mental health than others, and 
second, that continually practicing psychological 
skills and strategies may infl uence psychological 
states in the short run. These changes in psycholog-
ical states may in turn lead to changes in personal-
ity traits in the long run, leading to enhancements 
in personality development.

Environment: coach’s behavior related 
to gymnasts’ development

From a psychological point of view, the envi-
ronment is comprised of the various social fac-
tors incorporating social support, peer groups, or 
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(including psychological well-being) for the gym-
nasts in the long run as well as prevention or clari-
fi cation of emerging problems in the short run.

Task: acquiring, controlling, and losing 
gymnastics skills

When a gymnast leaves the springboard to per-
form, for example, a Yurchenko vault, his/her 
actions look quite fl uid and easy but they are in 
reality quite complex. Information from different 
sensory systems needs to be integrated in order to 
perform a complex skill in a precise and safe man-
ner. The higher the expertise level of a gymnast, 
the more likely he/she will regulate his/her actions 
directly based on environmental information, and 
motor actions are strongly contingent upon the 
acquired sensory input. However, given the com-
plexity and dynamic character of gymnastics skills, 
performance may differ from training to competi-
tion, and environmental infl uences may lead to 
changes in psychological states, thus infl uencing 
task execution in different situations.

Dramatic changes in psychological states are 
thought to be a potential precondition for move-
ment errors and (in the worst case) for injuries. 
They are also thought to be preconditions for a 
phenomenon implying that skills appear to be sud-
denly lost by a gymnast (Day et al., 2006). When 
suffering from such a “lost-skill syndrome,” gym-
nasts fi nd themselves unable to perform a skill that 
was previously performed in an automatic manner. 
Such a loss of skill often results from a singular 
situation in which the gymnast performed a com-
plex skill and lost spatial orientation during skill 
performance, sometimes leading to a serious fall. 
This loss of skill can have signifi cant consequences. 
For instance, most gymnasts show a strong stress 
response when trying to perform a “lost” skill, 
which usually leads to a complete avoidance of 
skill execution or breakdown in motor control. 
This stress response often comprises perceptual 
and attentional changes, heightened levels of cog-
nitive and somatic anxiety, perceived loss of con-
trol, and negative self-talk. Some gymnasts are still 
able to initiate an intended skill. However, during 
skill execution they often fi nd themselves perform-
ing a different skill than the one that was intended 

expected to behave in a certain manner in the 
presence of their gymnasts. Preferred behaviors 
are those behaviors of a coach that are preferred 
by the gymnasts. Members of a league team could 
prefer that their coach also has an eye on the social 
part of the sport activity. Actual behaviors are those 
behaviors that the coach exhibits in a particular 
situation. Empirical evidence highlights that the 
congruence between the three components is a 
signifi cant predictor of gymnasts’ satisfaction and 
performance (Cox, 2007). In other words: gym-
nasts are likely to perform better and they are more 
satisfi ed when actual and required behaviors are in 
line with the gymnasts’ preferred coach behavior.

Required behaviors of gymnastics coaches pre-
dominantly differ as a function of coaching level, 
whereas preferred coaching behaviors predomi-
nantly differ depending on gymnasts’ gender and 
age. Actual coaching behaviors such as establishing 
a high level of trust with gymnasts, being aware 
of gymnasts’ individual (psychological and social) 
needs, making fair and comprehensible decisions, 
setting realistic expectations for each individual, 
or remaining calm under pressure are only some 
examples that are thought to have a strong infl u-
ence on gymnasts’ performance, independent 
of preferred and required behaviors. One aspect 
that integrates most of the aforementioned char-
acteristics is the compatibility between coach and 
gymnast. Compatible coach–gymnasts dyads are 
characterized by effective and open communica-
tion and the presence of rewarding behavior for 
effort and performance in a two-sided free inter-
action. Both sides feel respect for each other and 
appreciate the other’s role.

It may sound that the aforementioned attributes 
are impossible to adopt for a coach in the multi-
dimensional and complex setting of gymnastics. 
However, we feel that as it is a hard piece of work 
for a young gymnast to acquire the diverse gym-
nastics skills, it may also be a hard piece of work for 
a young coach to acquire the diverse attributes and 
characteristics that may support gymnasts to per-
form to their personal best. Taken together, effec-
tive coaching depends on the coaches’ qualities, 
the chosen leadership behavior or style, the ath-
letes’ qualities, and the given situational factors. 
This can lead to positive personality development 
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provide their gymnasts with a base of psychologi-
cal support. In order to assist gymnasts in reach-
ing peak performance and taking into account the 
complexity of task, environmental/social demands, 
characteristics of the gymnast, as well as interac-
tions between the three entities, it becomes obvi-
ous that the application of specifi c psychological 
methods can be a decisive factor, making the dif-
ference between success and failure in a competi-
tive context. Gymnastics coaches are thus advised 
to apply state-of-the-art knowledge on psychologi-
cal methods in a person-centered approach when 
working with gymnasts of all ages. Seen in the long 
run, we argue that such an approach is most effec-
tive if the gymnast is able to personalize and claim 
ownership of specifi c methods in such a way that 
they become useful strategies for him/her. In the 
next paragraph we will characterize three strategic 
approaches for training and competition as well as 
important psychological methods to be integrated 
in gymnastics training.

Strategies for training and competition

The general purpose of using psychological meth-
ods is to put oneself in an optimally aroused, confi -
dent, and focused state immediately before as well 
as during routine execution. This aim, however, 
implies that the used methods have been devel-
oped in gymnastics training on a systematic basis 
leading to the intended changes in arousal, confi -
dence, or focus. Imagine, for instance, a gymnast 
who is going to perform his high bar routine in 
a world championship competition. He is the last 
competitor and knows that he would be able to 
make it to the fi rst place if he performs the routine 
without any major errors. What can he do to cope 
with this situation? Or, extending the question, 
what could have been done in his training, prior 
to this competitive situation? From the current 
research and from the authors’ own experiences 
as sport psychologist, it is proposed that the afore-
mentioned questions can be addressed by means 
of the following three intertwined descriptions 
(Cox, 2007).

First, coaches are encouraged to develop training 
and competition plans together with their gym-
nasts. These plans should comprise the individual 

(e.g., somersault with one and a half twist instead 
of somersault with two and a half twist). Finally, 
the loss of a skill often transfers to skills with a 
similar movement structure. In sum, a loss of skill 
could imply a career-destroying potential for a 
gymnast, since this phenomenon seems to be very 
resistant to change.

Taken together, dramatic changes in psychologi-
cal states are thought to be a potential precondi-
tion for a loss of skill, which can have negative 
consequences for a gymnast. Even if the causes of 
lost-skill syndrome are still not fully understood, a 
systematic implementation of psychological inter-
ventions in gymnastics training could not only be 
one fruitful way to prevent a loss of skill but also 
to equip a developing gymnast with skills that may 
support him/her in attaining peak performance.

Psychological interventions
in gymnastics

In this section methods for optimizing gymnasts’ 
performance on a systematic basis will be discussed. 
It was already highlighted that elite gymnasts pos-
sess certain (psychological) characteristics that 
make it possible for them to experience unprece-
dented success. Empirical evidence highlights that 
psychological intervention programs are effective 
in developing and enhancing psychological skills, 
and thus are effective in enhancing gymnasts’ 
performance. Furthermore, several psychological 
models and theories have been formulated to clar-
ify the guidelines for an optimized psychological 
preparation, and to evaluate the development of 
psychological skills (Gardner & Moore, 2004).

From the current research it is also apparent 
that there are not necessarily linear relationships 
between the use of specifi c psychological methods 
and the development or change in specifi c psycho-
logical skills. Therefore, using psychological meth-
ods in gymnastics training is not trivial. It may seem 
obvious that imagery training (as a psychological 
method) infl uences imagery skill when practiced 
regularly. However, imagery training may also lead 
to changes in aspects such as self-confi dence and 
anxiety. In light of this, coaches should be able to 
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recommended to consult a professional sport psy-
chologist. Afterwards, selected psychological meth-
ods should be integrated into individual programs 
that comprise a particular, yet individual, collec-
tion of psychological methods that best suit the 
gymnasts’ needs. These methods can have different 
functions and they can be applied during training, 
in order to regulate psychological states or to facili-
tate skill acquisition. In the following paragraphs 
we will characterize some of the most important 
psychological methods in gymnastics and describe 
how they can be incorporated into an individual 
program for an upcoming vault performance.

Psychological methods integrated into 
gymnastics routines

When the gymnast prepares his-/herself and walks 
towards the starting point on the run-up track, 
he/she could use particular coping methods (e.g., 
self-talk or abdominal breathing) to balance his/
her arousal level as well as to create an atmosphere 
of self-confi dence. Afterwards, the gymnast could 
use a short imaging period during which he/she 
imagines several key points/phases of the intended 
vault as well as a successful outcome. When he/she 
is signaled to vault, the attention could be focused 
on a relevant external (e.g., springboard or vault-
ing table) or internal cue (thought). This shift in 
attention leads to the execution of the vault. As 
the vault is executed, the gymnast stays calm. If 
possible he/she can use visual spotting for spatial 
orientation during the vault. After fi nishing the 
vault, the gymnast could apply a strategy to clear 
the mind for the next apparatus. Critical analysis 
should be saved for the next training session. Addi-
tionally, during breaks, he/she could engage a con-
versation with the teammates or listen to relaxing 
music while imaging a restful scene.

To be effective, the aforementioned methods and 
strategies must be practiced systematically. Their 
temporal length should be consistent from trial to 
trial, and its execution should occur at a consistent 
time relative to the execution of the vault. Since psy-
chological methods can be very individual in nature, 
the reader should try to understand the following 
paragraphs as modules that can be used to prepare 
specifi c mental skills for individual gymnasts.

goals, the steps and behaviors necessary to reach 
these goals, as well as the steps that should be 
taken in case of emerging problems. Using training 
diaries is only one way of implementing this strat-
egy. Gymnasts’ individual goals should be evalu-
ated in a systematic way relative to the individual 
development of the gymnast (e.g., by using com-
petitive simulation), and refi ned if necessary and/
or appropriate.

Second, coaches may integrate general psycho-
logical skills training programs into gymnasts’ 
physical training on a regular basis. These pro-
grams should aim at teaching gymnasts different 
psychological methods to optimize different psy-
chological skills. Such training programs usually 
consist of several sessions. Each session can address 
different psychological methods and psycho-
logical skills, such as relaxation techniques (e.g., 
awareness of abdominal breathing), self-talk tech-
niques (e.g., using positive self-talk to cope with 
fear), focusing (e.g., shifting focus from narrow to 
broad), or imagery techniques (e.g., shifting imag-
ery perspective from internal to external). When 
applying such a program, the gymnast should be 
given time to explore which psychological meth-
ods are more appropriate for him/her in affecting 
specifi c psychological skills. While using autogenic 
training for controlling arousal level may satisfy 
one gymnast, another gymnast may prefer to use 
progressive muscular relaxation. From the authors’ 
own experience it is benefi cial to begin integrating 
such a program in gymnastics groups at ages 11–13 
for two 30-minute sessions per week over a time 
period of 6–7 months.

Third, while the previous step is of high impor-
tance in advancing young gymnasts to apply psy-
chological techniques in daily training and in 
competition, most sport psychologists would argue 
that psychological methods are most effective if 
they are adapted individually to each gymnasts’ 
strengths and weaknesses. It is likely that differ-
ent gymnasts will exhibit different profi les relative 
to their psychological skills. At fi rst, it may there-
fore be benefi cial to assess the gymnasts’ psycho-
logical strengths and weaknesses and use this as a 
starting point to equip the gymnast with further 
psychological methods or to improve the applica-
tion of already known methods. At this step it is 
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purposes. Imagery is thought to be an effective 
technique for practicing as well as adjusting tech-
nical and tactical elements of the routines (in the 
short run and in the long run) as well as a tech-
nique to prevent injury by reducing the number of 
repetitions practiced. These could include mentally 
simulating competitive environments, as well as 
building self-confi dence and focus. The relation-
ship between imagery use and performance in 
gymnastics seems to be affected by several factors 
such as the content of imagery, the skill level of the 
gymnast, the imagery ability of the gymnast, the 
perspective and sensory focus used during imagery, 
and the amount and duration of imagery use dur-
ing training (Weinberg, 2008).

For imagery to be effective, fi rst, the content of 
imagery needs to be adapted to each individual 
gymnast depending on his/her current setting and 
goals. A young gymnast may be more receptive to 
using metaphorical images such as imaging being a 
fast running panther, whereas a more experienced 
gymnast may be more receptive to imaging cer-
tain technical details of gymnastics skills. Second, 
a certain amount of skill is necessary, and thus, 
experienced gymnasts will potentially benefi t to a 
larger degree from imagery. Good imagery ability 
is another signifi cant predictor of the effectiveness 
of imagery. When working with gymnasts, coaches 
will fi nd that some gymnasts are able to imagine 
gymnastics skills vividly with a lot of detail and 
a high degree of controllability whereas other 
gymnasts have diffi culties imaging even simple 
situations and skills from their sport. Third, while 
imagery can be used from different perspectives 
(internal, external) and focused on different senses 
(e.g., visual, kinesthetic, or auditory), empirical 
evidence suggests that a kinesthetic focus is supe-
rior for the acquisition and optimization of motor 
skills. However, experienced gymnasts often report 
to have specifi c preferences in imagery perspective 
and sensory modality, and it may be advisable to 
assess gymnasts’ preference in each individual case.

A third module comprises visual spotting as a 
psychological method to be used during skill per-
formance. When a gymnast intentionally fi xates 
his/her gaze, for example, to a particular reference 
point in the environment (e.g., end of the bal-
ance beam during a standing scale), this is what 

The fi rst module refers to methods the gymnast 
could use to cope with a particular (stressful) situ-
ation. In gymnastics, coping predominantly refers 
to expending effort to master, minimize, or tolerate 
stress, which is likely to occur immediately prior to 
the execution of a gymnastics routine, and which 
can recur on each apparatus during a competition. 
Coping can focus on the stress-causing problem 
itself (problem-focused coping) or on the accom-
panying emotions (emotion-focused coping) when 
under stress. The gymnast can furthermore actively 
engage the problem or the emotion (approach cop-
ing) or try to avoid the current problem or the emo-
tion (avoidance coping). There are several factors 
infl uencing the effectiveness of different coping 
strategies. First, it is thought, that females benefi t 
more from the use of emotion-focused coping than 
males do. They also report to benefi t more from 
social support to cope with stressful situations. 
Knowing the coping preferences of individual gym-
nasts is an important precondition for psychologi-
cal interventions. Second, coping strategies that 
match the stressor are most effective. A problem-
focused coping strategy should be more effective 
in dealing with cognitive anxiety as compared to 
an emotion-focused strategy. This may, however, 
differ from gymnast to gymnast. Therefore, it is 
also necessary to know the psychological responses 
of a stressed gymnast. Third, approach and avoid-
ance coping are both benefi cial in the short run, 
but only approach coping (problem- and emotion-
focused strategy) is effective in the long run. Cop-
ing strategies are usually integrated in gymnastics 
training with either a somatic focus (e.g., deep 
abdominal breathing), or a cognitive focus (e.g., 
self-talk). Abdominal breathing or self-talk can 
easily be applied in almost every environmental 
setting or competitive situation when needed. Fur-
ther, the combination of abdominal breathing and 
self-talk (or imagery, see below) as autogenic train-
ing or progressive relaxation can, for instance, be 
applied prior to a competition or after an exhaust-
ing training session.

The second module comprises the use of imag-
ery as a psychological method. Imagery as a pro-
cess implies using all senses to create or recreate 
an experience in the mind. In gymnastics, imag-
ery may be used for motivational or cognitive 
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However, dramatic changes in psychological states 
are thought to be a potential precondition for 
movement errors, injuries, or even for a loss of 
skill. Further research should try to better under-
stand these. Experienced gymnasts are far from 
being “machines” that produce the same pattern 
of movement in every trial. Even if this might look 
so at fi rst sight, biomechanical analyses usually 
reveal that there will always remain some trial-to-
trial variability, and the question would be which 
(psychological) factors infl uence this variability 
and when does this variability support and when 
does it hamper performance. Such questions can 
only be addressed when trying to integrate fi elds 
such as psychology, movement science, and bio-
mechanics. Such an integrative approach implies 
specifi c methods such as measuring gaze behavior, 
and movement behavior (kinematics and muscular 
activation) during complex skill performance. An 
additional line of research should focus on evalu-
ating different intervention strategies in case of a 
manifested lost-skill syndrome.

Taking into account the development of new 
media and new technologies such as virtual reality 
devices, or augmented reality devices, it could be 
one interesting way in gymnastics psychology to 
research the potential and usability of such devices 
in psychological interventions. Finally, and taking 
into account recent trends in fi elds such as neuro-
science or psychophysiology, it could be interest-
ing to see to what degree psychophysiological or 
neurophysiological intervention strategies (e.g., 
transcranial magnetic stimulation or galvanic 
vestibular stimulation) could support psychologi-
cal training, physical training, or both in high-
performance gymnastics.

The relationship between psychological charac-
teristics and gymnasts’ performance may covary 
with other factors such as gender, age, cultural 
background, and so on. Therefore, investigating 
these relationships could be one fruitful way for 
further research. This could also help to address 
questions related to talent identifi cation and talent 
selection in gymnastics. It could potentially reveal 
alternative explanations for the development of 
serious problems in gymnastics, such as eating dis-
orders, drug abuse, injury, burn out, or drop out. It 
would additionally be interesting to broaden such 

is called visual spotting. It is assumed that fi xating 
the gaze to environmental reference points during 
skill execution enables the gymnast to optimize 
visual information pickup for spatial orientation. 
Empirical evidence suggests that gymnasts use 
visual spotting in the performance of gymnastics 
skills, and that there exist relationships between 
visual spotting and movement kinematics, thus 
arguing for the functional role of spotting in the 
optimization of skill execution (Heinen, 2011). 
Visual spotting helps the gymnast to engage a more 
external focus of attention, which usually leads to 
a more fl uid and precise movement execution even 
in stressful situations. It is therefore suggested that 
spotting techniques should be integrated in gym-
nastics training on a systematic and regular basis. It 
should, however, be acknowledged that gaze during 
visual spotting should be fi rst and foremost directed 
to the invariant properties of the environment, or 
the specifi c apparatus, that the gymnast will fi nd in 
different gyms or when performing on an apparatus 
from a different manufacturer. This may help the 
gymnast to stabilize skill execution even if he/she 
engages in a stressful situation or has to deal with 
problems such as lost-skill syndrome or alike.

To sum up, it is stated that the discussed psy-
chological methods can be thought of as a set of 
tools that a gymnast could use to optimize his/her 
psychological states and in turn to optimize subjec-
tive and objective performance. From the authors’ 
point of view the discussed modules are highly 
effective when integrated in gymnastics training. 
However, there may be other psychological inter-
vention strategies that could prove to be effective 
for individual gymnasts. To be effective, the meth-
ods should be practiced in a systematic and regular 
manner, and they should be integrated with physi-
cal training in such a way that the gymnast is able 
to personalize and claim ownership of the methods 
for his/her individual needs.

Further research

Elite gymnasts not only possess specifi c psycho-
logical states but also regulate complex skills 
more precisely than their less-skilled counterparts. 
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enhancements in personality development, which 
should be considered positive in nature. However, 
the relationship between the confi guration of 
psychological characteristics and gymnasts’ per-
formance may covary with other factors such as 
gender, age, cultural background, and so on. Gym-
nastics coaches are advised to apply state-of-the-art 
knowledge on psychological methods in a person-
centered approach when working with gymnasts 
of all ages. Effective coaching is characterized by an 
open communication and the presence of coaches’ 
rewarding behavior for gymnasts’ effort and perfor-
mance. The coach and the gymnasts feel respect for 
one another and appreciate each other’s roles.
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Federation International de Gymnastique (FIG) Code 
of Points, essentially increasing the required levels of 
diffi culty with each revision. The increased participa-
tion in gymnastics is encouraging because physical 
activity clearly provides many health-related ben-
efi ts to those who participate. However, increased 
involvement and diffi culty of skills practiced at an 
early age and continued through the years of growth, 
with the intense training required, strongly suggest 
the possibility of increased risk of injury. It is perhaps 
not surprising that concern has been raised regard-
ing the incidence rate, severity, and long-term effects 
of injury sustained in competitive gymnastics. Most 
competitive gymnasts, particularly those who prog-
ress to elite levels of training and competition, typi-
cally do not pass through their gymnastics careers 
without incurring injury.

The purpose of this chapter is to provide infor-
mation on the epidemiology of gymnastics injury 
as reported in the literature. Several systematic 
reviews of the epidemiology of injury in men’s and 
women’s gymnastics have been published since 
2000 (Caine & Nassar, 2005; Kolt & Caine, 2010; 
DiFiori & Caine, 2012). Consistent with the pur-
pose of the IOC Handbook series, the intent of this 
manuscript is to draw on these previous reviews 
with the purpose of capturing generally accepted 
principles and information and avoiding lengthy 
discussion of controversial fi ndings. To update the 
overall picture, however, relevant material pub-
lished since the most recent reviews will also be 
covered.

The main focus of the chapter, as determined by 
the available published research literature, will be 

Introduction

Current day Olympic Games include Men’s and 
Women’s Artistic Gymnastics, Rhythmic Gymnas-
tics, and Trampoline Gymnastics. Gymnastics is a 
sport that is well known for intense training and rel-
atively young age of participants. Like many sports 
that involve children and adolescents, gymnastics 
has experienced increased participation in recent 
years, with changes most pronounced following 
the excitement and media attention associated 
with the Olympics. Elite female and male artistic 
gymnasts may initiate training for their sport as 
early as ages six and nine, respectively, with peak 
performance being 10 or more years away. Pub-
lished studies on Artistic Gymnastics report weekly 
hours of preparation ranging from 7 to 36 hours 
among females and from 10 to 33 hours among 
males, depending on competitive level. Top-level 
gymnasts typically train twice each day, 5–6 days 
per week and up to 12 months of the year.

Extraordinary levels of athleticism and biomechan-
ical loading during training and competition are asso-
ciated with this trend toward earlier and increased 
competition. The diffi culty and range of skills that 
have come to characterize the sport have changed 
considerably over the years. Every 4 years, for exam-
ple, rule changes are made in accordance with the 
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with injury will be overrepresented in the pub-
lished literature.
• Paucity of studies on gymnasts from outside of 
North America. With different training methods 
across countries, fi ndings from one country may 
not be readily generalized to other countries.
• The popularity, participation, and fi nancial sup-
port for the sport may vary internationally.
• With signifi cant changes in gymnastics training 
(including increased diffi culty of skills being per-
formed), equipment, and rules over the years, com-
paring results from different periods of time should 
be done with caution.
• Many of the studies that investigated risk fac-
tors did not account for the multifactorial nature 
of injury risk.

It is important for the reader to consider the gen-
erally accepted principles arising from the gymnas-
tics injury research in light of these limitations.

The epidemiological approach

Participants in gymnastics and everyone who 
works with them, whether they are parents, sports 
medicine personnel, sports governing bodies, or 
coaches, need to know answers to important ques-
tions such as: What is the risk of injury and does 
the risk vary relative to type or level of gymnastics? 
When and where are injuries most likely to occur? 
What is the outcome of injury? Are some factors 
associated with an increased risk of injury? These 
are all questions that need to be answered through 
scientifi c investigation. Providing this informa-
tion is an important objective of epidemiological 
research related to Olympic gymnastics.

Injury epidemiology is the study of the distribu-
tion and determinants of varying rates of injuries 
in human populations for the purpose of identify-
ing and implementing measures to prevent their 
de velopment and spread. A model outlining the 
epidemiologic approach to sports injury prevention 
was fi rst proposed by Willem van Mechelen et al. 
(1992) and involves a “sequence of prevention” (Fig-
ure 10.1). In the fi rst step, research establishes the 
extent of injury. This involves quantifying injury 
occurrence (how much) with respect to who is affected 

on competitive Men’s and Women’s Artistic Gym-
nastics. There have been only a few injury studies 
arising from competitive Rhythmic and Trampo-
line Gymnastics. Studies of Trampoline Gymnas-
tics largely predate the inclusion of this sport at 
the Olympic level (1998) and are limited primarily 
to case series of recreational injuries. The literature 
on gymnastics injuries comes mainly in the form 
of observational epidemiological studies (e.g., pro-
spective, retrospective, and cross-sectional), includ-
ing studies that have investigated the relationship 
between injury and risk factors. Study designs such 
as case series, case reports, and anecdotal reports 
are also common in the gymnastics injury litera-
ture. However, the majority of emphasis in this 
chapter will be on information arising from obser-
vational epidemiological studies as they provide 
more generally accepted information on the inci-
dence, distribution, and determinants of injury.

Gymnastic injury research limitations

Much of the existing literature on injury in gym-
nastics deals with females, with only a few studies 
addressing male gymnasts. In reviewing the exist-
ing literature, several methodological limitations 
arise as summarized below (Kolt & Caine, 2010):
• Diversity of study populations with respect to 
age, type of gymnastics, competitive level, appara-
tus, event, and type of training environment.
• Study duration is relatively short in most studies. 
With differences in injury incidence between train-
ing and competition, comparing different periods 
of an annual performance and training cycle is dif-
fi cult and can be seen as problematic.
• Frequent use of self-report questionnaires that 
may not capture accurate details of the diagnosis 
and exact nature of injury.
• In the absence of detailed injury records retro-
spectively collected data are susceptible to gymnast 
and coach recall bias and tend to miss the more 
minor injuries, thereby resulting in lower overall 
injury rates.
• Variability in injury defi nition across studies 
thus resulting in different approaches to “count-
ing” injuries.
• Nonrandom selection resulting in the possibil-
ity that those gymnastic programs most concerned 
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research creates a prevention strategy to reduce the 
injury burden. In the fourth step, research evalu-
ates the effectiveness of the implemented preven-
tion strategy by reexamining the extent of injury. 
The study of the determinants of an exhibited dis-
tribution of varying rates of injuries (i.e., why and 
how) and the identifi cation and implementation 
of preventive strategies is referred to as analytical 
epidemiology. The focus in this chapter will be on 
the fi rst two steps of this sequence. A focus on steps 
three and four will be provided in Chapter 14.

Descriptive epidemiology

Descriptive epidemiology is by far the most com-
mon type of epidemiologic research that has been 
published in the gymnastics injury literature. A dia-
gram illustrating important aspects of the descrip-
tive epidemiology of sports-related injuries is shown 
in Figure 10.2 (Caine et al., 2006). These components 
are discussed below with the purpose of highlight-
ing their various contributions to understanding the 
incidence and distribution of injury in gymnastics.

by injury, where and when injuries occur, and what is 
their outcome. The study of the distribu tion of vary-
ing rates of injuries (i.e., who, where, when, what) 
is referred to as descriptive epidemi ology. In the sec-
ond step, research explores the causes and implica-
tions of injury, the why and how of injury. Third, 

Figure 10.1 Four-step sequence of injury prevention 
research. (Source: Van Mechelen W., Hlobil H., 
Kemper J.C.G. (1992) Springer Healthcare © Adis Data 
Information BV 2012. All rights reserved.)
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Figure 10.2 Descriptive epidemiology of sports injuries. (Source: Caine et al. (2006)).
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1 hour of activity in which there is the possibility 
of sustaining an athletic injury), or per k element  
exposures (one element exposure is defi ned as one 
gymnast participating in one element of activity in 
which there is the possibility of sustaining a gym-
nastics injury, e.g., during a vault). Most recent 
studies on gymnastics injuries report injury rates 
per k time exposures (e.g., 1000 hours), although 
there are diffi culties associated with this approach, 
especially with regards to determining time spent 
competing (O’Kane et al., 2011). Rates expressed 
per k gymnast exposures have been reported by the 
National Collegiate Athletic Association injury sur-
veillance system (NCAA ISS) (Marshall et al., 2007). 
Although attractive in terms of ease of data collec-
tion, this approach lacks precision in terms of actual 
time exposed. A diffi culty that may arise in com-
paring incidence rates from different studies relates 
to the injury defi nition employed. A review of the 
gymnastics injury epidemiology literature reveals 
that few common operational defi nitions exist for 
injury. Defi nitions include such criteria as presence 
of a new symptom or complaint, decreased function 
of a body part or decreased athletic performance, 
cessation of prac tice or competition activities, and 
consultation with medical or training personnel. 
Defi ning injury in gymnastics is problematic due to 
the tendency for gymnasts to train “around” inju-
ries. For example, a gymnast with an ankle injury 
may continue training on the uneven bars pro-
viding she avoids the dismount. Clearly, if in jury 
is defi ned differently across studies, a mean ingful 
comparison of injury rates is compromised due to 
different criteria for determining nu merator values. 
Notably, several sports including soccer (football), 
rugby union, and thoroughbred horse racing have 
recently published methodological consensus state-
ments that identify defi nitions and methodology to 
ensure consistency and comparability of results in 
studies examining injury in their sports.

Who is injured?

As might be expected, injury rates are most often cat-
egorized according to the way in which gymnastics 
participants are organized for sports (e.g., artistic, 
rhythmic, or trampoline) or level of sport (e.g., recre-
ational, high school, club college, or international). 

How many injuries?

In descrip tive epidemiology the researcher attempts 
to quan tify the occurrence of injury. The most basic 
mea sure of injury occurrence is a simple count of 
injured persons. In order to investigate the rate and 
distribution of injuries it is necessary to know the 
size of the source population from which the injured 
individuals were derived, or the  popula tion-at-risk. 
The two most commonly reported rates in the 
sports injury literature are incidence and preva-
lence. Prevalence rates pertain to the total number 
of cases, new or old, that exist in a population at 
risk at a specifi c period of time. Prevalence rates 
published in the gymnastics injury literature typi-
cally include rates for specifi c conditions such as 
wrist pain and/or radiologic abnormalities of the 
thoracic-lumbar spine among gymnasts.

The two types of injury incidence most com-
monly reported in the gymnastics injury liter ature 
are clinical incidence and incidence rates. Clinical 
incidence refers to the number of incident injuries 
divided by the total number of athletes at risk and 
usually multiplied by some k value (e.g., 100). In the 
gymnastics injury literature these rates have most 
often been presented as injuries per 100 gymnasts. 
Prior to 1990, clinical incidence was widely reported 
in the gymnastics injury literature. However, clini-
cal incidence does not account for potential vari-
ance in exposure of participants to risk for injury 
(Knowles et al., 2006). For example, an injured 
gymnast who is not training in all parts of prac-
tice is not at the same risk of sustaining injury as 
an uninjured gymnast. Incidence rate refers to the 
number of incident injuries divided by the total 
time-at-risk and usually multiplied by some k value 
(e.g., 1000). It is the preferred measure of incidence 
in research studies because it can accommodate 
variations in exposure time of individual athletes. 
Different units of time-at-risk, varying in precision, 
have been used to calculate incidence rates in the 
gymnastics literature. These include reporting the 
number of in juries per k athlete exposures (an ath-
lete  exposure or AE is defi ned as one gymnast par-
ticipating in one practice or competition in which 
there is the possibil ity of sustaining an athletic 
injury), per k time  exposures (one time exposure is 
typically defi ned as one gymnast participating in 
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Where does the injury occur?

The “where” of injury distribution involves the 
anatomical as well as the environmental or situ-
ational location (see Figure 10.2). Anatomical loca-
tions include body region of injury (e.g., upper 
extremity) as well as specifi c body parts (e.g., shoul-
der or ankle). Identifi cation of commonly injured 
anatomical locations alerts sports medicine person-
nel to injury sites in need of special attention dur-
ing preparticipation musculoskeletal assessment 
and important “targets” for preventive measures.

Environmental locations provide information 
on where the injury occurred. Environmental loca-
tions reported in the gymnastics injury literature 
include whether the injury occurred in competi-
tion or training; and appara tus used or event, such 
as balance beam or parallel bars in gym nastics. 
Information on high-risk injury locations and set-
tings provides important “targets” for further study 
and preventive measures.

Anatomical location

The lower extremity is the most commonly 
injured body region for both club-level gymnasts 
and for high school and college female gymnasts 
(35.9–70.2% of all injuries) (Kolt & Caine, 2010; 
O’Kane et al., 2011; DiFiori & Caine, 2012). This fi nd-
ing is not surprising given the repetitive dismounts 
practiced on the various pieces of gymnastics appa-
ratus. The next most frequently injured region is the 
upper extremity (7.7–36.0% of all injuries), followed 
by the trunk and spine (0–43.6% of all injuries), and 
the head (up to 8.8% of all injuries). A more specifi c 
look at these body regions highlights that injuries to 
the knee are the most common, followed by those 
to the ankle and the lower back.

The distribution by anatomical location has also 
been reported in studies of male artistic gymnasts 
(Kolt & Caine, 2010; DiFiori & Caine, 2012). Simi-
lar to that for female gymnasts, the lower extrem-
ity was the most injured region (32.8–72.2% 
of all injuries) in most studies followed by the 
upper limb (12.5–53.4%) and trunk and spine 
(7.9–31.3% of all injuries). However, male gym-
nasts tend to experience a greater proportion of 
injuries affecting specifi c upper extremity locations 

Given the variance in injury defi nitions across stud-
ies, perhaps the most reliable within- or across-sport 
comparisons arise from those studies that use a com-
mon, exposure-based injury defi nition and surveil-
lance protocol and where certifi ed athletic trainers 
or other health professionals record the injury data. 
Examples include research reports arising from the 
NCAA ISS and the RIO™ (Reporting Information 
Online). For example, the NCAA ISS reported a 
15-year average of intercollegiate injuries (Hootman 
et al., 2007). Women’s gymnastics had the second 
highest rate of competition injuries among women’s 
intercollegiate sports, preceded by women’s soccer. 
In practice, women’s gymnastics ranked highest 
among women’s sports followed by soccer. Unfortu-
nately, there is presently no organized ISS to track 
and monitor injuries occurring in club gymnastics 
or at gymnastics schools, which is where most com-
petitive gymnasts train and compete.

Comparison of injury rates across reported studies 
is diffi cult given that most authors have not taken 
into account the exposure to injury risk, but rather 
reported injury rates per season. Those who did cal-
culate exposure-based overall injury rates reported 
rates ranging from 0.5 injuries per 1000 hours of 
participation to 5.3 injuries per 1000 hours of par-
ticipation for female club gymnasts (Kolt & Caine, 
2010; DiFiori & Caine, 2012), which is relatively 
high and similar to injury rates sustained by girls 
in sports such as soccer and basketball (Caine et al., 
2006). Unfortunately, there are no overall (practice 
and competition combined) exposure-based injury 
rates reported for male gymnasts.

There is also a dearth of injury data for par-
ticipants in Rhythmic and Trampoline Gymnas-
tics. Cupisti et al. (2007) carried out an 8-month 
prospective study with 70 club-level rhythmic 
gymnasts aged 13–19 years. They reported 49 sig-
nifi cant injuries over the study period, equating to 
a rate of 1.08 injuries per 1000 hours of training. 
Whilst Trampoline Gymnastics is a relatively new 
discipline to the Olympic gymnastics family (since 
1998), only one study has reported on the epidemi-
ology of injuries in this sport (Grapton et al., 2012). 
Based on data gathered by the French Federation of 
Gymnastics (FFG) over a 5-year period, 226 injuries 
were incurred in conjunction with trampoline 
training and competition.
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and harnesses, and spotting by coaches to a degree 
not possible in competition (O’Kane et al., 2011). 
Other factors possibly contributing to higher com-
petition injury rates include higher pressure to 
perform, travel, and the different equipment and 
environment inherent in traveling to a competi-
tion (O’Kane et al., 2011). Given the higher rate of 
injury during competition, an increased focus and 
analysis of risk factors and preventive measures 
associated with competition injuries is required.

No studies of injury in Rhythmic or Trampoline 
Gymnastics have examined injury data in rela-
tion to whether injury occurred during training or 
competition.

With gymnasts participating in a wide variety of 
events or apparatus (six for men, four for women, 
and many other nonapparatus training drills), it is 
important to understand where the greatest risk of 
injury lies. However, it is diffi cult to fully under-
stand the relationship between gymnastic event 
and injury because most research reports a percent-
age distribution of injury by event, and therefore 
does not account for time exposed. It is likely that 
the incidence rate of injury would be greatest dur-
ing fl oor routines in Artistic Gymnastics due to the 
high frequency of dismounts and landings. How-
ever, this hypothesis awaits confi rmation from 
exposure-based research.

In Men’s Artistic Gymnastics and Rhythmic and 
Trampoline Gymnastics, exposure-based data in 
relation to event are not available in the published 
literature.

When does injury occur?

As Figure 10.2 indicates, the next characteristic 
of injury distribution is the when of injury occur-
rence. Time factors are typically expressed in terms 
of injury onset and timing of injury.

Injury onset

There are two broad categories of injury onset 
that differ markedly in etiology. Overuse injuries 
are more subtle and de velop gradually over time. 
They are the result of repetitive microtrauma to 
the tendons, bones, and joints. Common examples 
include growth plate injuries, patellar tendinosis, 

(e.g., shoulder or wrist) than female gymnasts, 
likely refl ecting the skills practiced and apparatus 
used in men’s gymnastics.

Data on anatomical location of injury is limited 
for Rhythmic Gymnastics. Cupisti et al. (2004) 
reported a 10.5% prevalence of low back pain 
among rhythmic gymnasts compared with 26.0% 
of matched controls (nongymnasts). In a later 
study, Cupisti et al. (2007) investigated 70 club-
level rhythmic gymnasts over an 8-month period. 
The most common anatomical sites for injury were 
the foot (38.3%), knee and lower leg (19.1%), and 
back (17.0%).

Among competitive trampoline  gymnasts the 
most commonly affected injury sites in one study 
(Grapton et al., 2012) were the lower limb (49.1%), 
followed by the spine (32.3%), and upper 
limb  (18.6%). The most frequently injured body 
parts were knee (19.9%), followed by the lower 
back (16.8%) and ankle (15.5%).

Environmental location

Not unlike competitive swimming, gymnastics is a 
sport characterized by long hours of training and 
repetition and very few hours spent in competi-
tion. It is not unusual for some gymnasts, despite 
training up to 36 hours per week, to participate in 
only 5–10 competitions per year. It is not unex-
pected, therefore, that a greater proportion of 
injuries is associated with training. Several studies 
of female gymnasts report that 71.0–96.6% of all 
injuries occur in practice and 3.4–21% in compe-
tition (Kolt & Caine, 2010; O’Kane et al., 2011). 
However, when exposure is accounted for the rate 
of injury is two to three times greater in competi-
tion. For example, collegiate female gymnasts were 
six times more likely to sustain a knee internal 
derangement and almost three times more likely 
to sustain an ankle ligament sprain in competition 
than in practice (Marshall et al., 2007). Gymnasts 
are much more likely to participate at a greater 
intensity in competition than in practice, thus 
increasing the risk of sustaining an injury. Also, in 
gymnastics when routines are performed in prac-
tice, an effort is made to ensure that the training 
environment is as safe as possible by performing 
the routine in smaller pieces, using protective mats 
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higher during a particular time, then efforts to 
better understand the risk factors for increased 
incidence are in order. For example, if the propor-
tion or incidence rate of injuries is shown to be 
greater during the latter part of a training session 
or competition, or when the gymnast has been on 
an apparatus for an extended period of time, then 
fatigue and possible loss of concentration could be 
considered as possible contributing factors.

When examining timing of injury, both timing 
within a practice session and timing during a year-
long season are important. Several studies have 
reported that the early part of a training session 
or competition is a period where a relatively high 
frequency of injury occurred (Kolt & Caine, 2010) 
suggesting insuffi cient warm-up.

Several studies have also followed the time into 
the season for injury occurrence in women’s gym-
nastics. These fi ndings indicate that injury rates 
can increase following periods of decreased train-
ing, during periods of practice of competitive 
routines, during weeks just prior to and during 
competition, and during competitive seasons (Kolt 
& Caine, 2010).

What is the outcome of injury?

As Figure 10.2 indicates, the next characteristic 
of injury distribution is injury outcome related to 
severity, or the “what” of injury occurrence. Injury 
severity can span a broad spectrum from abrasions 
to fractures, to those injuries that result in severe 
permanent functional disability (i.e., direct cata-
strophic injury). In the epidemiologic litera ture 
on sports injuries, injury severity is typically indi-
cated by one or more of the following: injury type, 
time loss, need for medical treatment, and residual 
symptoms. Assessment in each of these areas is 
important to describe the extent of the injury prob-
lem. It may be, for example, that injury incidence 
is similar in two sports; however, the severity of 
injury may vary considerably between these sports.

Injury type

Identifi cation of common injury types is impor-
tant because it alerts sports medicine personnel 
to injury types in need of special attention and 

and medial tibial stress syndrome. Injuries that 
occur suddenly are often termed acute or sudden 
im pact injuries and are usually the result of a sin-
gle, traumatic event. Common examples include 
wrist fractures, ankle sprains, and shoulder disloca-
tions. An injury history may actually involve both 
categories of injury on set, such as when an acute 
injury is superimposed on a chronic mechanism. 
However, this third in jury category is not often 
distinguished in the epidemiologic literature on 
gymnastics injuries. Most studies in the gymnastics 
injury literature do not distinguish between acute 
and overuse injuries. However, this is an important 
oversight since risk factors for overuse and acute 
injuries may differ. Determination of activity or 
apparatus at the time of injury should be limited 
to acute injuries (O’Kane et al., 2011). The impor-
tance of identifying injury onset is also important 
given the growing evidence of overuse problems in 
gymnastics, particularly among child and adoles-
cent gymnasts.

In gymnastics, where a high number of training 
hours are required for high-level performance, and 
where a number of high-risk skills are performed, 
it is expected that both overuse and acute inju-
ries will occur. Studies reporting injury onset for 
female gymnasts indicate a range of 21.9–55.8% 
for overuse and 44.2–82.3% for acute injuries 
(Kolt & Caine, 2010; O’Kane et al., 2011). O’Kane 
et al. (2011) reported incidence rates of 1.8 and 
1.3 injuries per 1000 hours for overuse and acute 
injuries, respectively.

Studies of male gymnasts also show a greater 
proportion of sudden versus gradual onset inju-
ries (Kolt & Caine, 2010). The proportion of over-
use versus acute injuries may vary according to 
anatomical location and competitive level with 
advanced-level gymnasts showing a higher propor-
tion of overuse injuries in some studies.

The main injury study in Rhythmic Gymnas-
tics to date (Cupisti et al., 2007) did not report the 
onset of injury as overuse or acute.

Timing of injury

Examples of timing of injury include time into 
practice, time of day, and time of season when 
injury occurs. It stands to reason that if rates are 
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be common among artistic gymnasts; however, 
these data arise from cross-sectional studies pub-
lished more than 20 years ago (Caine et al., 1996). 
Radiological fi ndings indicate the potential damag-
ing effects of excessive mechanical loading on the 
immature spine of gymnasts including damage to 
the pars interarticularis resulting in spondylolyis or 
spondylolisthesis, discogenic pathology, and ver-
tebral endplate abnormalities (Caine et al., 1996). 
However, several researchers have suggested that 
anterior column spine problems, such as anterior 
vertebral endplate fractures, are becoming more 
common than posterior column spine problems 
(Caine & Nassar, 2005; Marshall et al., 2007).

In prior literature, the frequency of head injuries 
and concussion is quite low, ranging from 0 to 0.7% 
among female artistic gymnasts (Caine & Nassar, 
2005), and 2.3% of practice injuries and 2.6% of 
competition injuries among collegiate female gym-
nasts (Marshall et al., 2007). However, in the most 
recent study published on Women’s Artistic Gym-
nastics injuries (O’Kane et al., 2011), the percent-
age of gymnasts reporting head injury was 8.8%, 
and a history of concussion ranged from 15.6 to 
30.2% depending on the defi nition of concussion.

The data on injury types for male gymnasts are 
scanty, but indicate a similar distribution to that 
experienced by female artistic gymnasts.

For Rhythmic Gymnastics, only one study has 
reported injury type (Cupisti et al., 2007). They 
found that, of the 46 injuries recorded, 26.1% 
were strains, 15.2% sprains, 17.4% contusions, 
6.5% fractures, 2.2% dislocations, and 32.6% were 
classifi ed as other. Injury types among competi-
tive Trampoline Gymnastics (Grapton et al., 2012) 
are mainly ligament sprains (44.2%) affecting the 
lower limb, followed by bone (31.9%) and muscu-
lar injuries (18.6%). The most frequently injured 
body parts were knee (19.9%), followed by the 
lower back (16.8%) and ankle (15.5%).

Time loss

A useful measure of injury severity used in the 
literature on gymnastics injuries is the duration of 
restriction from athletic performance subsequent 
to injury. Understanding the time lost to training 
or competition as a result of injury is important 

it directs researchers in identifying and testing 
related risk factors and preventive measures. Most 
gymnastics injury studies report injury types in 
general terms such as contusion or fracture, with 
few specifi cs on type of fracture, grade of injury, 
and so forth. Injury types are generally reported as 
percentage values. However, it would be preferable 
to report incidence rates for specifi c injury types, 
for example, anterior cruciate ligament (ACL) inju-
ries, to better facilitate the analysis of risk factors 
and preventive measures.

Injury types in gymnastics have been catego-
rized differently across studies, making compari-
son diffi cult. For example, some studies combine 
lower leg and ankle injuries, while others separate 
these injury types. A recent review of injury types 
in gymnastics (Kolt & Caine, 2010) indicates that 
sprains (15.9–43.6%) are the most common type 
of injury followed by strains (6.4–31.8%). Typically 
caused by inversion ankle injuries, ankle ligament 
sprains are the most common acute injuries in 
gymnastics (DiFiori & Caine, 2012). Other types of 
injuries that are common include contusions, frac-
tures, and infl ammatory conditions.

Although pain may not necessarily result in time 
loss and/or injury, pain among gymnasts is prob-
lematic and may affect performance. Many gym-
nasts continue training and competing with pain. 
For example, Caine and Nassar (2005) reported that 
injuries or conditions treated at the 2002–2004 
USA Gymnastics National Women’s Artistic Cham-
pionships ranged from 27.6 to 80% of the junior 
and from 62.5 to 70% of senior gymnasts. Next 
to sprains (27.4%), the most common treatments 
were for overuse conditions (17.8%) and nonspe-
cifi c pain (14.4%). Similarly, Harringe et al. (2004) 
noted that half of the team gymnasts (58%) in their 
study competed despite having symptoms from an 
injury on the day of competition.

Wrist pain is common among gymnasts of both 
sexes who train and compete at advanced skill 
levels. Prevalence estimates of wrist pain among 
these participants range from 46 to 79% (DiFiori 
& Caine, 2012). Chronic wrist pain in young gym-
nasts does not appear to be a transient phenom-
enon and may result in stress-related injury (e.g., 
stress changes to the distal radial physis). Preva-
lence studies also indicate that low back pain may 
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from 62.5 to 70% of senior gymnasts, respectively, 
were treated for pain or injury at the USA National 
Women’s Artistic Championships between 2002 
and 2004 (Caine & Nassar, 2005). During a 1-year 
injury surveillance of advanced club-level female 
gymnasts, 36 of 50 gymnasts consulted with a phy-
sician for 59 injuries (Caine et al., 1989).

Clinical outcome

Clinical outcome of injury includes such factors 
as recurrent injury, nonparticipation, and residual 
effects. An unfortunate outcome of many injuries, 
at all levels of sport, is recurrent injury. Gymnastics 
is a sport where participants experience recurrent 
injuries for several reasons including premature 
return to activity, inadequate rehabilitation, and 
underestimation of the severity of the primary 
injury. A gymnast with previous injury who returns 
to participation may be characterized by a changed 
injury risk profi le, particularly if the original injury 
has not been properly rehabilitated. In studies of 
competitive female artistic gymnasts between 24.5 
and 32.3% of all injuries were reinjuries (Kolt & 
Caine, 2010). No recent published data are avail-
able on rates of recurrent injury, nor are there any 
data available for male artistic gymnasts.

Another important but infrequently researched 
aspect of injury outcome relates to the frequency 
of season- or career-ending injuries (i.e., nonpar-
ticipation). An important question to address is 
how many gymnasts drop out of their sport, either 
temporarily or permanently due to injury. Data 
on season-ending injuries have been provided in 
only a few studies of young gymnasts. The types of 
injuries that were involved in decisions to drop out 
included ACL rupture, osteochondritis dissecans of 
the elbow, knee meniscus lesions (although these 
are now more easily managed with arthroscopic 
treatment), navicular stress fracture, chronic rota-
tor cuff conditions, and injuries to the low back. 
Other studies that have examined the relation-
ship between injury and dropping out of sport 
found that between 16.3 and 52.4% of those who 
dropped out of club-level gymnastics had an injury 
at the time of withdrawing from the sport (Kolt 
& Caine, 2010). Although this may suggest that 
injury played a role in the withdrawal, there are 

for coaches, sports medicine personnel, and par-
ticipants. Not only does it provide an indication 
of the severity of injury, but also the impact that 
the injury has on overall training and competi-
tion programs. Most studies reporting time loss use 
days lost from practice or com petition as a measure 
of injury severity. These time loss data are often 
categorized by time periods (e.g., 7 or less days) 
indicating degree of severity. Although the use of 
days lost from participation may be among the 
more precise representations of injury severity in 
the literature, this approach is not without prob-
lems. For example, subjective factors, such as per-
sonal motivation, peer infl u ence, or coaching staff 
reluctance/encouragement, may determine if and 
when gymnasts return to practice or competition. 
Accessibility to a health care professional and loca-
tion of injury may also impact decision of when to 
return to gymnastics. As noted previously, it is not 
uncommon for gymnasts to participate at competi-
tions with chronic injury problems (Harringe et al., 
2004; Caine & Nassar, 2005).

Gymnastics is a sport characterized by very little 
total time loss from full participation. That is, in 
the presence of most injuries, participants can con-
tinue to train in a modifi ed manner or on appara-
tus or skills that do not impact on the injured body 
part. In many cases this is important as a method 
to maintain skill and fi tness levels. Although most 
gymnastics injuries are relatively minor in terms 
of time loss, there is some research that indicates 
that particularly advanced level gymnasts may 
spend a substantial portion of their training at less 
that full practice (Kolt & Caine, 2010). For exam-
ple, over 16 years, 39% of all women’s intercolle-
giate competition injuries and 32% of all training 
injuries resulted in a time loss of 10 or more days 
(Marshall et al., 2007).

For competitive rhythmic gymnasts, Cupisti et al. 
(2007) found that for each injury sustained, 4.1 
training sessions were missed and 32 were modifi ed.

Need for medical treatment

There are few data published that provide an insight 
into the number of gymnasts who seek medical 
attention for injury and the cost of this treatment. 
As mentioned above, 27.6–80% of the junior and 
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and recreational gymnasts indicate no catastrophic 
injuries (Kolt & Caine, 2010).

The Cupisti et al. (2007) study of Rhythmic Gym-
nastics did not identify any catastrophic injuries.

Analytical epidemiology

Analysis of gymnastics injury risk factors has pro-
duced a number of signifi cant injury predictors—
including such factors as age, competition, periods 
of rapid growth, previous injury, and stressful life 
events—which have shown consistent results across 
multiple studies. However, much of the analytical 
literature suffers from one or more of the follow-
ing limitations: injury defi nitions and methods of 
injury data collection that are extremely variable, 
incidence rates based on clinical incidence rather 
than incidence rates (i.e., rates based on hours or 
sessions of exposure) are often used to distinguish 
high-risk athletes, failure to account for the dif-
ferent categories of injury onset, and inappropri-
ate analyses for detecting multifactorial risks. As a 
result, much of the risk factor research should be 
viewed as initial work in the important search for 
injury predictors and that may provide interesting 
variables for manipulation in other study designs.

Injury risk factors

For injury intervention and rehabilitation programs 
to be effective, an in-depth knowledge of injury risk 
factors is paramount. This is particularly so given 
that gymnastics is a sport with relatively high injury 
rates. Risk factors may be classifi ed as intrinsic or 
extrinsic. Intrinsic factors are individual biologi-
cal and psychosocial charac teristics predisposing a 
person to the outcome of injury such as previous 
injury, strength, or life stress. Extrinsic (or enabling) 
risk factors are factors that have an impact on the 
gymnast “from without” and include such factors 
as coach’s qualifi cations, training time, and level of 
competition. Intrinsic and extrinsic risk factors may 
interact to increase the risk of injury.

Risk factors can also be divided into modifi able 
and nonmodifi able factors. Modifi able risk factors 
refer to those that can be altered by injury prevention 

several other factors (e.g., age, transition to other 
sports, or loss of motivation or interest) that could 
have infl uenced this decision. Notably, O’Kane et 
al. (2011) reported that a little more than half of 
the gymnasts in their study played other sports.

Perhaps the most important question one can 
ask related to injury severity concerns residual or 
long-term effects of injury. Although engaging in 
physical activity has many health benefi ts, there 
is also risk of injury that may have long-term con-
sequences on the musculoskeletal system resulting 
in reduced levels of physical activity or medical 
treatment. If residual symptoms are slight, they 
may cause the gymnast to modify his or her level 
of training. In some cases, however, functional 
limitations resulting from injury may preclude 
further participation in gymnastics or, following 
participation, result in reduced levels of activity 
secondary to residue from injury. For example, 
a link between acute knee or ankle injury and 
osteoarthritis is likely. Several studies found no 
differences between former gymnasts and control 
groups (nongymnasts) in back pain, but reported 
a higher prevalence in radiological changes (e.g., 
degenerative changes) in the gymnastic groups 
(Kolt & Caine, 2010).

In extreme cases, such as catastrophic injury, 
serious physical damage may result in perma-
nent, severe functional dis ability such as quad-
riplegia. There is concern in gymnastics regarding 
catastrophic injury given the “high-risk” skills 
being trained and competed. The limited data 
on catastrophic injuries in gymnastics arise from 
case reports and series from the United Kingdom, 
China, the United States, Japan, and Germany 
(Kolt & Caine, 2010) and include those injuries 
suffered in Trampoline Gymnastics. Data aris-
ing from the National Center for Catastrophic 
Sports Injury Research (http://www.unc.edu/depts/
nccsi/; accessed on February 22, 2013), which has 
tracked catastrophic injuries in high school and 
college settings since 1982, indicate a total of 20 
direct catastrophic injuries that occurred among 
high school (n = 13) and college (n = 7) gymnasts 
during 1982–2011. Catastrophic injury rates (per 
100,000 participants) were relatively high in gym-
nastics compared to other sports. In contrast, data 
arising from multiple cohort studies of club-level 
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of injury (i.e., adaptive changes such as increased 
intrinsic strength).

Once the athlete is predisposed, extrinsic 
or “enabling” factors such as faulty equipment or 
coaching behavior may facilitate manifestation of 
injury. According to the dynamic recursive model 
extrinsic risk factors, like intrinsic risk factors, are 
also subject to change in the context of repeated 
participation in sport. For example, rule changes 
or equipment may result in risk modifi cation, thus 
changing susceptibility to injury.

Intrinsic factors

Some studies showed that body size (height and 
weight), age, and body fat were all greater in 
injured or high-injury-risk gymnasts (Kolt & Caine, 
2010; DiFiori & Caine, 2012). However, it is pos-
sible in these studies that factors such as greater 
height and weight characterize older gymnasts 
who are competing at higher levels of competition. 
Some research also indicates that a rapid period 

strategies to reduce injury rates. Although non-
modifi able risk factors such as gender or age may be 
important considerations in many studies of injury 
prediction and should be accounted for in statis-
tical analyses, it is above all important to study 
factors that are potentially modifi able. What com-
plicates the iden tifi cation and quantifi cation of 
risks is that causality associated with injury is both 
extremely complex and dynamic in nature. Wil-
lem Meeuwisse et al. (2007) proposed a dynamic 
recursive model that accommo dates a multifacto-
rial assessment of causation in athletic injuries and 
emphasizes the fact that adaptations occur within 
the context of repeated participation in sport (both 
in the presence and absence of injury) that alter 
risk and affect etiology in a dynamic, recursive 
fashion (see Figure 10.3). In this model, intrinsic 
factors are viewed as factors that predispose the 
athlete to react in a specifi c manner to an injury 
situation. However, what is important to under-
stand is that intrinsic factors are not constant and 
may change in response to injury or to absence 
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Figure 10.3 Recursive model of etiology of sport injury. (Source: Meeuwisse et al. (2007)).
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areas of needed research. We list below what we feel 
to be the most important areas for further research:
• Above all, this overview of the gymnastics injury 
literature underscores the need to establish national 
and international ISS’s designed to provide current 
and reliable data on injury trends in boys and girls 
club-level gymnastics.
• An international guideline with respect to grad-
ing of different levels of gymnastics would provide 
a possibility to compare studies at international 
levels.
• There is a pressing need for a FIG consensus state-
ment that identifi es injury defi nitions and research 
methodology to ensure consistency and compara-
bility of results in epidemiological studies examin-
ing injury in gymnastics.
• Further work on injury in relation to exposure 
time data is required. To date, only a few studies 
have looked at injury in light of the amount of 
time gymnasts actually spend in preparation and 
competition.
• With signifi cant changes in gymnastics over the 
past 10–15 years (including equipment changes 
and rule changes), injury data on current day gym-
nasts are required. In this regard, nationally orga-
nized injury surveillance programs are needed.
• Research on injury in male gymnasts is clearly 
lacking and needs attention. This should specifi -
cally include descriptive and analytic risk factor 
studies.
• Research on injury in Rhythmic Gymnastics is 
also clearly lacking and needs attention. With very 
different physical demands in Artistic Gymnastics, 
relying on generalization of fi ndings across dis-
ciplines is not advised. Both descriptive and risk 
 factor studies are required.
• There is a paucity of research specifi cally on 
Trampoline Gymnastics. As this discipline becomes 
more popular, research fi ndings will be required 
to help guide training and injury prevention and 
rehabilitation. Future research on Trampoline 
Gymnastics should include descriptive and risk 
factor studies.
• Further research is required on the cost and 
extent of surgery procedures required, which relate 
to gymnastics injury as well as the residual effects 
of injuries later in life. With many gymnastics 
injuries being long-term or chronic in nature, it is 

of growth and previous injury are associated with 
increased risk of injury (Kolt & Caine, 2010; DiFiori 
& Caine, 2012). An interesting but underresearched 
area of injury risk in gymnastics is the role that psy-
chosocial factors play. Increased levels of life stress 
were associated with the number of and severity 
of injury in some research (Kolt & Caine, 2010; 
DiFiori & Caine, 2012). The retrospective nature 
of some of these studies, however, means that the 
direction of the relationship between life stress and 
injury cannot be accurately determined.

Extrinsic factors

There is some evidence that advanced club-level 
gymnasts are at increased risk of injury compared to 
their beginning level counterparts, especially in com-
petition, and that intercollegiate competition injury 
rates were higher in those competing in higher level 
versus lower level divisions (Kolt & Caine, 2010). One 
would expect injury rates to increase with higher lev-
els of competition because advanced-level gymnasts 
have more years training since competitive initiation 
and the technical diffi culty of the skills they perform 
is also greater (Caine et al., 1996).

Inciting events

Very few studies provide information on the action 
or activity leading to injury in gymnastics. Existing 
research indicates that a majority of injuries occur 
during landings in fl oor exercise or when dismount-
ing from other apparatus. Contact with fl oor, mat, 
or equipment is also related to injuries in practice 
and competition (Kolt & Caine, 2010; O’Kane et al., 
2011). In women’s intercollegiate gymnastics the 
majority of competition injuries (70.7%) resulted 
from other contact, primarily during landings. This 
category was also the leading mechanism for prac-
tice injuries (Marshall et al., 2007).

Further research

Although we have learned a great deal from epi-
demiological studies of injury affecting gymnasts, 
there remain many unanswered questions and 
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• Although there tends to be a greater propor-
tion of acute injuries, overuse injuries appear to be 
increasingly common at advanced levels of train-
ing and competition.
• The fi ndings of some studies indicate that the 
frequency of injury is relatively high during the 
early part of training and competition suggesting 
insuffi cient warm-up.
• Studies also indicate increased injury rates fol-
lowing periods of decreased training, during peri-
ods of practice of competitive routines, during 
weeks just prior to and during competition, and 
during competitive seasons.
• Although most injuries are relatively minor in 
gymnastics, the severity of injury appears to be 
high among advanced level gymnasts.
• Catastrophic injuries appear to be an infrequent 
occurrence in gymnastics; however, the clinical 
incidence at the collegiate level appears to be rela-
tively high compared to other sports.
• Preliminary analysis of risk factors suggests that 
the following may be associated with increased 
risk of injury among gymnasts: periods of rapid 
growth, history of previous injury, excessive 
life stress, and advanced levels of training and 
competition.

Given the life-changing impact injury can 
have on gymnasts, both in the short- and long-
term, the current paucity of well-designed 
epidemiological studies of all forms of Olympic 
gymnastics injuries is disturbing. The impor-
tance of establishing denominator-based injury 
surveillance in obtaining an accurate picture of 
injury risk and severity and as a basis for testing 
risk factors cannot be overemphasized. We feel 
that there is an ethical imperative for gymnastics 
governing bodies, both nationally and interna-
tionally, to provide incentive and guidance for 
epidemiological research in all forms of Olympic 
gymnastics.
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a range of movement outside normal levels with 
marked increased laxity, which is normal for them, 
and does not imply a pathological instability.

Gymnastic injuries can be defi ned as acute or 
as chronic. Acute injuries are sustained at a spe-
cifi c event, such as fractures and dislocations, 
more than 40% of which affect the upper limb 
(Singh et al., 2008). Chronic injuries are longstand-
ing and develop either through overuse, or as a 
consequence of an acute injury, such as shoulder 
instability or osteochondral defects.

Acute injuries

Fractures

Fractures are a common injury, which can fre-
quently be treated with good results without need-
ing operations. It is beyond the scope of this book 
to describe the best treatment for individual frac-
tures, but the principle of treatment of all fractures 
is the same:
• Reduction into an acceptable position.
• Immobilization by plaster, internal fi xation 
(plate, screws, or nails), or external fi xation (rare in 
the upper limb).
• Rehabilitation.

In general terms, displaced fractures, open frac-
tures, unstable fractures, and those with vascular 
injuries require surgery to avoid long-term func-
tional defi cits. There may be an argument made for 
surgery to allow earlier return to activities, and this 

Introduction

Gymnasts have complex and unique functional 
demands of their upper limbs. Few other activities 
have similar requirements. Not only do apparatus, 
such as beam, pommel horse, and parallel bars, 
require that the full body weight is supported by 
the arms, but furthermore the gymnast lands repet-
itively on the hands, and takes off again whilst 
tumbling, and on vault and fl oor. These activi-
ties put enormous strain through a limb, which is 
not normally required to undertake these forces. 
The arm is also required to maintain extreme 
strength for activities on the rings, without losing 
any of the fl exibility without which many activi-
ties for gymnasts would be impossible, such as 
swinging on the high, uneven or parallel bars. To 
complicate things further these activities are all 
honed during the gymnasts growing years, before 
skeletal maturity, when damage to growth plates 
can occur. All of these factors together leave gym-
nasts at risk of developing upper limb problems. 
Problems, which are minor for most people, can be 
debilitating for gymnasts. This requires that medi-
cal personnel understand the rigors of the sport, 
and that despite normal examination there may be 
an underlying cause of functional impediment for 
high-level performance. Also, gymnasts may have 
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Glenohumeral joint dislocation is a common 
sports injury, which occurs most frequently from 
indirect trauma with the shoulder forced into 
abduction and external rotation, causing an ante-
rior dislocation. It can however occur as a direct 
injury by landing on the humeral head, and in any 
direction. The initial treatment requires reduction 
of the dislocation as quickly as possible by a com-
petently trained practitioner. Ideally, a prereduc-
tion radiograph should be taken to exclude any 
associated fracture, and the limb should be exam-
ined for any neurovascular injury, particularly to 
exclude an axillary nerve injury. Once the shoulder 
is reduced it should be immobilized in a sling for 
3–4 weeks following a rehabilitation program, pro-
gressing from initial isometric cuff strengthening 
whilst immobilized to external rotation and active 
movement, avoiding abduction and external rota-
tion for 6 weeks. Young athletes have a high recur-
rence rate after dislocation and often suffer with 
instability symptoms. As a result, arthroscopy and 
stabilization should be considered following a dis-
location to reduce these risks from 60% recurrence 
rate to 5% at 2 years (Brophy & Marx, 2009). Con-
sideration should also be given to the possibility 
of reduced range of movement following stabiliza-
tion, particularly in open stabilization. Rehabili-
tation following surgery is likely to take at least 
6 months.

may be more common in elite gymnasts to allow 
continued training. This is a relative indication 
for surgery, and needs in-depth discussion with 
an orthopedic surgeon to make a good judgment, 
as there are risks to operating, which may delay 
return to training.

As a sport, gymnastics puts the body at risk from 
fractures due to falls from height, and twisting 
injuries, but the wrist and forearm are at risk from 
accidents with the dowel grip of the wrist guards 
on bars, which can lock causing a hyperfl exion 
injury of the wrist, which can result in fracture and 
extensor tendon rupture. This should be avoided 
with proper fi tting and maintenance.

Fractures occurring to the hand and fi ngers are 
common, and the treatment whether surgical or 
nonoperative needs to allow early mobilization of 
the fi ngers to avoid long-term stiffness and tether-
ing of the tendons.

Most forearm and clavicle fractures take 
4–6 weeks to heal, and humeral fractures double 
this time. It is important to maintain core stability 
and lower limb conditioning during this time, and, 
if allowed, to maintain range of motion (ROM) of 
other joints of the chain, to prepare for return to 
training.

Dislocations

The most common dislocations of the upper limb 
are of the acromioclavicular joint (ACJ), shoulder, 
and the elbow. All typically occur after a fall. The 
diagnosis is often obvious due to the deformity, 
pain, and inability to move the affected part.

ACJ dislocations (also known as shoulder separa-
tions) occur after a fall onto the point of the shoul-
der (Figure 11.1). Dislocations are graded by the 
severity of the stabilizing structures affected. Treat-
ment of low-grade injuries (with minimal soft tis-
sue injury) consists of rest and rehabilitation, the 
duration of which depends on severity, and the 
return to sport is guided by loss of local tenderness 
and a pain-free range of movement. Extreme dis-
locations with incarceration of the clavicle in sur-
rounding tissues require surgical correction, but 
there is controversy about requirement for surgery 
for completely displaced disruptions, which are 
not incarcerated.

Figure 11.1 Plain radiograph of acromioclavicular joint 
(ACJ) dislocation. The white arrow denotes the position 
the lateral clavicle ought to line up with against the 
acromion.
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Traction apophysitis

As in the lower limb, but less commonly, repetitive 
traction on the growing parts of the skeleton, by 
ligament strain and tendon pull, particularly dur-
ing times of increased growth, can lead to infl am-
matory changes, resulting in pain. These most 
frequently affect the elbow, particularly the medial 
epicondyle, but occasionally the olecranon. As with 
other apophysitides, the treatment is conservative 
with ice, compression, anti-infl ammatory medica-
tion, and activity modifi cation, whilst addressing 
fl exibility and strengthening as required.

Distal radius physeal stress fracture

(gymnast’s wrist)

This condition is mainly seen in females 
 12–14 years of age with a training routine exceed-
ing 35 hours per week. The condition may be con-
sidered at three stages: stage 1 = pre-radiographic, 
stage 2 = radial physeal radiographic changes, and 
stage 3 = stage 2 with secondary ulnar positive vari-
ance ( Figure 11.2).

Elbow dislocation occurs predominantly poste-
riorly as a result of hyperextension of the loaded 
elbow, and often happens during tumbling or on 
the vault, but female gymnasts are also at risk on 
the uneven bars when falling on the outstretched 
arm during fl ight skills or changing from the low to 
high rail. It can be a simple  dislocation, but often 
has an associated fracture, commonly the coronoid 
process or medial epicondyle apophysis, which can 
become incarcerated during reduction. It can be 
associated with both nerve and vessel injury and 
the distal pulse should be assessed. Once reduced, a 
radiograph should be taken to exclude any associ-
ated fractures. Small coronoid fractures and undis-
placed radial head fractures can often be treated 
conservatively with a sling for comfort, but the 
aim of all treatment following any elbow injury 
should be early mobilization, as the most debilitat-
ing sequelae is stiffness, which is diffi cult to treat. If 
the elbow is unstable after reduction, due to bony 
or ligamentous injury, surgery should be preferred 
to any kind of immobilization (Athwal et al., 2011).

The interphalangeal joints of the hand can dislo-
cate, if hyperextended after falling, and can be treated 
with reduction, followed by radiographic assessment 
for fracture and subsequent protected mobiliza-
tion. The thumb metacarpophalangeal joint can be 
injured leading to rupture of the ulnar collateral liga-
ment if the thumb is forced into hyperabduction in 
activities such as landing on the parallel bars after 
fl ight moves. This will require surgical treatment.

Landing on the outstretched hand on any appa-
ratus puts the bones and joints of the carpus at risk 
of scapholunate dissociation, which presents with 
obvious deformity of the hand, gross swelling, and 
requires urgent surgical treatment to restore the 
anatomy.

Chronic injuries

Growth-related problems

As gymnastics is a sport which is developed during 
skeletal maturation, and requiring long hours of 
repetitive training, there is a signifi cant load placed 
on the growing structures which can be related to 
chronic problems.

Figure 11.2 MRI scan of distal radial physeal stress 
fracture. Note the high signal in the physeal area 
(arrows).
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The process has best been described for throwing 
athletes. During the late cocking and early accelera-
tion phases of throwing, the elbow is subjected to 
high valgus stress with distraction forces applied to 
the medial aspect of the elbow and signifi cant com-
pression and shear forces to the lateral radiocapi-
tellar joint. The extreme, repetitive axial loads in 
young gymnasts with a frequently increased physi-
ological valgus lead to comparative high loads in 
these athletes. Repeated radiocapitellar compres-
sion on the immature epiphysis from repetitive 
valgus strain leads to subchondral fatigue fracture. 
Continued compressive stress leads to ultimate 
breakdown and fragmentation of the overlying 
articular cartilage and subchondral bone.

When the subchondral fracture leads to displace-
ment, a subsequent fracture of the overlying carti-
lage leads to detachment of the fragments resulting 
in loose bodies.

A subsequent vascular injury to the bone, with a 
tenuous vascular supply with one or two end ves-
sels to the capitellum may add to the further col-
lapse of the involved part of the capitellum.

Patients complain of pain, fi rst during activities 
and subsequently during rest. Physical examina-
tion sometimes reveals a mild effusion and pain on 
palpation of the capitellum. Rarely, instability of 
the collateral ligaments is seen. When an effusion 
is present there is often limitation of extension.

Radiographic modalities

The classic early fi ndings of capitellar rarefaction, 
radiolucency, or fl attening of the articular sur-
face can be seen on plain radiographs. The typical 
lesion is located on the anterolateral aspect of the 
capitellum. Fragmentation with demarcating scle-
rosis and formation of loose bodies are seen with 
more advanced lesions. Late fi ndings include radial 
head enlargement and osteophyte formation.

While X-rays are not very sensitive, especially in 
determining the type of treatment advised, often 
MRI is added. MRI shows bone changes earlier than 
a plain X-ray and supplies information about the 
state of the articular cartilage, vascularity of the 
fragment (when intravenous gadolinium is used), 
and stability of the fragment (with the use of 
intraarticular gadolinium) (Figure 11.3).

In stage 1, diagnosis is made on clinical grounds, 
and gradual return to activities may be possible in 
2–4 weeks. In stage 2, X-ray fi ndings of physeal 
widening and cystic changes exist, and return is 
prolonged to 2–4 months. In stage 3, concern for 
ulnar abutment symptoms and subsequent symp-
toms apply. No correlation between MRI fi ndings 
and stages of healing has been found; thus, it is not 
useful as a prognostic tool.

Early closure of radial physis

Experiments have shown that in a wrist with the 
arm in neutral rotation 80% of the load is trans-
ferred though the radius and 20% though the ulna 
(Albanese et al., 1989). Forearm supination pro-
duces a relative negative ulnar variance, forearm 
pronation produces a relative positive ulnar vari-
ance. A wrist loaded with the forearm in supination 
produces an increase of load transmitted through 
the radius. Increased load through the radius may 
lead to excessive forces resulting in early closure of 
the physis of the distal radius.

Osteochondritis dissecans

Osteochondritis dissecans (OCD) of the elbow is 
an idiopathic, localized disorder of the subchon-
dral bone resulting in separation and fragmenta-
tion of the articular surface and underlying bone. 
The fi rst description was by König in 1887, where 
he thought it was caused by an infl ammatory 
reaction of the cartilage (Edmonds & Polousky, 
2013). At present no formal etiology is known, 
but infl ammation does not play a role in the 
pathogenesis.

It is an increasing cause of elbow pain and dys-
function in the competitive adolescent athlete and 
can lead to clicking and pseudolocking. It mostly 
affects the young adolescent athlete involved in 
high-demand, repetitive overhead, or weight-
bearing activities, for example, young male base-
ball players and female gymnasts.

It should not be confused with Panner’s disease 
(osteonecrosis of the capitellum), which occurs in 
mainly male patients younger than 10 years. It 
may however be the same process with a different 
course and prognosis.
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diagnosed with MRI with an open physis of the 
capitellum. This treatment includes immedi-
ate cessation of repetitive stress and, when the 
ROM is normal, exercises of the elbow. Regular 
X-rays and MRIs are performed at 6–12 weeks 
intervals. It typically takes 6 months to confi rm 
healing.

When the fragment is unstable on MRI, or the 
physis is closed or a loose body is seen on the radio-
graph, surgery is performed. Most of the procedures 
can be performed arthroscopically, which enables 
a full inspection of the joint and leads to a faster 
rehabilitation. Several arthroscopic treatments are 
described, and there is no evidence currently for 
the best treatment. Generally the following guide-
lines can be used:
• The fragment is still present and the overlying car-
tilage intact: Either retrograde drilling, using a 
guide or transchondral drilling can be performed 
to enhance the vascularity of the bone fragment. 
Follow-up studies with X-ray or MRI can monitor 
the healing of the defect.
• The fragment is present but unstable: Fixation with 
screws, small bone pegs, or other devices can be 
performed.
• If the fragment becomes detached to form a loose 
body: The fragment can be removed and the 
lesion, either treated by drilling or curretting. It is 
hardly ever possible to replace the loose fragment 
in the defect.

Alternatively, an osteochondral graft, either 
from the knee or the rib can be transplanted in 
the defect. The prognosis of these grafts is not 
guaranteed and rehabilitation will take more 
time. Autologous chondrocyte transplantation 
can be considered, although little data is avail-
able on its effi cacy for treatment of OCD of 
the elbow.

OCD of the elbow is not infrequent in young 
athletes with repetitive loads on the elbow. 
When diagnosed early and with proper conser-
vative treatment, the athlete can usually resume 
their activities at the same level. Once surgery is 
needed, and whatever surgery is performed, the 
chances of regaining full activities are reduced. 
Newer techniques hopefully will lead to a bet-
ter prognosis for the treatment of this disease 
(de Graaff et al., 2011).

The indications for conservative treatment 
are radiographic fi ndings of subchondral fl at-
tening or radiolucency, a stable fragment as 

(A)

(B)

Figure 11.3 Osteochondritis dissecans (OCD) of 
the elbow. (A) MRI scan. See high signal around the 
capitellum (arrow). (B) Arthroscopy of defect after 
excision of loose OCD fragment.
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Superimposed on this impingement is the strength 
requirement of the disciplines and loading of the 
joint due to upper limb weight bearing, whilst the 
cuff tendons are trapped leading to damage not only 
from physical injury but also ischaemic injury as the 
blood vessels to the tendons are compressed.

If this continues, the pathology becomes chronic, 
which is common as the athlete continues to train 
“through the pain,” and tendinopathy develops, 
which further exacerbates the imbalance.

Classically, tendinopathy presents as an insidi-
ous onset of pain, particularly with certain overhead 
activities and pain on strength moves of the shoul-
der. Plain radiographs are frequently normal, but 
may show some subtle abnormalities of instability, or 
subacromial changes, and as such are a simple screen-
ing tool. Ultrasound scans are operator dependent, 
and are useful for extraarticular abnormalities, but 
can miss deep pathology. MRI scanning shows both 
intra- and extraarticular abnormalities, and with con-
trast arthrography discovers most pathology.

Rotator cuff tears can occur acutely, after trauma 
or dislocation, or can develop as the end stage of 
the tendinopathy process. Acute tears should be 
picked up by examination of the affected muscle 
being weak after dislocation or a forced movement 
during muscle contraction. Chronic tears often 
present with insidious pain, and weakness may 
not be apparent as it is considered to be due to the 
pain. The gymnast will often maintain movement, 
but certain activities with the arm in abduction 
become diffi cult, until eventually they are not pos-
sible. This most frequently affects the supraspina-
tus muscle, but the subscapularis can also be torn, 
as can the infraspinatus as an extension of the 
supraspinatus tears.

The treatment of rotator cuff disease should ide-
ally commence with prevention, through good 
conditioning, and attention to the groups of mus-
cles, which are frequently ignored during training 
to maintain the balance within the rotator cuff. 
As the disease process develops into tendinopathy, 
the treatment should continue with rehabilitation 
to attain a stable shoulder throughout its range of 
movement, through stretching any tight capsule 
and muscle groups, and strengthening any weak 
groups. This treatment should be developed in 
conjunction with an experienced physiotherapist.

Other common injuries

Shoulder

Shoulder problems often present with pain, which 
often get labeled with the diagnosis of impinge-
ment. Impingement is a clinical sign, rather than a 
diagnosis, which is caused by irritation of the rotator 
cuff tendons being impinged upon by unforgiving 
structures in the subacromial space above (external) 
or the glenohumeral joint below (internal).

External impingement is divided into primary 
causes, which are due to outlet obstruction in the 
subacromial space, and secondary causes, which are 
due to rotator cuff dysfunction frequently found 
in conjunction with instability (due to cuff imbal-
ance). Internal impingement is caused by glenohu-
meral joint instability, such that the cuff insertion 
gets trapped between the glenoid and the humeral 
head. This can then lead to pain inhibition com-
pounding the problem by causing cuff imbalance. 
In gymnasts primary external impingement is rare, 
as this typically comes on as a degenerative pro-
cess. Thus, gymnasts presenting with impingement 
need to have instability and cuff tendinopathy 
excluded as the underlying cause.

Rotator cuff pathology

The rotator cuff is a group of muscles deep to the 
deltoid, consisting of subscapularis, supraspina-
tus, infraspinatus, and teres minor. Together these 
muscles control the rotation of the shoulder and 
give control and stability to the glenohumeral joint, 
where the deltoid provides power. The rotator cuff 
is susceptible to problems if large loads are put on it 
as a result of altered biomechanics. Gymnastics is a 
sport that has a heavy demand of the rotator cuff and 
the muscles can be worked asymmetrically leading 
to imbalance of power, which is diffi cult to address 
with conditioning exercises. For example, many of 
the exercises in gymnastics require strength of inter-
nal rotation, which if not balanced by training of the 
external rotators can lead to the humeral head being 
loaded in internal rotation, which can cause both 
external (due to reduced subacromial space) and 
internal impingement (due to relative instability). 



Treatment and rehabilitation of common upper extremity injuries 131

Clinically the patient describes the shoulder dis-
locating or coming in and out of the joint. This is 
also associated with pain and apprehension doing 
certain activities, typically above shoulder height 
particularly in abduction and external rotation, 
although multidirectional instability may describe 
a feeling of looseness in many positions. Examina-
tion should reveal the direction of instability, ante-
rior, posterior, or multidirectional, to aid further 
investigation. The mainstay of investigations will 
be through MRI or CT arthrogram, which should 
identify bony defects on the glenoid and humeral 
head, labral detachments, capsular abnormalities, 
and ligament injuries (Figure 11.4).

In general terms, treatment of atraumatic mul-
tidirectional instability, where no structural 

For rotator cuff tears the only solution in high-
demand gymnasts is early intervention with sur-
gical repair, to reduce the risks of propagation of 
the tear, and subsequent long-term disability with 
a view to return to pre-injury level.

Shoulder instability

Shoulder instability is a spectrum of disease ranging 
from recurrent dislocations, through subluxation 
(partial dislocation with spontaneous reduction), 
with a feeling of instability, to pain on certain activ-
ities typically in abduction and external rotation. 
The glenohumeral joint is an intrinsically unstable 
joint. The bony morphology is more like a golf ball 
set on a golf tee, than a true ball and socket joint like 
the hip. The humeral head maintains its position in 
the glenoid through a range of mechanisms both 
static (bony morphology, labrum, capsulolabral 
complex) and dynamic (rotator cuff). Both the 
static and dynamic stabilizers are interconnected 
through the proprioceptive responses generated by 
the movements within the shoulder. For example, 
as the shoulder moves into external rotation the 
anterior glenohumeral ligaments tighten, acting as 
a passive limiter (“checkrein”) to further external 
rotation, but also send a neuronal signal to initiate 
contraction of the internal rotator subscapularis to 
stop further rotation. Without this, excessive exter-
nal rotation may result in anterior translation and 
eventually dislocation of the humeral head.

Pathological processes, which affect any of the 
stabilizing mechanisms, can lead to instability of 
the shoulder. Instability can develop acutely as a 
result of dislocation (traumatic instability), or can 
develop in individuals who are susceptible to insta-
bility (atraumatic instability). Gymnasts require 
highly mobile joints, to undertake their disciplines, 
with a joint capsule and ligament complex that 
tend to be less tight than in the general popula-
tion, leaving them at risk of atraumatic instability.

Traumatic dislocations tend to have more obvi-
ous underlying abnormalities, such as bony or 
capsulolabral defects. Those with atraumatic insta-
bility can be separated into those with and without 
structural abnormalities, which may be amenable 
to surgery. The treatment must be tailored to the 
individual based on pathology and symptoms.

(A)

(B)

Figure 11.4 (A) Magnetic resonance arthrogram of 
shoulder with anterior labral tear. (B) Anterior labral tear 
as seen at arthroscopy.
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and may be isolated or associated with anterior labral 
tears in instability. The severity ranges from fraying 
of the labrum, to a labral tear (stable or unstable), to 
a tear extending into the biceps anchor and tendon. 
The treatment of these conditions depends on the 
severity of symptoms and the underlying pathol-
ogy, ranging from conservative with posterior cap-
sular stretching, but often requires surgical repair.

Abnormalities of the LHB are commonly degener-
ative and develop insidiously with time. If an injury 
occurs, it probably exacerbates an asymptomatic 
problem. With time, biceps tendinopathy can even-
tually lead to rupture of the biceps tendon, which 
may alleviate the symptoms of pain, but often leads 
to bulging of the distal biceps muscle (“Popeye” 

abnormality has been identifi ed, should begin with 
intensive physiotherapy, to develop better gleno-
humeral joint control. This is achieved by improv-
ing proprioception and a course of strengthening 
to develop improved balance of the rotator cuff 
muscles, and retraining of any abnormal muscle 
patterning. If this is unsuccessful then there are 
surgical options to address generalized capsular 
laxity, but there is a risk of overtightening the cap-
sule limiting the range of movement, with overall 
worse outcomes as compared to surgical treatment 
of anterior stabilization (Gaskill et al., 2011).

For patients with structural abnormalities, the 
treatment should be to address the underlying 
abnormality. This is most likely to be through 
surgical treatment. There is debate over open or 
arthroscopic treatment for these conditions, and 
surgeon preference and experience will decide this. 
The benefi ts of arthroscopic treatment are of faster 
recovery and better maintenance of range of move-
ment, but there is a slightly higher recurrence rate 
in certain groups such as contact sportspeople.

Long head of biceps/SLAP tears

The long head of biceps (LHB) is a tendon, which is 
partly intraarticular, from its origin at the superior 
labral complex of the glenoid, and partly extraar-
ticular where it runs into the intertubercular groove 
of the humerus and develops into the biceps mus-
cle. Its exact function is unknown, but may work 
as a humeral stabilizer, particularly in abduction 
to reduce external rotation. It can cause problems 
from its insertion to the superior labrum. Also, the 
tendon itself can become too mobile, subluxing 
either anteriorly or posteriorly, causing pain, and a 
sensation of locking, and can wear both the tendon 
substance or the humeral articular surface, often in 
association with rotator cuff pathology.

Superior labrum anterior posterior (SLAP) tears 
come about due to the attachment of the biceps 
peeling off the bony attachment along with its 
labral attachment (Figure 11.5). This can happen 
when doing a heavy lift, rotating the loaded shoul-
der (e.g., on the rings), or in a fall. SLAP tears often 
cause pain, weakness with movement into abduc-
tion and internal rotation, causing loading of the 
biceps anchor. There are different types of SLAP tear, 

(A)

(B)

Figure 11.5 (A) Magnetic resonance arthrogram of 
superior labrum anterior posterior (SLAP) tear. (B) SLAP 
tear as seen at arthroscopy (arrow indicates labral tear).
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lateral collateral ligaments of the elbow, leading to 
stretching or rupture.

The instability may lead to pain, and lack of con-
fi dence in the elbow when loading and rotating.

Early treatment is directed at maintaining sta-
bility and achieving a limited arc of motion while 
the injured structures are healing in the phase of 
infl ammation (0–3 weeks). Protected ROM exer-
cises are performed to prevent joint stiffness and 
augment healing. It is well documented that early 
motion nourishes the cartilage and enhances soft 
tissue healing.

If conservative treatment fails, which is usu-
ally only in the most severe cases, surgery can be 
considered. Surgery to reconstruct the ligaments is 
complex with uncertain outcomes, requiring a full 
understanding of the injury, thorough examina-
tion, and imaging to make the right decision about 
the surgery (Murthi et al., 2011).

Posterior impingement

This condition is a result of repeated hyperexten-
sion of the elbow, which is compounded by loading 
the elbow (such as in tumbling). With extension, 
the olecranon is repeatedly impacted into the olec-
ranon fossa, which causes synovial infl ammation. 
As the synovium becomes infl amed it becomes 
swollen, and so more susceptible to impingement, 
and with time the bone and cartilage can become 
injured, eventually developing spurs, which can 
break and become loose bodies.

The initial treatment is physiotherapy to control 
the movements, and injections into the olecranon 
fossa of local anesthetic and corticosteroid can help 
alleviate the symptoms, although surgical debride-
ment may eventually be required.

Loose bodies

Loading the elbow during gymnastic activi-
ties leads to large stresses through the joint. This 
can lead to the development of loose fragments of 
cartilage and bone, which can move through the 
joint. Locking of the elbow occurs if the loose bodies 
become stuck, until they move, unlocking the joint. 
Removal of these bodies can be done arthroscopi-
cally, but recovery often takes a few months.

deformity), and probably reduces the power of 
elbow fl exion, compared to the contralateral side. 
The best management for biceps pathology in the 
shoulder is not clear. If no associated pathology such 
as cuff tear or labral tear is present then a period of 
shoulder rehabilitation should be attempted. If this 
fails, then surgical treatment should be considered. 
In isolated cases of fraying of the tendon, with no 
excessive mobility of the tendon, debridement may 
be all that is required, otherwise a tenodesis or pos-
sibly tenotomy should be undertaken.

Elbow

Tendinopathies

Lateral and medial epicondylitis (tennis and golfer’s 
elbow, respectively) is a common condition affect-
ing athletes and offi ce workers alike. Symptoms arise 
insidiously, often after a change of activity, which 
requires increased/altered work of the forearm mus-
cles. It causes pain over the epicondyles, worsened 
by resisted activity of the extensor (lateral) and 
fl exor (medial) muscle groups of the forearm.

Although it has a benign natural history, refrac-
tory cases are seen and these are a therapeutic 
challenge: several conservative treatments have 
been proposed, including therapeutic ultrasound, 
friction massage, acupuncture, extracorporeal 
shock-wave therapy, corticosteroid injections, and 
strengthening and eccentric training. Some of 
these interventions are based more on tradition 
rather than scientifi c rationale, and the current evi-
dence supporting their use is limited.

Eccentric training has demonstrated promising 
results for the management of lateral elbow tendi-
nopathy, although current data is limited.

Surgical intervention is a last resort to treat this 
condition after failed conservative treatment, and 
there are multiple options, but the aim is to debride 
the tendinopathic tissue, and stimulate an acute 
infl ammatory response to initiate tendon healing. 
The outcomes are reported as good or excellent in 
80% (Solheim et al., 2011).

Instability

Instability, either lateral or medial, can be caused 
by trauma or repetitive injury to the medial or 
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relatively avascular, and the dorsal and palmar radio-
ulnar ligaments, which are more vascular and are sta-
bilizing structures of the distal radioulnar joint. The 
volar ulnar carpal ligaments extend from the periph-
ery of the TFCC and ulnar styloid to the lunate and 
triquetrum. The ulnar extensor muscle subsheath and 
the ulnar collateral ligament complete the complex.

The axially loaded forearm bears about 80% of the 
load through the radius and 20% through the TFCC 
and ulna. The thickness of the TFCC varies inversely 
with a positive ulnar variance (relatively long ulnar), 
and it has been shown that increased positive ulnar 
variance results in increased load bearing through 
the ulnar axis. Injuries to the TFCC are more com-
mon in the wrist with ulnar positive variance.

Traumatic tears, usually noted in young athletes, 
may be central or peripheral: peripheral tears may 
result in distal radioulnar joint instability.

Acute traumatic events involve axial load bear-
ing with rotational stress. Gymnasts routinely load 
their wrists in hyperdorsifl exion and ulnar devia-
tion (the fi rst hand in round-offs and on the vault), 
and put rotational stresses through the loaded hand 
(on pommel horse). Acute injuries may be superim-
posed on chronic repetitive traumatic events.

Physical examination includes several tests with 
rather low sensitivity. Typically there is pain in the 
sulcus between the ulnar styloid and pisiform and 
supination lift test. There may be distal radioulnar 
joint instability. MRI may be useful in the diagnosis. 
When conservative treatment with splinting has 
failed, an arthroscopy can be both effective for the 
diagnosis as well as for the treatment of the lesion.

Arthroscopy of the radiocarpal, mid-carpal, and 
distal radioulnar joint may yield a diagnosis of 
chondral lesions of the distal radioulnar joint as 
well as TFCC tears and instability. Traumatic tears 
of the central articular disc (type 1A tears) do well 
with debridement. Peripheral lesions (type 1B) 
need a more aggressive approach with repair, with 
more prolonged rehabilitation.

In neutral or positive variance of the ulna a distal 
resection of the ulna could be considered, either with 
the wafer method or by an open ulnar shortening.

Other injuries

Distal radius stress fractures, scaphoid stress frac-
tures, avascular necrosis of the lunate (Kienbock’s 

Wrist

Overuse injuries in the wrist are quite common in 
gymnasts, mainly due to the severe axial and rota-
tional load on the wrist during several exercises of 
the gymnasts.

There is a relationship between the exposure to a 
certain sport and the prevalence of injuries.

Young gymnasts, who exercise often more than 
20–30 hours per week, are especially susceptible to 
these injuries.

Dorsal impingement syndromes

Dorsal impingement syndromes are common in all 
sports where repetitive dorsifl exion occurs particu-
larly accompanied by axial loading. It is reported 
that more than 50% of young, beginning to midlevel 
gymnasts experience wrist pain (DiFiori et al., 2006).

Dorsal impingement or dorsal wrist syndrome 
may result from dorsal capsulitis or synovitis with 
resultant capsular thickening. In longstanding 
cases, osteophytes may occur at the dorsal rim of 
the distal radius or dorsal aspects of the scaphoid 
or lunate. Usually, plain radiographs are negative, 
but a CT scan may reveal the dorsal osteophytes.

Most cases resolve with splinting, rest, and nonste-
roidals or injection. In refractory cases, wrist arthros-
copy and debridement of synovitis, with or without 
osteophytes debridement, may be curative. The 
athlete should be counseled that return to the same 
activity might result in recurrence of the symptoms.

Occult dorsal ganglion may result from athletic 
activity and may present as a dorsal wrist syndrome. 
This results from injury to the scapholunate liga-
ment with secondary degenerative changes. Diag-
nosis is suspected in the athlete with complaints of 
pain in dorsifl exion, especially with loading. Point 
tenderness on the scapholunate ligament is usually 
present. Plain radiographs are mostly negative. An 
MRI may reveal a small ganglion. In cases that do 
not respond to immobilization and rest, corticoste-
roid injection has been suggested, with poor results 
when compared to surgical excision.

Triangular fi brocartilage complex

The triangular fi brocartilage complex (TFCC) is the 
primary stabilizer of the distal radioulnar joint. It is 
divided into a central articular disc portion, which is 
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6 Rotator cuff: The rotator cuff is the key to shoulder 
function. It maintains the humeral head in the 
glenoid socket through fi ne motor control, allow-
ing the larger strength muscles of the shoulder 
to give the shoulder power. Unfortunately, they 
are easily ignored and can become overpowered 
by these stronger muscles, giving rise to imbal-
ance, tendinopathy, and instability. Rehabilita-
tion requires that the cuff is addressed as a single 
unit, rather than as individual muscles, and is 
dependent on a full pain-free range of passive 
movement. Closed chain exercises allow the cuff 
to strengthen whilst avoiding shear forces on the 
joint, which may lead to unstable movements.

7 Elbow: Avoid longterm immobilization, as risk of 
stiffness is signifi cant. Passive stretching of the 
elbow may give rise to gains in range of move-
ment in the short term, but can lead to progressive 
stiffness, if the stretching results in pain. Exercises 
should aim at self-directed range of movement.

8 Wrist: Moving from stretching exercises to 
strengthening exercises should be undertaken, 
but return to training may be facilitated by judi-
cious use of taping and bracing.

9 Hand: Injuries to the hand need a treatment 
regime that will allow early mobilization, as the 
risk and consequences of stiffness are signifi cant. 
The aims of rehabilitation are to regain full range 
as quickly as possible.

Further research

Gymnastics will always be a sport that puts partici-
pants at risk of injury. More information is needed 
about the etiology of some of the common chronic 
problems associated with the sport, particularly 
with respect to the developing skeleton. Rehabili-
tation for gymnastic injuries and the best time to 
return to sport needs further research, as does reha-
bilitation for growth-related injuries, particularly 
the enthesopathies and the best time to return to 
full training. By understanding which gymnasts are 
at risk, at what stage of development, and doing 
which skills, can lead to strategies to reduce the risk 
of long-term problems, which will lead to inability 
to train, and compete.

disease), and mid-carpal instability are less frequent, 
but should be considered when gymnasts present 
with pain at the dorsum of the wrist. Gymnasts are 
also at risk of tendinopathies around the wrist.

Stress fracture of the scaphoid is rare, and diag-
nosis is made by snuffbox tenderness and MRI 
fi ndings/X-ray/bone scan. Thus far in reported cases, 
the fracture has healed with 2–4 months of casting.

Avascular necrosis of the capitate has been 
reported in a gymnast and required surgical 
debridement and drilling. Long-term follow-up is 
not available.

Rehabilitation

There are few defi nitive studies on the most effec-
tive rehabilitation protocols for upper limb prob-
lems, but principles exist based on physiology and 
biomechanics:
1 Diagnosis: The rehabilitation can only be as good 

as the diagnosis, and if this is wrong it may actu-
ally lead to poor compliance and worse outcomes.

2 Early pain relief: Abnormal muscle patterning can 
be due to pain inhibition, leading the gymnast to 
develop abnormal positions for the arm, neck, or 
back. This may require a period of rest, change of 
routine, analgesia, and judicious use of injections.

3 Maintenance of kinetic chain and core stability: 
Whilst the upper limb is recovering from an 
injury, the rest of the body should not be 
ignored, but actively prepared for the onset of 
the upper limb rehabilitation through prescribed 
lower limb and trunk exercises.

4 Range of movement: Most gymnastic disciplines 
require a full range of movement, and condition-
ing and rehabilitation should aim to maintain 
this as soon as possible after injury, to avoid stiff-
ness and allow muscle balance.

5 Scapular stabilization: The scapula is the base upon 
which the activity of the whole upper limb rests. 
In order for the arm to act to maintain its control 
requires the scapula to be stable, which is often 
jeopardized in the acute injury phase due to pain, 
and subclinical instability of the glenohumeral 
joint, in an attempt to avoid positions prone to 
subluxation and impingement. Closed chain 
exercises are the mainstay of scapula stabilization.
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Ideally, this could be possible through registries 
of participating gymnasts (within one federation or 
combining multiple federations) and the injuries 
they sustain during their training, and competition.

Summary

The upper limb is made up of complex joints, which 
are adapted to an upright life and to manipulate tools. 
Gymnastics as a sport puts an enormous strain on 
these joints through weight bearing, range of move-
ment, and strength. This puts the limb at signifi cant 
risk during growth and adulthood, of serious injury, 
which may render the sport impossible. The ideal 
way to avoid injury is through an understanding 
of the risks, adequate conditioning and training for 
the individual skills, and early treatment for chronic 
conditions as they are developing, and completion 
of the treatment course to avoid recurrences. This 
requires teamwork between the gymnast, coach, 
physiotherapist, and doctor, so that problems are 
not hidden away until they are made worse. Many 
conditions should successfully be treated with reha-
bilitation avoiding surgery, which often necessitates 
cessation of training for a period of time.
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lower legs between the frame and the steel springs can 
result in cutting wounds. Compared to Artistic Gym-
nastics the surface properties of the trampoline serve 
to “cushion” the gymnast’s landing, but conversely 
this elasticity enables the gymnast to easily rebound.

By its nature, performed on apparatus, Artistic 
Gymnastics predisposes to acute injuries. However, 
chronic injuries occur more in the higher levels, 
due to accumulation of microtraumas and micro-
fractures and limited time for recovery, as training 
hours around 30 hours per week are “normal.”

This chapter will highlight the treatment and 
rehabilitation of the most common lower extrem-
ity injuries incurred by gymnasts who compete in 
the artistic, rhythmic, and trampoline disciplines. 
However randomized controlled and long-term 
studies of treatment and rehabilitation protocols in 
gymnastics are lacking. Most of the available pub-
lished data are case reports and arise from studies 
of injuries affecting (female) artistic gymnasts.

Acute injuries

Acute injuries occur from trauma (either direct or 
indirect) incurred during an accident on the appa-
ratus, or a fall from the apparatus, and can also 
increase risk of chronic injuries if not treated ade-
quately or rehabilitated completely.

Fractures

Fractures of the lower extremity require the same 
treatment strategy as for all fractures.

Introduction

The majority of Artistic Gymnastics injuries are 
located in the lower extremity (35.9–70.2% of inju-
ries), with most of the literature mentioning pro-
portions above 50%) (Kolt & Caine, 2010).

Injuries to the ankle, foot and knee are the most 
common, arising from high-impact loads dur-
ing tumbling and acrobatic activities on the fl oor, 
vault, and balance beam, with the ankle sprain as 
the most common type of injury. Landings and 
take-offs for tumbling and vaulting or dismounts 
from apparatus, often from heights of more than 
2.5 metres, are the high-risk moves.

Rhythmic Gymnastics (performed only by women) 
entails relatively low risk in terms of severe injuries 
(mostly strains and sprains), due to the relatively low 
frequency of high-impact acrobatic components in 
this discipline. Acute injuries are mostly sustained in 
the lower limbs, and certain positions in Rhythmic 
Gymnastics require extreme range of motion of the 
joints, such as the hips and the spine, so (chronic) 
injuries are seen frequently in the back. Choreogra-
phy in this discipline is important and the injuries 
may be similar to those sustained by ballet dancers.

In Trampoline Gymnastics the main injuries are also 
located in the lower extremity and consist of ankle and 
knee sprains, which result from falls during incom-
plete and/or incorrect landings. Landings with the 
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necessary to monitor the child’s recuperation and 
growth, particularly when acute epiphyseal frac-
ture involves a joint (Caine et al., 2006).

Foot and ankle fractures

In gymnastics the highest loads are incurred dur-
ing landings where the impact on the foot and 
ankle can be several times the body weight. Due 
to the high energy, especially in landings on the 
plantarfl exed foot with a forward-leaning body fol-
lowed by forced dorsifl exion of the ankle, which 
mainly occur in the backwards tumble activities, 
and sometimes in combination with inversion or 
eversion of the ankle, different ligament or tendon 
injuries and fractures or dislocation of the foot and 
ankle can occur (see Figure 12.1).

The foot has a “complex” anatomy with several 
bones adjacent to each other, thus projecting over 
each other on plain radiographs and complicat-
ing the decision of a correct diagnosis in the acute 
phase. Aggravated, prolonged, or recurrent symp-
toms when increasing the gymnastics program 
need further investigation.

General treatment and rehabilitation 
for lower extremity injuries

The treatment strategy for the following (acute) 
lower extremity injuries is roughly according to the 
subsequent general protocol. It should be noticed, 
that there is lack of literature about rehabilitation 
programs and techniques for lower extremity inju-
ries in gymnastics. The protocol includes recom-
mendations from experience and is based on the 
guideline and general principles of Sports Medi-
cine (see also “Recommended reading”), and has 
to be individualized and specifi ed for the different 
 gymnastics disciplines.

Acute phase

The RICE therapy for the fi rst 3–5 days after the acute 
trauma may be prescribed for the relief in the acute 
period (reduction of swelling and pain) (Table 12.1).

Anti-infl ammatory medication is prescribed for 
acute pain management and because of the possi-
ble side effects, the fi rst choice is regular painkiller 
such as Panadol.

The general treatment management for fractures 
is to attain anatomical alignment and length and to 
prevent such as delayed union or nonunion (pseu-
doarthrosis),  avascular necrosis and articular incon-
gruence, which can lead to late sequelae such as 
osteoarthritis. The choice of therapy and the progno-
sis for fractures will also be determined by the type 
and severity of the associated soft tissue injury. Frac-
tures should be referred to the orthopedic surgeon, 
preferably with interest and experience in (children’s 
and adolescent) sports. The surgeon’s choice for 
a therapy will also be infl uenced by the gymnast’s 
level and injury history, and the gymnastics goals 
in consultation with the coach, and in combination 
with the gymnast’s “competition calendar.” Ideally, 
the choice will be made in cooperation with the 
responsible sports medicine professionals.

Specifi c fractures in children and adolescents

In children, most extraarticular fractures can be 
treated conservatively due to the remodeling 
capacity of growing bone.

The epiphysis is a vulnerable structure in the 
growing bones and fractures of the epiphysis can 
result in growth disturbances and angulation defor-
mities, leading to altered joint mechanics and long-
term disability. Epiphyseal fractures in the lower 
extremity usually occur around the ankle (distal 
tibia) and knee (proximal tibia and distal femur).

They can be classifi ed according to the fi ve 
types (I–V) of Salter and Harris (1963) or the newer 
Peterson classifi cation, which added a type VI; and 
to the three types of Aitken. The type determines the 
severity of the epiphyseal fracture and thus its prog-
nosis for developing growth disturbances (Caine et al., 
2006). Other factors, related to greater risks for growth 
disturbance are: age of the child (in a younger child), 
gender (on average rather in boys than in girls) or 
which growth plate is injured (in region of the knee).

A sprain sustained by a child or adolescent gym-
nast may be associated with an epiphyseal frac-
ture and medical professionals should take this 
into account in their diagnosis management until 
proven otherwise, as initial examinations of the 
growth plate or ossifi cation centers can be negative. 
Long-term follow-up, including X-ray examina-
tion of matching limbs at 3–6-month intervals, is 
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Electrotherapy, lasertherapy, and ultrasound 
therapy have no added value to the acute treatment.

Connective tissue massage and lymph drainage 
techniques are increasingly applied for reducing 
the swelling, but have not yet been studied in con-
trolled trials.

During the treatment period isometric muscle 
strengthening can be started to prevent signifi cant 
atrophy.

Recovery and rehabilitation phase

In the early recovery phase, joint mobilization and 
defi ned exercises, which can be applied at home, 
are important to stimulate the vascularization and 
neural system and to avoid joint stiffness.

Rehabilitation always consists of a well-monitored 
program with progressive exercises for strength 
(functionally or with weights), fi rst in closed kinetic 
chain and later in open kinetic chain, of the pelvic/
gluteal muscles, quadriceps (especially the vastus 
medialis) and hamstrings, and calf and foot muscles. 
Exercises for core stability and neuromuscular train-
ing can be started initially in the supine position.

Conditioning exercises, controlled and technical 
jump and landings exercises, and agility training 
will be fi nally added.

Continuing the exercise program for muscle 
strength and fl exibility of the upper extremity, the 
upper body, and the back, as well as core stability 

Table 12.1 RICE therapy in the acute phase after trauma.

RICE Description of the therapy

Rest Is recommended during the infl ammatory 

response to the tissue damage. Controlled 

active dorsifl exion and plantarfl exion of the 

ankle, or extension and fl exion of the knee if 

possible and weight bearing are allowed within 

the pain threshold, otherwise shortly non-

weight bearing with crutches.

Ice application Is not proven to reduce the swelling. But 

intermittently application can be considered to 

reduce the localized pain in the short-term. 

Compression By using elastic bandage, it may have a positive 

effect on the decrease of swelling and pain. 

The relationship between a faster decrease of 

swelling by compression and ultimately a faster 

functional recovery is not proven.

Elevation Is the most effective strategy in reducing the 

swelling in the short-term.

(A)

(B)

(C)

Figure 12.1 Multiple fractures in both feet. (A) Axial 
CT scan shows talar fracture in both feet (arrows); 
(B) cuboid fracture, lateral and intermediate cuneiform 
fracture (circles). (C) Plain radiograph of the lateral ankle 
and foot shows naviculocuneiform dislocation (arrow).
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the (medial) patella in a fall or a twisting injury 
in which the femur is internally rotated upon the 
fi xed tibia in the fl exed knee, for example, during a 
“stick” landing with the affected leg out of balance. 
This trauma mechanism is similar to that for an 
anterior cruciate ligament (ACL) injury, which may 
occur in association with this injury.

Another mechanism is a sudden burst of quad-
riceps activity in the landings, for example, when 
stepping behind with the affected leg extended for 
a “stick” landing (with “spread legs”).

Patellar dislocation is highly predisposed in the 
hypermobile patellofemoral joint (in association 
with patella alta (“high-riding patella”) and/or 
patellofemoral dysplasia) and is at high risk in gym-
nastics due to the multiple rotational landings. Mus-
cular weakness or imbalance can be associated with, 
but may also be the result of, patellar dislocations. 
The patella dislocates laterally out of its groove onto 
the lateral femoral condyle and acutely spontaneous 
reposition often occurs, with knee extension.

An acute dislocation of the patella may be 
accompanied by different lesions such as a tear of 
the medial retinaculum and vastus medialis expan-
sion; and  avulsion fracture, osteochondral fracture 
or bone bruise/contusion of the medial patellar 
margin and/or lateral femoral epicondyle/trochlea; 
and chondral fractures of the patellar joint surface 
(“fl akes”).

After the primary (fi rst-time) patellar dislocation, 
residual laxity of a medial retinacular injury may 
produce patellar instability, and this in turn may 
produce recurrent anterior pain and symptomatic 
giving-way. The anterior knee pain should be dif-
ferentiated from patellofemoral pain syndrome.

Treatment of acute dislocation is repositioning 
of the patella, after painkiller administration or 
regional anesthesia, by extending the knee and 
putting local pressure on the patella in the medial 
direction.

After reduction, the initial treatment plan in 
cases without associated lesions is conservative 
with a splint in knee extension and pain manage-
ment. After a week, a limited motion knee brace 
in 30° fl exion of the knee can be prescribed, with 
gradually increasing knee fl exion during 6 weeks, 
for example, with 15° every week to 45°, 60°, 75°, 
90° fl exion, respectively (Figure 12.2).

regimen is a must to prevent another new injury 
and help ensure a faster return to gymnastics.

Treatment of any treatable predisposing factors 
is important to prevent recurrence or new injury.

Sports-specifi c phase

Proprioception and balance exercises of the injured 
joint must be completed before returning to basic 
gymnastics. Single-leg “hoptests” (particularly the 
“triple hoptest”), such as vertical (up–down), hori-
zontal (forward), sideways, and “fi gure-of-8” hopt-
ests are good indicators for functional recovery.

Leg activities should always be resumed on a soft 
surface, with (extra) mats, or on trampoline (pos-
sibly supported with spotting belt) and later on the 
tumbling track. Twist and “compound” landings 
and hard landings have to be avoided until the 
rehabilitation program is fi nished.

Finally, the gymnast can return slowly to full 
training when the clinical symptoms are completely 
resolved. Pain will be the main guideline, which 
can be monitored by the “visual analog scale” (VAS) 
score, evaluated by the gymnast ranging from 0 (no 
pain at all) to 10 (the most severe pain ever).

Protection by using a brace or tape for the 
injured ligaments during rehabilitation and when 
resuming (basic) gymnastics training is advisable. 
The preferred type of brace for the ankle is the soft 
brace, such as a lace-up brace or a semi-rigid brace.

To maintain the “feeling” with the apparatus 
during the rehabilitation phase, the gymnast is 
encouraged to do basic skills, without dismounts, 
on the “hanging” apparatus such as uneven and 
high bar and rings or on the “arm supportive” 
apparatus such as pommel horse and parallel bar.

Furthermore, this is important for female gym-
nasts, who do not use a dowel grip on the uneven 
bars, to avoid reduction of hand palm callosity.

Full muscle strength, full end range of motion, 
coordination, balance, and symmetric core stability 
should be restored before resuming competition.

Dislocation of joints

Patella

The mechanism for patellar dislocation is usually 
either a direct blow on the femur condyles or on 
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But when previous symptoms and anatomic dis-
orders are present, conservative treatment gener-
ally has a poor outcome.

Foot

The loads during landings are most essential at the 
tibiotalar joint and talonavicular joint (Chilvers et al., 
2007). As these loads are high-energetic, dislocations 
of the foot in gymnastics can occur in the whole foot 
in association with fractures, like in the tarsometarsal 
joints (TMT or Lisfranc’s joint), the talonavicular and 
calcaneocuboid joints (Chopart’s joint), and even in 
the naviculocuneiform joint (See Figure 12.1C).

Dislocation of tendons

Peroneal tendon

Dislocation of the peroneal tendon can occur in 
forced passive ankle dorsifl exion like in deep for-
ward landings in gymnastics or in inversion ankle 
trauma with subsequent forceful contraction of the 
peroneus to prevent this motion. The dislocation 
can persist in ankle eversion and plantar fl exion 
activities, causing recurrent ankle sprains or giving-
way feeling and tenosynovitis, and this condition 
requires surgical treatment.

Sprains

Knee sprains

Medial collateral ligament

The medial collateral ligament (MCL) in gymnas-
tics may be injured frequently with other intraar-
ticular knee injuries, such as an ACL rupture and 
(medial) meniscal tear known as the “unhappy 
triad.” The prognosis will depend on the most 
severe concomitant injury.

The injury mechanism is a (in)direct valgus 
stress trauma of the knee with the foot planted and 
slightly external rotated and the knee being forced 
inward, like in an off-balance landing in gymnas-
tics. The severity of the ligament tear can be clas-
sifi ed into grade I (mild), grade II (moderate), or 
grade III (complete rupture).

The treatment can be conservative for all grades 
with a knee brace. The more severe injuries (grade II 

Isometric muscle strengthening can be started to 
prevent signifi cant atrophy. After 6 weeks treatment, 
protection with a brace may be continued until full 
knee fl exion takes place. This schedule should be 
individually based, dependent on the severity of 
pain and swelling and may be shortened or pro-
longed. Well-developed vastus medialis (obliquus) 
muscle is essential for good patellar tracking.

Arthroscopy is required in cases of osteochondral 
fracture or fl akes of the patellar joint surface, with 
operative repair in cases of the medial retinaculum 
rupture.

The primary treatment of chronic patellar insta-
bility is the same as after the acute (fi rst) dislocation.

(A)

(B)

Figure 12.2 Limited motion knee braces: (A) in front 
view (B) in side view, with detailed hinge in degrees.
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with explosive and repetitive jumping activities, 
such as gymnastics.

A delayed reconstruction of 4–6 weeks after 
the injury will give better outcome as the risk for 
arthrofi brosis and “cyclops” formation (connective 
tissue mass/scar tissue nearby the entrance of the 
graft at the tibial plateau) is lower and the graft will 
better develop in a favourable intraarticular envi-
ronment of the knee with slight or no swelling and 
a nearly normal range of motion and gait.

An intense medical and physiotherapy program 
should commence following the acute trauma (see 
Section “General treatment and rehabilitation for 
lower extremity injuries”) for an optimal preopera-
tive preparation.

Specifi cally in gymnastics, because of the nature 
of the sport, the rehabilitation time takes approxi-
mately 9–12 months prior to return to full gym-
nastics on competition level and rehabilitation 
management must be very well defi ned in time 
frames with written protocols. Teamwork with real-
istic goals is required during this period.

Initially, neuromuscular electrostimulation can 
be used for supporting the (muscle) exercises. And 
wearing a protective knee brace with hinges (e.g., 
CTI or Don Joy brace) is recommended, particu-
larly in the fi rst 6 weeks for safety.

Caution must be advised for the ingrowth of the 
graft tissue. In gymnasts with increased ligamen-
tous laxity, full extension drills and mobilization 
techniques should be restricted.

After 6 months of post-operative period, rapid 
progression to functional and strength exercises 
specifi c for gymnastics can take place. Agility tests, 
functional tests, and isokinetic Cybex/Biodex test-
ing can be used to evaluate the level of progression 
and the differences with the uninjured leg, aim-
ing for the quadriceps strength of at least 90% of 
the uninjured leg and the hamstrings strength at 
100%.

However, the rehabilitation schedule should 
be individually programmed, dependent on the 
function of the knee, and should be adapted 
based on the monitored individual symptoms and 
signs of the knee during and after the exercises, 
only allowing progress to the next step when the 
actual program can be performed without pain 
and swelling.

and III) require a longer rehabilitation (about twice 
as long) than the mild (grade I) injuries before 
returning to full sports activity.

Anterior cruciate ligament

ACL ruptures in gymnastics may occur in landings 
with fl exed (as well as extended) knees from the 
rotational acrobatics movements, especially in dis-
mounts, including during the vault. A “popping 
sound” may be heard and usually there is swelling 
within few hours.

Females are more prone to ACL injuries because 
of the smaller ACL size and smaller intercondylar 
notch of the femur (Hutchinson & Ireland, 1995).

On examination, the Lachman’s test and ante-
rior drawer sign are positive and a positive Pivot 
shift is pathognomic for the ACL rupture. In the 
acute phase this is diffi cult to perform, since the 
patient cannot relax suffi ciently due to the pain 
and swelling. The tests should be performed either 
in the very acute phase (within 1 hour) or in the 
delayed phase after 5–7 days.

History and clinical fi ndings are most important 
and MRI can confi rm the diagnosis and show con-
comitant intraarticular lesions.

Gymnastics is a “cruciate-dependent” sport. A 
rupture of the ACL with a positive pivot shift sign 
is therefore not compatible with gymnastics at elite 
level because of the high-demanding rotational 
acrobatic skills. Surgical reconstruction is then 
required, particularly when concomitant lesions 
are present.

In a skeletally immature patient, surgical treat-
ment of an ACL rupture poses additional chal-
lenges. There are several surgical reconstructions 
and the goal is to recreate ACL stability without 
causing growth plate arrest, with leg-length dis-
crepancy or angular deformity. The approximate 
degree of skeletal maturity determines the timing. 
Arthroscopically performed reconstruction is rec-
ommended and the choice for the graft depends 
on the surgeon’s (and patient’s) preference and 
experience and can be an autologous graft (the 
own body’s tendon, with preference for hamstrings 
tendon in gymnasts) or allograft (cadaver’s graft of 
a tendon). Autologous reconstruction with patellar 
tendon can cause patellar tendinopathy in sports 
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rehabilitation program can take longer in cases of 
complicated tears or in lateral meniscal tears.

Ankle sprains

Lateral ankle ligament injuries

Ankle sprains are the most common sports injury 
with the anterior lateral ankle ligament being 
mostly injured.

The main intrinsic predisposing factors for the 
lateral ankle ligament injuries are the muscle 
strength of the lower leg, proprioception and bal-
ance characteristics, and range of motion of the 
ankle. Limited ankle dorsal fl exion and reduced 
propriopception are indicative of an increased risk 
of sustaining lateral ankle ligament injuries, and 
previous ankle sprain in the past is a plausible risk 
factor (Kerkhoffs et al., 2012).

Extrinsic predisposing factors are for example the 
type of the performed sport and whether a com-
petition is involved. Dismounts in gymnastics are 
always performed at the end of (complex) routines 
and may increase the risk of injury, as the gymnast 
might be fatigued with diminished levels of coordi-
nation and strength.

The diagnosis of the lateral ligament rupture 
after an acute ankle sprain can be made with a high 
degree of reliability by delayed physical examina-
tion 4–5 days after the acute trauma based on the 
presence of hematoma, accompanied by local pres-
sure pain or a positive anterior drawer test or both 
(van Dijk et al., 1996), together with an accurate 
history relating to the trauma mechanism.

Functional treatment of acute ankle ligament 
injury is still the “gold standard” and preferred 
over surgical therapy.

After an acute lateral ligament injury, there is a 
delayed reaction time of the peroneus muscles due 
to the (traction) injury of the peroneal nerve and 
decrease of the strength of the extensor and evertor 
muscles, and other muscle groups around the ankle.

So the treatment management should consist of 
various exercises, all within the pain limits, rang-
ing from proprioceptive training by using a wobble 
board as well as training on one leg with closed eyes 
(to turn off the optical control), muscle strength, 
muscle coordination, and joint mobility exercises 
of the whole limb. In the rehabilitation phase, the 

In reconstructions with hamstrings autologous 
graft, loss of full knee fl exion or sometimes of 
full hamstrings strength may occur. A rehabilita-
tion program similar for hamstrings muscle tear is 
useful.

Posterior cruciate ligament

Posterior cruciate ligament (PCL) rupture occurs 
more frequently in direct forced posterior trauma 
on the proximal tibia with the knee fl exed, but 
in gymnastics it occurs in landings (especially on 
the vault apparatus) with hyperextended knees. 
Hyperextension trauma occurs when the gymnast 
does not yet expect to land, but the feet strike the 
ground before the leg muscles can actively absorb 
the landing forces on the knee.

Treatment for an isolated PCL rupture is conser-
vative with non-weight-bearing immobilization in 
a brace or splint in the acute phase (for 1 week), fol-
lowed by use of a knee brace for 6 weeks. Intensive 
strength training with stability and proprioception 
training show good results and returning to gym-
nastics to the pre-injury level is possible, despite 
the persisting laxity.

Surgery is indicated in the combined tears with 
posterolateral rotatory instability.

Meniscus

In gymnastics, acute medial as well as lateral 
meniscus tears can occur from rotational landings 
and from landings with hyperextended knees. In 
children and adolescents, a discoid meniscus and 
meniscal cyst, most frequently located on the 
lateral side of the knee, can mimic meniscal tear 
symptoms.

The treatment depends on the associated liga-
ment tears or cartilage damage. The goal is to main-
tain as much of the meniscus as possible for its load 
absorption properties.

Minimal and stable meniscal tears (without 
displacement) can be treated conservatively. Per-
sistent swelling, pain, and symptomatic locking 
symptoms of the knee will need arthroscopy.

Post-surgery rehabilitation will take 6 weeks, but 
this will not always mean full gymnastics activ-
ity or competition at the end of the 6 weeks. The 
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General attention in ankle sprains

Due to the often great height of dismounts from 
the apparatus and incomplete rotation in the land-
ing (increasing the impact of the landing), extreme 
compression in the ankle joint may lead to more 
severe injuries, which are not recognized at the 
time of the initial (clinical) presentation.

Any sprain that does not improve with adequate 
treatment should always be reconsidered. The pos-
sible associated injuries are: osteochondral lesions 
or stress fractures of the talar dome, tibial plafond, 
lateral talar process, posterior process of the talus 
(e.g., Cedell fracture, a fracture of the medial tuber-
cle of the posterior process, however rare), and 
anterior calcaneal process.

Ankle impingement syndrome

Anterior soft tissue ankle impingement may 
develop after a ligament rupture with interposi-
tion of the torn parts of the ligament. In the bony 
impingement, the repetitive microtraumas in the 
ankle induce spur formation, such as osteophytes 
or ossicles, which in turn provoke the process of 
synovial impingement (Figure 12.3). It is not the 
osteophyte itself that is painful, but the compres-
sion of the infl amed soft tissue caught between 
the traction spurs and the osteophytes (van Dijk, 
2006).

Gymnasts with anterior ankle impingement 
complain of limited hyperdorsifl exion when 
loaded with the heel on the ground, which often 
occurs in landings from backwards somersaults.

The treatment is initially conservative with mod-
ifi cations of training like decreasing the number 
of repetitions of acrobatic and tumbling activities 
with forced ankle dorsifl exion. Anti-infl ammatory 
medication, physical therapy mobilizing tech-
niques (translations of the talocrural joint), and 
taping to limit the end ranges of ankle motion may 
also be used.

Corticosteroid injections in case of chronic syno-
vitis or abundant soft tissue may be indicated for 
the elite gymnast and if this fails, arthroscopy to 
remove the exostosis/spurs and osteophytes or 
hypertrophic synovial tissue can be performed. 
Arthroscopic treatment of bony impingement 
is more successful than treatment of soft tissue 

damaged ligament(s) must be protected by external 
support, either by tape or brace.

In an ankle sprain without rupture of the lateral 
ligament, the rehabilitation program is the same, 
but shorter in duration.

Surgical repair of ankle ligament injuries can be 
considered for professional and elite athletes, but 
on an individual basis. Even after surgery, however, 
it is necessary to take suffi cient time for wound 
healing and for the rehabilitation program before 
returning to competitive gymnastics. So the deci-
sion to opt for surgery or for functional treatment 
also depends on the time of the gymnastics season 
and the history of chronic instability, time from 
trauma to diagnosis, associated ankle joint damage, 
and access to an experienced foot/ankle surgeon 
(Kerkhoffs & Tol, 2012).

Exercise therapy with proprioception, coordina-
tion and balance training, and home exercises are 
mostly considered as the strategy for the second-
ary prevention, even for longer period, up to 12 
months after the fi rst ankle ligament injury. Wear-
ing either a brace or tape during gymnastics land-
ing skills is useful in the prevention after a lateral 
ankle ligament injury. A lace-up or semi-rigid brace 
may be preferable to tape in the preventive strategy 
since for the long-term use it is better for the skin 
and in terms of the evaluation of cost.

Complete recovery is essential, otherwise there 
will be decreased performance for a prolonged time 
and an increased risk for a new or recurrent injury.

Medial ankle ligament injuries (“deltoid ligament”)

In gymnastics, deltoid ligament rupture can 
occur frequently in the hyperdorsifl exion trauma 
mechanism with overpronation as seen in deep 
acrobatic landings, following initial landings on 
the forefoot. A rupture of the deltoid ligament 
can be accompanied by a (longitudinal) rupture 
of the tibialis posterior or the fl exor hallucis lon-
gus tendon.

Rehabilitation for the deltoid ligament injury is 
the same as for the lateral ligament injury, but it 
takes twice as long before returning to full gym-
nastics, especially in case of calcifi cations in the 
injured deltoid ligament or a concomitant bony or 
chondral lesion, sometimes requiring arthroscopy.



Treatment and rehabilitation of common lower extremity injuries 145

Return to sport practice after arthroscopy of 
posterior impingement syndrome is twice as long 
(approximately 9 weeks) than in the anterior 
impingement syndrome.

Tendon ruptures

Ruptures of the achilles tendon and less frequently 
of the patellar tendon can occur in gymnastics in 
association with an uncoordinated explosive take-
off or landing. The mechanism is that of a forced 
joint motion and a simultaneously strong contrac-
tion of the muscle (eccentric contraction) or a fail-
ure in the neuromuscular protective mechanism 
due to fatigue or disturbed coordination. For the 
elite gymnast, surgical repair is preferred for the 
lower rate of a rerupture or a residual lengthening 
of the tendon (with inability to regain the former 
strength).

Chronic injuries

Growth-related injuries

Physeal injuries

Young athletes are at risk for physeal injury, par-
ticularly during periods of rapid growth (Caine 
et al., 2006).

Physeal injuries can be both acute and chronic 
and may both lead to growth disturbances. Stress-
related physeal injuries affecting young athletes 
in a variety of sports, including gymnastics, are 
increasingly reported, including those affecting the 
lower extremities (Caine et al., 2006).

To reduce risk of injury, training programs 
should be individualized and adapted to reduce 
the intensity and high-impact loads during periods 
of rapid growth. Periodic physical examination for 
diagnosis at an early stage and careful measure-
ment of height at 3-month intervals to provide 
coaches with data to estimate growth rate, are rec-
ommended (Caine et al., 2006).

Apophyseal injuries

During adolescence, apophyseal injuries are com-
mon, including in young gymnasts.

impingement, because of recurrence of scar tissue 
post-operatively in the latter (van Dijk, 2006).

Posterior ankle impingement may develop after 
an extreme plantarfl exion/inversion trauma or 
may be caused by overuse, resulting in synovitis 
or tenosynovitis. Usually, a hypertrophic posterior 
process of the talus or a (slightly displaced) os tri-
gonum is associated with posterior impingement, 
but its existence does not cause the impinge-
ment syndrome. Pathognomic is the “posterior 
impingement test,” which elicits pain by repeti-
tive quick passive forced hyperplantarfl exion 
movements (in a patient sitting with the knee 
fl exed at 90°).

(A) (B)

(C)

Figure 12.3 (Posterior) medial fragments in the ankle, 
causing impingement. CT scan of the ankle: (A) coronal 
(arrow), (B) axial (arrow), and (C) sagittal (arrow) view.
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Sever’s disease

In the foot, “Sever’s disease” can cause pain at 
the posterior calcaneus (insertion of the Achilles 
tendon). It may be associated with tight achilles-
tendon and calf muscles and biomechanical foot 
abnormalities (such as tarsal coalition, hyper-
pronated foot, or equinus foot). In gymnastics, 
increased frequency of hard landings, particularly 
performed on bare feet, is a common cause.

It occurs most often at the age between 7 and 
10 years, until early puberty, and is the second 
most frequent apophyseal injury.

Pelvis

Apophyseal injuries in adolescent gymnasts may also 
occur frequently in the pelvis and hip as they tend to 
appear and fuse later (Vandervliet et al., 2007).

Especially apophyseal injuries of the ischial tuber-
osity occur frequently in the female gymnast due to 
endless and explosive stretch of the hamstrings dur-
ing the front split jumps and leaps and ballet sessions 
(fl exibility exercises). The fl exibility of the affected 
leg, measured as the straight leg raise, is signifi cantly 
decreased (and often painful), whilst in gymnasts the 
straight leg raise can be usually extremely large (possi-
bly around 120° or more). So an absolute limitation of 
the affected leg may be diffi cult to fi nd, and the fl ex-
ibility can be symmetric, when the unaffected leg is 
the “nondominant” split leg. On clinical examination 
both legs should always be reviewed and compared.

Hamstrings insertional tendinopathy can be 
associated with apophyseal injury of the ischial 
tuberosity (Figure 12.4).

Less frequent apophyseal injuries in gymnasts are 
located at the site of the iliac crest (at the abdominal 
muscles insertion) in imbalanced explosive muscle 
contractions, or at the site of the lesser trochanter 
(iliopsoas tendon insertion), due to the explosive 
side or straddle split, causing groin pain, particularly 
in hyperabduction and external rotation of the hip.

Use of plain radiographs is commonly diffi cult 
to distinguish apophyseal injury from an irregu-
lar apophysis, which may be caused by a normal 
variant of insuffi cient ossifi cation or by the various 
ossifi cation stages. Comparison with the other side 
is preferable, although apophyseal injuries may 
occur bilaterally as well (Figure 12.5).

The apophyses are located at the site of attach-
ment of major musculotendinous system to the 
growing bone, beyond the articulation of the 
joint and are subjected primarily to tensile/trac-
tion forces. They are also called “traction epiphy-
ses” and do not contribute to longitudinal growth 
(Caine et al., 2006).

In the immature skeleton, the apophysis is 
weaker than the attached musculotendinous unit 
or ligament, so forced incoordinated and eccen-
tric muscle contractions or traction trauma in 
adolescence will cause injuries with “infl amma-
tory” reaction (“traction apophysitis”) or even 
an avulsion fracture with a slip and displace-
ment, while in the adult they will cause muscle 
or tendon strain or rupture. Apophyseal injuries 
typically occur at the average ages between 8 and 
15 years.

The growth rate of the apophysis is slower than 
that of the epiphysis of the corresponding bone, 
which is believed to be due to the increased num-
ber of collagen fi bers in the apophysis needed to 
support the greater tensile forces on this structure 
(Peck, 1995). Subsequently, apophyseal injury may 
occur until late adolescence and the apophysis is 
most vulnerable between 12 and 16 years when 
the ossifi cation center develops under hormonal 
infl uence in the rapid growth period (Lazovic et al., 
1996).

In girls, the fusion in the apophysis usu-
ally occurs about 2 years sooner (between 8 and 
13 years) than in boys (between 10 and 15 years). 
In gymnastics, the incidence of apophyseal inju-
ries among females may be high, often due to the 
delayed onset of skeletal maturation.

Osgood–Schlatter disease, 
Sinding-Larsen–Johansson syndrome

In the knee, “Osgood–Schlatter disease” at the 
tibial tuberosity occurs more frequently than 
“Sinding-Larsen–Johansson syndrome” at the 
inferior pole of the patella (the distal respectively 
proximal insertion of the patellar tendon). It is 
the most common apophysitis occurring at 9–15 
years of age and may be associated with tight 
quadriceps muscle and excessive pronation of 
the foot.
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(A)

(B)

Figure 12.4 Coronal fat suppressed T2-weighted MRI of 
the pelvis: apophysiolysis of the right ischial tuberosity 
with insertional tendinopathy of the hamstrings. 
(A) High signal intensity bone marrow edema in the 
ischial tuberosity with widened apophysis (circle). 
(B) Soft tissue edema within the thickened conjoined 
insertion of the hamstrings tendon (arrow). The bone 
marrow edema in the ischial tuberosity and the widened 
apophysis are also present in this view.

Usually, imaging is not necessary, unless in cases 
of persistent pain and to exclude other pathol-
ogy. The diagnosis is based on clinical symptoms 
and examination. Occasionally, X-rays can show 

a  widened or enlarged apophysis, fragmentation, 
irregularity, and increased density (Figure 12.5).

Ultrasound is recommended for imaging of 
apophyseal injuries (in the more superfi cial struc-
tures), while it has likely higher sensitivity in 
youngsters (Lazovic et al., 1996). It may show 
the changes of the apophysis clearly, even in the 
absence of the ossifi cation center or in very small 
centers to be seen on plain radiographs and in early 
phase of apophyseal injuries, where there is only 
soft tissue edema, appearing as hypoechogenic 
zone (Figure 12.6).

(A)

(B)

Figure 12.5 (A) Plain radiographs show irregular aspect 
of the ischial tuberosity on both sides, with avulsion 
of the apophysis on the right side and displacement of 
5 mm (white circle). (B) After 2 months of relative rest: 
some callus/bone formation within the space of the 
avulsed apophysis (arrow).
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The trampoline gymnast can resume training 
with a spotting belt initially, once the symptoms 
have diminished.

The overall prognosis is good, with complete 
recovery and without residual symptoms, while the 
condition is self-limited. Corticosteroid injections 
or surgery are contraindicated. Coach and gymnast 
need to understand the condition and modify the 
training activities, as symptoms may persist and 
recur for a long time.

The differential diagnosis for apophyseal inju-
ries includes stress fracture, aseptic necrosis, osteo-
chondritis dissecans, insertional tendinopathy, 
and bursitis. Irregularity of the apophysis on plain 
radiographs however may also be caused by a 
normal variant of insuffi cient ossifi cation, which 
requires a different approach. A persistent apophy-
sis after the growth may be found.

Snapping hip

The “snapping hip” is a chronic problem, seen in 
female gymnasts. They experience a painful snap-
ping noise in the anterior groin during the gym-
nastics choreography and the fl exibility exercises 
of the hip (in ballet or warming-up).

The “internal” snapping hip is more frequent 
than the “external” (which is caused by the [abduc-
tor] muscles and tendons at the lateral side of the 
hip), where the contracted iliopsoas tendon slides 
over the anterior hip capsule, femoral head, iliopec-
tineal eminence, or lesser trochanter during active 
or explosive hip fl exion (in abduction/external 
rotation of the hip) and extended legs.

The prognosis is good. Plain radiographs, MRI, 
and CT scan are often not necessary and are 
negative.

The treatment is to reassure the gymnast and 
explain the injury mechanism. Pelvic stability exer-
cises, strengthening exercises, and stretching of the 
tight iliopsoas muscle and tendon may be helpful.

Any biomechanical disorder should be corrected 
or treated, for example, mobilization treatment of 
a blocking sacroiliac joint.

Iliopsoas bursitis or tendinopathy should be 
excluded as a cause of chronic groin/hip pain. In 
most cases, the hip only produces the “snapping” 
sound without pain symptoms.

Nonoperative treatment is the fi rst choice.
The predisposing factors, such as muscle imbal-

ance and relatively tight muscles, and biomechani-
cal abnormalities, if present, should be treated. 
Taping of the patellar tendon or heel pads and heel 
cups to reduce the tension of the concerning ten-
don can be used.

When acute pain and swelling have diminished, 
the gymnast can do basic apparatus training on the 
“hanging and arm-supporting apparatus,” without 
dismounts.

Thereafter, the female gymnast can start with 
choreography on beam and fl oor without jumps 
or running and the male on fl oor with minimal 
impacts.

The rhythmic gymnast can start with choreogra-
phy and basic apparatus skills, without the jumps 
and leaps, and without running and hopping 
activities.

(A)

(B)

Figure 12.6 Ultrasound, sagittal view. Osgood–Schlatter’s 
disease of the knee. (A) Thickened patellar tendon 
insertion with edema as a region with hypoechogenicity 
(accolade) and fragmentation of the tibal tuberosity (two 
arrows). (B) Increased fl ow in the thickened patellar 
tendon insertion (in the quadrangle): hypervascularity 
in the tendon (sign of infl ammatory reaction), while 
normally there is no or few fl ow.
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of the diagnosis. Eventually, it is followed by an 
acute onset after a poor landing or dismount.

The most common sites of stress fractures in the 
lower extremity are the tibial shaft and metatarsals 
(at the neck of the second or the third metatarsal), 
followed by the navicular and calcaneus stress frac-
ture in the foot.

In determining the approach to therapy manage-
ment, it is essential to assess the extent of the risks of 
the stress fracture regarding to its prognosis for poor 
healing, e.g., high-risk stress fractures tend to develop 
into chronic injuries with nonunion or delayed union, 
mainly due to their relative avascularity and therefore 
need more aggressive treatment (Table 12.2).

The most common sites of high-risk stress frac-
ture in the lower extremity, also due to their mor-
phology and anatomic site, are the middle third of 
the anterior cortex of the tibia (the tension side of 
the bone with its morphological bowing), the mid-
dle third of the navicular bone (in the relatively 
limited ankle dorsifl exion and excessive foot pro-
nation), and the base of the fi fth metatarsal bone.

The differential diagnosis for stress fractures is 
stress reaction, which can be regarded as a prefrac-
ture bone remodeling, where the bone is weakened.

Plain radiographs in the acute phase are usually 
negative: fewer than 10–30% demonstrate changes 
in the fi rst week of the injury. Even after 2–3 weeks, 
plain radiographs do not show any periosteal 
changes until approximately 6 weeks, when early 
fracture healing with changes of periosteal and 
endosteal bone formation leading to thickening of 
the periosteum (the so called “callus formation”), 
is greatest. Occasionally, a radiolucent line can be 
seen (see Figure 12.7C).

Stress fractures

The direct mechanism of stress fractures consists 
of repetitive compressive and tensile forces, where 
muscular activity may play an important role, as 
fatiqued or weak muscles have reduced capacity to 
absorb the forces on the underlying bone. Addi-
tionally, forceful muscle contractions can concen-
trate the forces across a localized area of the bone, 
exceeding the stress-bearing and tensile capacity of 
the bone.

The etiology is multifactorial; however, stress 
fractures are mainly due to insuffi cient rest peri-
ods, usually related to an increase and/or change 
of the training intensity and impact, volume, and 
frequency (e.g., in preparation for the competition 
period or during competition season).

Stress fractures may also be due to biomechanical 
imbalance, for example, excessive foot pronation 
(and the specifi c role of the tibialis posterior ten-
don, like in the navicular stress fractures), abnor-
mal and altered forces (like in the tarsal coalition), 
or from foot and ankle injury and muscle imbal-
ance, leading to an imbalance between bone 
resorption (osteoclast production) and formation 
(osteoblast formation). Other risk factors include 
nutritional and metabolic defi ciencies (such as cal-
cium and vitamin D), sleep deprivation, collagen 
abnormalities, and, in women, hormonal imbal-
ances (e.g., as part of the “female athlete triad”) 
(Boden & Osbahr, 2000).

The onset is mostly insidious with pain only in 
jumping activities and rapidly disappearing with 
rest, so allowing the gymnast to resume each time 
after taking some rest, which can explain the delay 

Table 12.2 High-risk and low-risk sites of stress fractures (Boden & Osbahr, 2000).

Sites of high-risk stress fractures Sites of low-risk stress fractures

Femoral neck (tension side) Fibula

Patella Dorsal cortex of the medial tibia

Anterior cortex of the tibia (tension side) Calcaneus

Talus Metatarsal bones (except fi fth metatarsal)

Medial malleolus

Navicular bone

Fifth metatarsal bone (base)

Hallux sesamoids
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(A) (B)

(C) (D)

Figure 12.7 Stress fracture in the middle third of the 
anterior tibia in a gymnast. (A) Coronal fat suppressed 
T2-weighted MRI and (B) coronal T1-weighted MRI show 
the bone marrow edema at the left side (while the initial 
radiographs were negative). (C) The lateral radiographs 
show the “resorption” line and thickened cortex after 
8 weeks (of totally 4 months) of immobilization (arrow) 
and (D) persistent thickened cortex after 5.5 months 
(arrow).

Isotopic bone scan is often used in the acute 
phase to determine subtle bone pathology like 
stress fractures, because of the high sensitivity 
of the method, but it is low in specifi city. More-
over this method is invasive and for children and 
adolescents less preferable, as nowadays MRI has 
become an adequate diagnostic tool for evalu-
ating stress fractures. The T1-weighted images 
demonstrate diffuse hypointense area and on fat 
suppressed T2-weighted and short tau inversion 
recovery (STIR) images, an increased signal inten-
sity confi rms the diagnosis (Figure 12.7A and B).

The overall MRI can defi ne the anatomic loca-
tion and extent of injury as well as any soft tissue 
conditions.

In some cases of distinct stress fracture, an MRI 
will not add more information if CT scan is avail-
able, such as in navicular (Figure 12.8) or fi fth 
metatarsal stress fracture.

In therapy management, all the above-
mentioned risk factors have to be assessed.

Good teamwork involving a nutritionist, the 
coach, medical team, gymnast, and parents, is 
essential.

As rest periods of weeks and months are long last-
ing for the (elite) gymnast, depending on the period 
of the gymnast’s season, devices such as bone growth 
stimulation and low-intensity ultrasound to shorten 
the rest period may be used (Jensen, 1998), although 
the effectiveness is not evidence-based. Most of the 
studies on these devices are animal studies and the 
devices are applied in the nonunion or delayed frac-
tures, but not yet in the (sub)acute phase.

After the immobilization phase, the gymnast 
may start, for example, in the pool (hydrotherapy) 
and with light weight-bearing exercises accompa-
nied by the physiotherapist.

High-impact loads are restricted until local pain 
on palpation has disappeared, using the visual ana-
log scale (VAS), with a score 0–2 out of 10.

In general, after 3 months of rest or immobili-
zation, there is resolution of symptoms in most 
athletes, but there are cases of longstanding and 
persistent symptoms.

In the elite gymnast, the choice for surgical inter-
vention  (in case of high-risk site) may be needed 
for a faster return to full gymnastics as well as to 
prevent recurrence (Figure 12.8D).
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(A)

(B)

(C)

(D)

Figure 12.8 Navicular stress fracture of the left foot. (A) Negative plain radiograph in the subacute phase. (B) MRI 
shows bone marrow edema (arrow). (C) CT scan shows the fracture line classically running vertically from dorsal 
(arrow). (D) Plain radiograph after screw fi xation.
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Adequate safety equipment, maintenance of 
balanced fl exibility and strength, good (landing) 
technique, training modifi cation of the number of 
repetitions of high-impact loads to limit pain, and 
proprioceptive training and taping or bracing of 
the ankle after ligament injury, are important tools 
to reduce the risk of overuse and recurrent injuries 
of the lower extremities.

Further research on the outcome of the vari-
ous rehabilitation programs and techniques of 
the lower extremity injuries is recommended to 
ultimately develop uniform and effective reha-
bilitation programs and protocols and training 
procedures.
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Further research

There is lack of literature available on the effective-
ness and the outcome of the various rehabilitation 
programs and techniques for the lower extremity 
injuries in gymnastics. Although at competition level, 
serious lower extremity injuries occur frequently.

Most literature on the lower extremity injuries 
consists of case reports and is particularly limited 
to Women’s Artistic Gymnastics. Several sugges-
tions for further research related to lower extremity 
injuries are listed below:
• Research to evaluate the long-term effects of 
injuries in the immature lower extremity, and pro-
spective cohort study on the determinants of phy-
seal injuries, are needed.
• Prospective research in each gymnastics disci-
pline on the intrinsic and extrinsic risk factors of 
lower extremity injuries will help sports medicine 
professionals and coaches in early detection and 
thus appropriate training adaptations.
• Furthermore, assessment of uniform measure-
ment methods and test protocols for the minimum 
required basic gymnastics physical condition are 
recommended as well as further research on the 
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category to prevent loss of concentration, coor-
dination, and muscle strength during long-term 
training.
• Studies of the effectiveness of implementation of 
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characteristics in relation with the stiffness of the 
fl oor, mats, and springboard and on improving the 
spotting techniques will still be needed.

Summary

Familiarity with the specifi c and common gym-
nastics medical problems of the lower extremities 
and the biomechanical requirements and trauma 
mechanisms may prevent delayed diagnosis and 
long-lasting damage in the (immature) musculo-
skeletal system of the gymnast.
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Chapter 13

Treatment and rehabilitation of common 
spine/trunk/head injuries
Larry Nassar
College of Osteopathic Medicine, Michigan State University, East Lansing, MI, USA

some of the treatments regarding spinal injuries. 
The purpose of this chapter is to review treatment 
and rehabilitation of common spine/trunk/head 
injuries affecting gymnasts. This chapter will also 
review several spinal conditions and recommend 
therapeutic interventions that may be best applied 
to the injured gymnast to enhance their recovery.

Concussions

Concussions are the most common type of trau-
matic brain injury that the gymnast sustains. A 
concussion is a milder form of traumatic brain 
injury. It is defined as a complex pathophysiologi-
cal process affecting the brain, induced by trau-
matic biomechanical forces secondary to direct or 
indirect forces to the head (McCrory et al., 2009). 
Direct contact with the safety mats and the appa-
ratus is frequently the cause of this injury. Direct 
impact with cervical flexion and extension may 
result in concussion and is the most common type 
of mechanism of injury. Rotational forces of the 
head and neck are not as common but may lead to 
more severe symptoms. Gymnasts may land hard 
on their buttocks and sustain a concussion through 
impulsive forces transmitted up the trunk and spi-
nal column to the brain.

Neck strength is important (Daneshvar et al., 
2011). The neck muscles are able to assist in absorb-
ing the traumatic forces thereby decreasing brain 
pathology. Neck muscles are able to support the 
head and absorb the forces with flexion/extension 

Introduction

Spinal and head trauma is common in the variety 
of sports included under the umbrella term known 
as gymnastics. Unfortunately, the epidemiology of 
gymnastics injuries has been sparse over the last 
decade. Harringe et al. (2007) performed the most 
recent prospective study over one gymnastics sea-
son in Scandinavia and reported no head injuries; 
however, 24.4% and 31.3% of all injuries involved 
the spine in female and male teamgym gymnasts, 
respectively. A study by O’Kane et al. (2011), which 
is the most recent article on club-level gymnastics 
injuries, was a retrospective study performed in 
the Seattle, Washington, USA area. It included five 
gymnastics clubs and 96 gymnasts. They reported 
that 15–30% of the gymnasts had a concussion 
depending on how they defined concussion. There 
were 5 acute back injuries reported (8.8% of all 
acute injuries) and 14 overuse back injuries (18.4% 
of all overuse injuries). Further research is needed 
to better understand the epidemiology of club-level 
gymnastics.

Concussion management constantly changes 
as more information about the etiologies and 
treatments emerge from the medical community. 
An overview of concussion management in the 
gymnast is reviewed. Controversy also exists in 
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The most basic of this type of activity would be 
leaps and jumps in the gym. The next step would 
be to add back skills requiring inversion of the 
body like handstands and walkovers. Basic flipping 
and twisting acrobatic skills are added next fol-
lowed by the more advanced skills of the gymnast 
that require multiple flips and twists and advanced 
skills on the variety of apparatus.

Cervical spine injury

The cervical spine has the overall greatest range of 
motion when compared to the rest of the spine. 
Normally, there is a lordotic curvature of the cervi-
cal spine. When there is injury, the cervical muscles 
tend to spasm to splint the spine. This tends to 
create a straightening of the cervical lordosis and 
may create a reversal of the lordotic curve. A key 
point in cervical injuries is to have a high suspicion 
of pathology after a gymnast lands on their head. 
Initially there may be no signs of radiculopathy or 
myopathy and no point tenderness with palpation. 
However, if significant muscle spasm is present, 
imaging studies need to be performed to insure that 
a vertebral, disc, or spinal cord injury did not occur.

Vertical compression injuries occur with axial 
loading of the head with forces transmitted to the 
cervical spine. A Jefferson’s fracture of the anterior 
and posterior arches of C1 and burst fractures of 
the lower cervical spine may occur. In addition, an 
acute herniated disc may occur with vertical com-
pression injuries.

Hyperflexion injuries to the cervical spine create 
an anterior translation of the vertebra. Significant 
ligament disruption, facet subluxation, veterbra 
dislocation, and vertebra teardrop fracture may 
occur. These injuries are unstable and require sur-
gical intervention. The clay-shoveler’s fracture (a 
stable fracture of the spinous process of the lower 
cervical vertebra) and simple wedge fractures are 
usually stable injures. Acute disc herniation may 
also be the result of a hyperflexion cervical trauma.

Hyperextension injuries to the cervical spine 
create a posterior translation of the vertebra. Avul-
sion fractures of the anterior arch of the atlas and 
teardrop fractures occur in the anterior vertebral 

motion patterns better than in a rotational pattern. 
Forceful cervical rotation may create greater brain 
pathology than experienced with cervical flexion 
and extension. Commonly, males will have stron-
ger neck muscles and proportionally smaller heads 
than female gymnasts. The male gymnast may sus-
tain greater forces and yet have a milder concus-
sion if their neck musculature is able to absorb the 
forces well.

Most concussions are a disturbance of the brain 
related to neurometabolic dysfunction rather than 
structural brain injury and are therefore associated 
with normal CT scans and MRIs of the brain. Con-
cussion may or may not involve a loss of conscious-
ness or loss of memory. These forms of brain injury 
result in a complex mixture of physical, cognitive, 
emotional, and sleep-related symptoms. Recov-
ery may take from several minutes to days, weeks, 
months, or even longer in more significant inju-
ries. Fortunately, most typical concussions have a 
rapid onset of short-lived neurologic dysfunction 
that resolves spontaneously. Evaluation and grad-
ing of concussion is an ongoing debate in the med-
ical community (Guskiewicz & McLeod, 2011).

The treatment for concussions is focused on 
physical and cognitive rest until the gymnast is 
asymptomatic. It is not uncommon to find that it 
takes 7–10 days for all the symptoms of a concus-
sion to resolve. Similar to resting an injured joint 
to allow for healing to take place, the brain needs 
rest after it is concussed. During the initial rest 
phase it is beneficial for the gymnast to avoid read-
ing, texting, keyboarding, video/computer games, 
watching television, loud music, bright lights, 
and of course physical activity in and out of the 
gymnastics venue. This may require the school-
aged gymnast to stay home from school to rest the 
brain. Once the gymnast is asymptomatic then the 
brain may be challenged again just as you would 
add back exercises to an injured joint.

The gymnast should start with adding back 
stimuli outside of the gym to the brain including 
all activities of daily living: reading, texting, key-
boarding, and a return to school work. Next, the 
gymnast should add back light aerobic activity to 
increase their heart rate to a maximum of 70% of 
their predicted maximum heart rate. The next step 
is in adding gymnastics-sport-specific exercises. 
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analysis of the gymnast’s body. Gymnasts may have 
well-defined muscle structure. However, superficial 
appearance of muscle structure may be deceiving. It 
is not always how the gymnast looks. More impor-
tantly, it is how the gymnast functions that is the 
vital key in understanding the cause of the mechan-
ical back pain. The gymnast needs to be evaluated 
to see what muscles test as strong and what muscles 
test as weak. They need to be evaluated to test their 
flexibility. Kinesthetics and proprioception are addi-
tional factors that need to be assessed (Table 13.1). 
This may require a team effort involving the medi-
cal professional and the coach.

The assessment of these muscle imbalances of 
tight and weak muscles needs to be analyzed to 
ascertain if in fact the weak muscles are actually 
weak or just inhibited in their action. Research 
has demonstrated that certain groupings of tight 
muscles can directly affect the function of other 
muscles by neurologically inhibiting their abil-
ity to appropriately contract (Jull & Janda, 1987). 
The medical practitioner/coach may test this by 
stretching the tight muscles and then immediately 
retesting the strength of the weak muscles. If the 
weak muscles test strong, then there is an underly-
ing neuromuscular inhibition of the weak muscle 
by the tight muscle.

Evaluation of how the upper and lower extremi-
ties affect the core needs to be performed. For 
example, does the gymnast experience increased 
back pain when performing trunk active range of 
motion with the arms raised up over head when 
compared to arms next to the side. This may indi-
cate that a restriction involving the shoulder com-
plex may be contributing to the back pain. This 
information is valuable in the construction of the 
rehabilitation program for the injured gymnast.

It is one thing to isolate specific muscles and 
test their function of strength and flexibility and 
it is another thing to functionally test these mus-
cle groups. Just like an injured gymnast with a 
sprained ankle needs to regain the ability to bal-
ance on the injured extremity by performing static 
and dynamic proprioceptive drills, the gymnast 
with back pain needs to be able to restore proper 
static and dynamic proprioception and kinesthetic 
awareness. They need to be able to restore their 
ability to coordinate the function of the muscles to 

column. Fractures of the posterior arch of the atlas 
and extension teardrop fractures occur in the pos-
terior column. More significant pathology occurs 
when the hyperextension injury creates damage 
in multiple vertebrae at the same time. Hangman’s 
fracture (an unstable fracture of both pedicles or 
pars interarticularis of the C2 vertebra), vertebra 
dislocations, and vertebra subluxations are exam-
ples of these more severe injuries.

Treatment and rehabilitation of cervical injuries 
are dependent on the severity of the pathology. It 
is beyond the scope of this chapter to enter into 
the details of the severe traumas. However, for the 
strains and sprains of the cervical spine, physi-
cal therapy (PT) is recommended to decrease the 
inflammation, decrease the pain, and return to full 
musculosketal function.

Overuse injuries

Gymnastics require the athlete to combine amaz-
ing strength and flexibility of the spinal structures. 
If a musculoskeletal imbalance develops, back pain 
often follows. These imbalances may lead to strains, 
sprains, facet syndromes, and even stress fractures if 
they are not attended to in a timely fashion. When a 
gymnast presents with gradual onset, nonacute back 
pain, the most important aspect of the treatment 
is to first determine the cause. Knowledge of the 
cause of the back pain allows the medical special-
ist and coach to best prepare a treatment plan. By 
addressing the cause a better long-term resolution 
of the gymnast’s symptoms may be developed. Rest 
from the aggravating activity is often not all that is 
required. After the rest period is completed and the 
gymnast returns to the activity, the pain may well 
return. By taking the same gymnast with the same 
body mechanics and returning them to the same 
activity, the same pathology may eventually return. 
The gymnast’s body or the gymnast’s activity may 
need to be changed. In many cases, both the gym-
nast’s body and the activity need to be changed.

In order to change the gymnast’s body the first 
step is to identify the risk factors that the gymnast’s 
body may possess that place him or her at higher risk 
for back pain. This requires a detailed biomechanical 
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However, they may actually be in a piked or arched 
position in their core with a posterior or anterior 
tilted pelvis. The medical professional can have the 
gymnast perform specific clinical exercises to assess 
their body alignment awareness. In addition, the 
coach may have the gymnast perform some basic 
skills and analyze the gymnast’s body position with 
these movements too. There needs to be crossover 
from the medical clinic to the gym. Enhancement 
of the function of the gymnast’s skills with pain 
resolution is the ultimate goal.

Rapid growth during adolescence is another area 
to investigate when an adolescent gymnast pres-
ents with gradual onset of low back pain. With 
lengthening of the limbs and trunk, a loss of coor-
dination and imbalance may occur. With this same 
lengthening a gymnast’s strength-to-length ratio 
may be altered and they become relatively weaker. 
The gymnast may also experience a relative tight-
ness in muscles that were more flexible prior to the 
rapid change in growth. Female gymnasts experi-
ence a change in their pelvic shape during adoles-
cence. This may alter their core dynamics.

During adolescence, congenital issues of the 
spine may be brought to light. The gymnast may 
have a structural anomaly that was asymptomatic 
prior to the alteration in body size. This anomaly 
may then become symptomatic. With gradual 
onset of low back pain during adolescence, the 
medical professional should consider the possibil-
ity that the gymnast has a transitional lumbosa-
cral vertebra, hemisacralization of the fifth lumbar 
vertebra, or partial lumbarization of the first sacral 
vertebra (Figure 13.1). These anomalies may create 
facet inflammation or sacralillitis due to the altered 
mechanics. Thoracic spine pain may be a result of 
the development of Scheuermann’s disease. Scoliosis 
may become more significant. The medical profes-
sional needs to be aware of these issues and include 
them in the differential diagnosis. Further discussion 
on these topics will occur elsewhere in this chapter.

Rehabilitation of overuse injuries requires more 
than just rest. Rest is a relative term for a gymnast. 
In more significant and severe cases, complete rest 
from all gymnastics activity is required. However, in 
most mild to moderate cases, the gymnast requires 
relative rest. Relative rest is described as resting the 
gymnast from the aggravating skills and allowing 

adequately control the spine with static positional 
holds and through dynamic core motions. The 
gymnast should able to “sense” and to “feel” that 
the appropriate muscles are working when per-
forming the movement and know where their 
extremities are in positional relationship to their 
core. The gymnast may think they are positioning 
their core in proper alignment with their drill/skill. 

Table 13.1 Overview of muscle and joint tightness 
(restrictions), weakness (inhibition), and kinesthetic/
proprioception.

Muscles prone to 

tightness

Muscles 

prone to 

weakness

Muscle and joint 

kinesthetics/

proprioception

Gastocnemious/

soleus

Peroneals Control of the core in a 

static neutral position 

Hip adductors Anterior tibialis Control of the core in 

a static flexed position 

(posterior pelvic tilt)

Hamstrings Vastus medialis 

and lateralis

Control of the core in a 

static extended position 

(anterior pelvic tilt)

Rectus femoris/

illiopsoas

Gluteal muscle 

group

Dynamic control of the 

core as it moves through 

flexed, neutral, and 

extended motion patterns

Tensor fascia latae Rectus 

abdominus

Coordinated control of 

the core with dynamic 

motions of the upper 

quadrants

Piriformis Transverse 

abdominus

Coordinated control of 

the core with dynamic 

motions of the lower 

quadrants

Erector spinae Serratus 

anterior

Coordinated control of 

the core with dynamic 

motions of the upper and 

lower quadrants

Quadratus lumborum Rhomboids

Pectoralis major Lower 

trapezious

Upper trapezius

Levator scapulae

Sternocleidomastoid

Scalenes

Lattisimus dorsi
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that muscle for up to an hour and coaches gener-
ally avoid this type of activity (Marek et al., 2005). 
However, with rehabilitation, the understanding 
of muscle inhibition needs to be first addressed. 
Therefore, it is important to start the rehabilitation 
session with muscle flexibility before the strength-
ening portion. By stretching the tight muscles first 
and then adding the strengthening drills, the gym-
nast’s muscle inhibition may be reduced and the 
inhibited muscle may respond better to the exer-
cises. If this inhibition is not reversed, then the 
gymnast may actually reinforce the pathological 
pattern of muscle compensation. The use of foam 
rollers, massage sticks, and massage balls are ben-
eficial for use to assist in the flexibility of muscles. 
The medical professional may perform myofascial 
release techniques: teach the gymnast special tri-
plane myofascial unwinding exercises (Figure 13.2) 
and specific stretches to perform as part of a routine 
that initiates each rehabilitation session. Shoulder 
flexibility (Figure 13.3) and upper thoracic mobil-
ity assist with creating lower lumbar stability. The 
gymnast should be able to lift upwards through 
their arms pressing the upper thoracic spine caudad 
and anterior as they arch/extend their back creating 
a lengthening affect to the spine. They should be 
advised against shortening their spine by collapsing 
down and hinging at the lower lumbar spine.

him/her to continue participation in those skills 
that do not negatively influence the injury. The 
coach may be asked to participate in analyzing 
the skills that aggravate the gymnast’s spine to see 
if there is a flaw in the gymnast’s technique that 
needs to be addressed. The coach may assist in the 
recovery of the injured gymnast by breaking down 
the skill into its basic components and having the 
gymnast “relearn” the skill with improved form 
and technique. This may lend itself to less stress on 
the gymnast’s spine. These skills should not only 
include acrobatic skills but also dance skills.

The rehabilitation from a therapeutic exercise 
standpoint should be centered on the biomechanical 
evaluation of the gymnast. The tight muscle groups 
should first be addressed. Rehabilitation is differ-
ent than conditioning. With conditioning, over-
stretching of a muscle at the start of a practice may 
negatively impact the power generating capacity of 

Figure 13.1 3D CT scan showing a L5 vertebra with 
right-sided hemisacralization. (With courtesy of 
Lawrence Nassar.)

Figure 13.2 Tri-plane myofascial unwinding of the 
lower extremity with hip flexion, hip adduction, and 
hip internal rotation combined with ankle inversion 
and ankle dorsiflexion. This can be done with a partner 
or with the use of a stretch cord.  (With courtesy of 
Lawrence Nassar.)
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the number of repetitions. These types of details 
are important for a rehabilitation program to best 
accomplish its goals.

Strengthening exercises can be performed in a 
variety of ways. Static positional holds such as a 
side and prone planks are important to perform as 
part of the basic foundation of the rehabilitation 
program. Advancing to core exercises in which the 
gymnast is performing the exercises on a softer or 
wobbly surface may enhance the difficulty of the 
drills. The medical professional may incorporate 
the use of a Swiss ball, Bosu ball, wobble discs, and 
other such devices for this purpose. These devices 
may assist in not only strengthening the spine but 
also in enhancing the proprioception and kines-
thetic awareness of the spine.

It is important to progress beyond static exer-
cises. Dynamic exercises in which the spine is 
moved through a controlled range of motion, are 
beneficial to assist in the gymnast’s strength and 
kinesthetic awareness. The pelvic clock in which 
the gymnast learns to tilt their pelvis in a variety 
of directions using the face of a clock as a means to 
direct their motion is a basic dynamic core exercise. 
Side planks with arm and leg movements, twisting 
side planks, and rotational trunk motions while 
seated on a Swiss ball, are all examples of more 
advanced dynamic core exercises. In addition, core 
stability performed with the gymnast in a pike 
handstand and handstand position is beneficial 
to incorporate stability through the upper quad-
rant. For example, performing pike handstands on 
a wobble disc with the gymnast pressing through 
their shoulders to create clockwise and counter-
clockwise circles while maintaining a stable core 
position is a challenging core exercise (Figure 13.4).

Manual medicine techniques for realignment of 
the spine and the extremities may be performed 
during the rehabilitation. These realignment tech-
niques may allow the gymnast to improve the 
function and kinesthetic awareness of the spine. 
This may prove beneficial with assisting the gym-
nast’s recovery.

Therapeutic modalities involving a variety of 
means to heat and cool the injured tissue, aug-
mented soft tissue mobilization techniques, acu-
puncture, vacuum cupping, laser light therapy, 
electrical stimulation, and therapeutic ultrasound 

During the flexibility phase of the rehabilitation 
session, the gymnast may benefit from slow deep 
breathing. It may be beneficial to have the gym-
nast hold the stretch for a certain number of deep 
slow breaths (i.e., 5–10 deep slow breaths) instead 
of having them focus on holding a stretch for a cer-
tain time period. They need to allow their bodies to 
relax to best respond to the flexibility activities. It 
may be important for the gymnast to perform short 
periods of stretching several times a day to improve 
their flexibility, that is, maybe 10–15 minutes of 
stretching per session, three to five sessions a day.

The strengthening of weak and inhibited mus-
cles requires the gymnast to think. They need to be 
engaged mentally to ensure that the actual muscle/
muscle groups are activating with the exercise. If 
the gymnast is distracted and not focused on the 
exercises, they may allow for further compensation 
to occur thus reinforcing the pathologic muscle 
patterning that created the back pain. If the gym-
nast is given a number of repetitions to do in a set, 
they should focus on proper technique with each 
repetition. If their form breaks down, they need to 
stop even if they have not completed the required 
number of repetitions. They need to build their 
strength with proper form first and then increase 

Figure 13.3 Shoulder flexibility may be performed with 
the gymnast lying on a panel mat. The gymnast holds 
onto a light weight to assist with the stretch. They 
should keep their ribs flat, hips flat, and legs adductor 
together. The stretch should not cause them to arch their 
back and they should not allow their ribs to flare out. 
This helps to isolate the stretch to the shoulder complex.   
(With courtesy of Lawrence Nassar.)
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Rehabilitation programs may become over-
whelming for a gymnast if they are told to do 
many exercises without a plan as to how to incor-
porate the exercises into their daily routine. The 
medical professional and coach should work 
together on implementing such a plan of action. 
First the number of strengthening exercises may 
be divided into four groups. If each group holds 
3–4 core exercises, the gymnast is easily able to 
perform 12–16 different core exercises effectively 
in a week without overwhelming the gymnast by 
doing too many at one time. Each group can have 
a balance between static and dynamic exercises, 
incorporate a good variety of exercises so as not 
to overemphasize one motion pattern in a single 
group, and avoid quickly fatiguing a specific mus-
cle group. This helps to prevent the gymnast from 
going into a pathological compensatory muscle 
firing pattern while performing their rehabilita-
tion exercises. The gymnast may perform one of 
the exercise groups at the beginning of each prac-
tice and one of the exercise groups at the end of 
each practice on Monday, Wednesday, and Friday. 
Repeat this template with the other two exercise 
groups for Tuesday, Thursday, and Saturday. In 
addition, the flexibility/mobility of the restricted 
muscles and body regions needs to be incorpo-
rated into the schedule as well. Finding time to 
stretch/foam roll three to five times a day may be 
a difficult task if it is not planned out in advance 
for the gymnast. Please see Table 13.2 below for an 
overview of a weekly plan for a spinal rehabilita-
tion program.

are some of the commonly administered treat-
ments as part of a comprehensive PT plan. The uses 
of rigid, semi-rigid, and soft elastic compression 
lumbar braces are frequently employed to allevi-
ate more painful conditions. Adhesive strapping 
has been used for many decades; most recently 
Kinesio Taping techniques have been applied to 
the injured gymnast to assist with the treatment of 
spinal pain. The use of these therapeutic modalities 
requires further investigation since their evidence-
based effectiveness has not been fully established.

Figure 13.4 Piked handstand on a wobble disc. The 
gymnast presses through their shoulders to create 
clockwise and counterclockwise circles while maintaining 
a stable core position. (With courtesy of Lawrence Nassar.)

Table 13.2 Chart overview of a weekly spinal rehabilitation program. Flexibility refers to the use of stretches, foam 
roller, myo stick, myo ball, and so on, to enhance motion of a restricted/tight muscle or body region. Group A, Group 
B, Group C, and Group D refer to the four different exercise groups to enhance core strength and core proprioception/
kinesthetic awareness.

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Morning Flexibility Flexibility Flexibility Flexibility Flexibility Flexibility Flexibility

Beginning of practice Flexibility 

Group A

Flexibility 

Group C

Flexibility 

Group A 

Flexibility 

Group C

Flexibility 

Group A

Flexibility 

Group C

Mid-practice Flexibility Flexibility Flexibility Flexibility Flexibility Flexibility Flexibility

End of practice Flexibility 

Group B

Flexibility 

Group D

Flexibility 

Group B

Flexibility 

Group D

Flexibility 

Group B

Flexibility 

Group D

Before bedtime Flexibility Flexibility Flexibility Flexibility Flexibility Flexibility Flexibility
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degeneration of the intervertebral disc. The degen-
erative type of spondylolisthesis may result in ante-
rior or posterior translation. Anterior translation 
is called anterolisthesis and posterior translation  
is called retrolisthesis. Isthmic spondylolisthesis is 
the most common type of spondylolithesis seen 
in gymnastics. Isthmic spondylolisthesis is catego-
rized into grades based upon how far the superior 
vertebra translates anterior to the inferior vertebra 
(Meyerding, 1932). Grade 1 spondylolisthesis is a 
translation of the superior vertebra up to 25% of 
the distance of the vertebral body of the inferior 
vertebra. Grade 2 is a translation from 25 to 50%. 
Grade 3 is a translation from 50 to 75%. Grade 4 
is a translation from 75 to 100% and grade 5 is 
when the superior vertebra has translated past the 
inferior vertebrae and an angle is created between 
the two vertebrae (Figure 13.6). Progression of low-
grade (grades 1 and 2) spondylolithesis is very low. 
Only about 4–5% of adolescents will show progres-
sion (Lonstein, 1999). Many gymnasts with grade 
1–2 isthmic spondylolisthesis are asymptomatic.

The use of a bone stimulation unit is controversial 
but may be of benefit to use to enhance bone heal-
ing. If the gymnast does not have pain with normal 

Spondylolysis and spondylolisthesis

Stress fractures to the spine most commonly occur 
in the lower lumbar posterior column. Spondylol-
ysis is the term used for these types of fractures. 
Spondylolysis is defined as a fatigue fracture of the 
vertebral arch usually occurring at the pars inter-
articularis. Spondylolysis may also occur through 
the pedicle portion of the posterior vertebra, but 
this is far rarer. This is a stress overuse injury that 
is created by repetitive hyperextension and rota-
tion of the spine (Standaert & Herring, 2000). An 
acute traumatic event creating a microfracturing 
of the bone may be an initial insult. The fracture 
is then completed by the repetition of extension 
and rotation forces. The fifth and fourth lumbar 
vertebrae are the most common location of these 
fractures. Spondylolysis that occurs above L4 may 
take longer to heal then those that are at L4 or L5. 
Unilateral spondylolysis, either on the right side or 
left side of the vertebra (Figure 13.5), has an easier 
course of recovery, in general, than a bilateral spon-
dylolysis in which both sides are damaged.

Spondylolithesis is a condition in the spine in 
which there is a translation of one vertebra on 
another vertebra. The superior vertebra generally 
moves anterior to the inferior vertebrae. Spondy-
lolisthesis is commonly grouped into two main 
types: isthmic and degenerative (Wiltse et al., 
1975). Degenerative spondylolithesis results from 

Figure 13.5 Spondylolysis is demonstrated on the right 
side of the L5 at the pars articularis.

Figure 13.6 Grade 5 spondylolisthesis. 17-year-old 
female athlete walked into the medical clinic with 
concerns about how her back looked and denied any 
significant pain with her dance or acrobatics.
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pars (Standaert, 2005). See Figure 13.9 for an over-
view of the use of a brace presented here.

In general, after 4 weeks reassess the gymnast. If 
their exam is significantly better and they have full 
pain-free range of motion, then they may be placed 
on the fast track and they wear the warm and form 
brace only 12 hours a day for the next 2 weeks. 
At 6 weeks recheck them and if they are doing 
well, the brace is then only used in the gym. At  
8 weeks the hard plastic is removed from the back 
pouch of the warm and form brace and then by 
10–12 weeks they progress to full gymnastics. The 
soft brace is completely removed once they have 
been able to return to full gymnastics. The benefit 
of the soft brace is a reminder to the gymnast and 
the coach to continue doing the rehabilitation 
exercises and progress with caution. It is also a pro-
prioceptive reminder to control the core better.

After 4 weeks if their exam is improved but they 
still have pain with trunk extension then they are 
on the standard track. They then use the back brace 

life (activities of daily living outside of the gym) 
then do not place them in a brace for their back. If 
the gymnast has pain with normal life, then place 
them in a Criss Cross warm and form type of back 
brace (see Figure 13.7). They may need to wear the 
brace 23 hours a day, removed only to shower/bathe. 
The goal is to relieve them from pain with normal 
life activities, including sleeping. This then allows 
the injury to heal quicker since the gymnast is not 
irritating the pathological site. It also helps prevent 
muscle spasms. Most gymnasts do not want to be in 
the brace, but after they use it to sit in school and 
they notice that they can sit much better with less 
pain, then they are more compliant with wearing 
the brace. If after 1–2 weeks in the warm and form 
back brace they still have pain with normal life, 
then place them in a customized thoracolumbosa-
cral orthosis (TLSO). This is a more rigid and motion 
restricting brace (see Figure 13.8). They need to wear 
the brace 23 hours a day. They may remove it to 
shower and do therapeutic exercises. Once in the 
TLSO, they remain in that brace until they can arch 
without pain. Then, they may remove the TLSO and 
return to the smaller more flexible warm and form 
brace if needed. Bracing for spondylolysis and spon-
dylolisthesis is controversial. The medical literature 
is mixed with some articles recommending bracing 
and others finding it to be of no help and others 
have found bracing causes increased stress to the 

Figure 13.7 A “warm and form” lumbar support is a type 
of brace that is an elastic soft lumbar support with a pocket 
in the back. The orthotist warms a plastic insert and molds 
it to the gymnast’s back and inserts it into the pocket.

Figure 13.8 A thoracolumbosacral orthosis is a 
customized rigid brace. (With courtesy of Lawrence 
Nassar.)
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they still have pain with full extension then they 
stay in the brace 12 hours a day and recheck them 
again at 12 weeks. If they are able to arch pain-
free then they only wear the brace in the gym and 

for 12 hours per day for the next 4 weeks and they 
may not need to be rechecked again until week 8. If 
they are then able to arch fully pain-free then they 
wear the brace only while in the gym. If at 8 weeks 

Figure 13.9 Overview of the use of a brace for the treatment of spondylolysis and spondylolisthesis. ADL, activities of 
daily living; PT, physical therapy; TLSO, thoracolumbosacral orthosis.

Gymnast with spondylolysis

or spondylolisthesis 

No pain with activities

of daily living

No brace used

and start PT

Pain with activities

of daily living (ADL)

Warm and form

brace used 23 hours a

day and start PT

Pain still present, change brace to a TLSO

used 23 hours a day and perform PT

At 4 weeks reevaluate At 4 weeks reevaluate

If pain still present 

continue in the TLSO

23 hours a day

At week # 8 reevaluate,

if pain still present,

continue TLSO 23 hours

a day

At week # 12 reevaluate

if pain still present

patient may have failed

brace use

If no pain present,

decrease brace use to

12 hours a day

At week # 8 reevaluate, if no pain

remove TLSO brace and begin

warm and form brace worn only in

the gym and not with ADL

At week # 12 remove hard

plastic insert from brace and

continue use of brace until all skills

are accomplished in the gym

No pain with ADL

No pain present, wear

brace for 12 hours a day

and reevaluate 2 weeks

later

Wear brace only in the

gym and do not wear

brace with ADLs

At week # 8 remove hard

plastic from the warm and

form brace and wear in

the gym

Continue use of the warm

and form brace without

the plastic insert until all

skills are accomplished

in the gym
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-
culoskeletal imbalances that are risk factors for low 
back pain to prevent reoccurrence of the injury.

Lumbar facet syndrome

The facet joints are synovial joints reinforced by 
fibrous capsule that connect the inferior vertebral 
arch of one vertebral to the superior vertebral arch 
of another vertebra. Facet syndrome of the spine 
was defined in 1933 as lumbosacral pain, with or 
without sciatica, which was likely to occur after a 
sudden rotation trauma to the lumbosacral spine 
(Ghormley, 1933). Further investigations showed 
that not only compression of the facet joints 
but also repetitive distraction forces of the facet 
joints from lateral trunk bending and forward 
trunk flexion frequently create pathology (Cohen 
& Raja, 2007). The nature of activities involved 
with gymnastics places them at risk for trauma 
to their facet joints. It is not uncommon to find 
the gymnast with significant low back pain who 
has no sign of fracture on imaging studies, to have 
a facet syndrome. The gymnast with facet pain 
may experience more discomfort than a gymnast 
with spondylolysis when the gymnast is asked to 
move into trunk flexion, moving from a trunk 
flexed position to an extended position, and with 
lateral side bending. Forceful landings with the 
trunk flexed places great strain on the lumbar facet 
capsules.

Treatment of a gymnast with lumbar facet syn-
drome should begin with rest from the aggravat-
ing activity. The medical professional should 
perform a physical examination to investigate for 
biomechanical/neuromuscular patterns that may 
be underlying risk factors. Therapeutic interven-
tion should be conservative to start with. PT to 
treat the physical examination findings needs 
to be employed. If pain persists, then invasive 
procedures, that is, facet blocks, may need to be 
performed. The role of facet blocks for facet syn-
dromes still remains controversial and more medi-
cal research in this area needs to be conducted 
(Cohen & Raja, 2007). Furthermore, lumbar facet 
syndrome, as a whole, is a controversial topic in 

remove the hard plastic back out of the warm and 
form brace. Continue the brace without the plastic 
insert until they are back to full gymnastics, then 
they remove the brace completely. By wearing the 
warm and form brace without the hard plastic 
insert, the soft elastic corset helps to remind the 
gymnast to keep their core muscles engaged. Some 
medical professionals will place all symptomatic 
gymnasts into a TLSO for 12 weeks without reeval-
uation until week number 12. If pain is still present 
after 12 weeks of TLSO brace use, then either con-
sider further brace use or begin evaluation for pos-
sible fusion of the fracture (Cavalier et al., 2006).

As soon as the gymnast is diagnosed with spon-
dylolysis or spondylolisthesis it is recommended 
that the gymnast starts PT to correct any muscle 
imbalances found and improve their overall core 
stability and function. In addition to flexibility of 
the extremities, for the first 4 weeks they work with 
neutral trunk-to-trunk flexion bias. If they are on 
the fast track then by week 6 they start working into 
trunk extension in PT. If they are on the standard 
track, they start working trunk extension some-
where between 8 and 12 weeks. If they are placed 
into the TLSO then in general they are not able to 
start extension work until about 12 weeks. They 
must be pain-free with normal life before start-
ing to work into extension in PT. They gradually 
increase their trunk strength in extension. It may 
be easier to start to challenge the spine in exten-
sion by working the hips into extension first, then 
add trunk extension, and finally add trunk and hip 
extension combined at the same time. They must 
be able to arch first in PT with their exercises before 
they are allowed to do arching skills in the gym.

The key generic points in PT to be addressed:

restrictions need to be addressed.
Iliopsoas/quadriceps/iliotibial band/erector spi-

nae flexibility.

restored.
Gluteus medious strength, gluteus maximus infe-

rior fibers strength, and lower abdominal strength 
need to be enhanced.

Just like other joints in the body, kinesthetic 
awareness and proprioception of the spine needs 
to be restored.



Treatment and rehabilitation of common spine/trunk/head injuries 165

that created the endplate fracture may also cause 
insult to the disc. Endplate fractures may be difficult 
to diagnose when the endplates are not readily seen 
on radiographs. This occurs when the endplates are 
very immature. However, as the spine matures, the 
vertebra may develop with a wedge shape due to 
the damage. The endplate fracture may look like 
a chip off the anterior superior or anterior inferior 
edge of the vertebra. Less commonly the posterior 
portion of the vertebral endplate is involved. It 
is not uncommon for endplate fractures to occur 
between T10 and L2 at the thoracolumbar junction 
(Figure 13.11) and the L4, L5, and S1 levels at the 
lumbosacral junction (Katz & Scerpella, 2003). End-
plate fractures are also referred to as anterior limbus 
fracture and avulsion of the ring apophysis.

Treatment of endplate fractures is similar to treat-
ment of spondylolysis. Bracing is used, if needed, 
to help reduce pain. Rest from all activity that cre-
ates pain is important. PT similar to that described 
with spondylolysis may prove to be beneficial.

the medical literature. The pathological cause, eval-
uation, and treatment procedures all need further 
investigation to better understand this syndrome.

Other spine and back conditions

Scheuermann’s disease and 
endplate fractures

Scheuermann’s disease is described as three or 
more consecutive thoracic vertebrae with irregu-
larity of the endplates creating a wedging of the 
vertebra body of at least 5º, Schmorl’s nodes, and 
loss of disc space height that creates a hyperkypho-
sis of greater than 40º (Sorensen, 1964). The cause 
of Scheuermann’s disease is unknown. However, it 
has been documented in the medical literature that 
Scheuermann’s disease may be caused by repeated 
or acute trauma to the immature spine (Tribus, 
1998). The endplates (vertebral body growth 
plates) of a gymnast are at risk to damage from 
the stress of the sport especially with hyperflexion 
injuries. In general, however, the presentation of 
Scheuermann’s disease is a nontraumatic gradual 
onset of thoracic spine pain with loss of thoracic 
spine mobility. Atypical Scheuermann’s disease is 
the type of vertebral body wedging with endplate 
irregularity that does not possess the hyperkypho-
sis. This pathology may occur at the thoracolumbar 
junction or in the lumbar spine alone. In general, 
this condition is self-limited and the pain associ-
ated with the condition resolves with endplate 
closure as the gymnast progresses through adoles-
cence. Pain associated with this condition seems to 
be increased with the atypical form (Figure 13.10).

Treatment of Scheuermann’s disease is mainly 
symptomatic and includes rest from aggravating 
activities, PT, occasional use of bracing to relieve 
more moderate to severe levels of pain, and rarely 
surgical correction of the hyperkyphosis.

Endplate fractures from acute or repetitive stress 
involved with gymnastics may give a similar appear-
ance as Scheuermann’s disease but this would be 
rare to occur at three consecutive levels. Schmorl’s 
nodes may or may not be present. Frequently, disc 
space narrowing may be present since the trauma 

Figure 13.10 CT scan showing atypical Scheuermann’s 
disease of the lumbar spine.
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maturity of the gymnast, rate of change of the cur-
vature, and degree of curvature. Surgical correction 
is recommended if the curvature of the spine cre-
ates compromise to the cardiovascular/pulmonary 
function of the gymnast.

Discogenic back pain

Disc pathology has been classified as disc bulges, 
disc herniations, disc protrusions, disc extrusions, 
and disc degeneration. The medical literature has 
identified that up to one-third of the normal pop-
ulation may have disc bulges and yet are asymp-
tomatic (Boden et al., 1990). The finding of a disc 
bulge on a gymnast with a painful back condition 
may not necessarily be the cause of their pain. It 
is recommended to search for other causes of the 
back pain that may be of greater influence to the 
pain the gymnast perceives. Disc herniation, pro-
trusions, and extrusions may be more symptomatic 
depending on their influence on the spinal cord 
and the spinal nerves. Disc degeneration has a high 
correlation with the complaints of back pain.

The disc may be damaged by an acute traumatic 
event or by chronic mechanical loading of the disc. 
Gymnasts with significant disc pathology find it 
difficult to sit for prolonged periods of time. Sitting 
with an unsupported back may actually decrease 
the stress on the facets and increase the load on the 
disc when compared to standing. Disc degeneration 
places more stress on the facet joints and may cre-
ate facet pathology compared to disc herniation.

The mainstay of treatment for discogenic pain 
is PT. Manual medicine to improve the alignment 
is of benefit too. If pain persists with conservative 
care, then invasive use of steroids with epidurals 
may be of value for disc herniations/protrusions/
extrustions. The tertiary care would be a form of 
disectomy surgery. Fortunately, most gymnasts 
respond well to the conservative care with the 
therapeutic interventions.

Pelvic floor dysfunction

The impact forces that the female gymnast sustains 
during acrobatic and trampoline skills place sig-
nificant stress on her pelvic floor. Published  studies 
(Nygaard et al., 1994; Eliasson et al., 2002) have 

Scoliosis

Idiopathic scoliosis is not uncommon in gym-
nasts. It has been reported in the medical literature 
that rhythmic gymnasts have a high occurrence 
of idiopathic scoliosis. It has been hypothesized 
that ligamentous/joint laxity combined with delay 
in menarche and asymmetrical repetitive loading 
of the spine from favoring or dominance of one 
side of the trunk more than the other in rhythmic 
routines may explain this finding in the Rhythmic 
Gymnastics population (Tanchev et al., 2000). 
Frequently, idiopathic scoliosis is asymptomatic. 
Historically, in the early medical literature written 
at the beginning of the 1900s, “gymnastics” was 
the mainstay of nonsurgical treatment for scolio-
sis. Unless there is significant pain, rest from gym-
nastics is not required. The strength training and 
inherent core stability needed to be successful in 
the sport of gymnastics works as an advantage. It 
may be of benefit for the coach to review the gym-
nast’s skills and try to incorporate a balance in their 
skill set so as not to overuse one side of the spine in 
their routines. Formal PT to improve the strength 
of the lengthened/weakened muscles on the con-
vexity side of the curve coupled with stretching of 
the tight/shortened muscles on the concavity side 
of the curve form the basics of the therapeutic exer-
cises. Bracing may be required depending on the 

Figure 13.11 L1 endplate fracture.
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pelvic floor muscles contract. This is a useful tool 
that can be incorporated into therapeutic exercise 
programs to improve lumbopelvic stability, which 
may not only assist with the reduction of stress 
urinary incontinence but also reduce lumbopelvic 
mechanical pain.

It is recommended that gymnasts learn to per-
form Kegels exercises as part of their therapeutic 
intervention for low back pain. A simple way of 
incorporation of this into their program is to have 
the gymnast learn to co-contract the pelvic floor 
with the transverse abdominal muscle to start 
each spinal stability exercise. Once these muscles 
have been contracted, then the gluteal and other 
abdominal muscles are contracted and the exercise 
is then performed. By incorporation of this extra 
step, urinary incontinence may be decreased, spi-
nal stabilization may be enhanced, and back pain 
may be reduced.

Further research

There is a need for continued research in the 
understanding of the biomechanics of the gymnas-
tics skills. The forces applied to the human body by 
the various gymnastics skills continue to increase 
as the difficulty of the skills continue to progress 
with each change of the Code of Points by the 
International Federation of Gymnastics (FIG). It is 
important to continue investigation on how high 
these forces are and how they affect the anatomical 
structures of the immature and mature gymnasts’ 
musculoskeletal systems.

The equipment used in gymnastics evolves over 
time and it is vital to have an in-depth understand-
ing of how the equipment influences the gymnasts’ 
skills, the forces applied to their bodies, and the 
forces absorbed from their bodies. Further research 
in this area is beneficial to help minimize the stress 
the gymnast sustains and yet, maximize their per-
formance.

A continued investigation into the benefits of 
therapeutic modalities, core exercises, and strap-
ping/taping/bracing of the spine is of high impor-
tance to enhance the recovery of the gymnast’s 
spinal injuries.

demonstrated that 80% of elite female trampoline 
gymnasts and as high as 67% of female artistic 
gymnasts report involuntary urinary leakage dur-
ing training. Compared to other sports including 
basketball, tennis, field hockey, track, swimming, 
volleyball, softball, and golf, the female gymnast 
has the highest occurrence of urinary incontinence. 
The intraabdominal forces with gymnastics may 
become so intense and the female urethra is so short 
that the pelvic floor is frequently unable to prevent 
urinary leakage. Medical research has demonstrated 
the importance of the pelvic floor in the facilita-
tion of stability in lumbopelvic stability. Fatigue of 
the pelvic floor muscles creates increased urinary 
leakage as demonstrated by medical research with 
increased leakage occurring near the end of a gym-
nastics training session (Eliasson et al., 2002). Male 
gymnasts also sustain high-impact forces, however, 
due to the increased length of the male urethra, 
urinary leakage has not been reported. Instead of 
stress-induced incontinence, the male gymnast sus-
tains symptoms of lumbopelvic pain.

The pelvic floor muscles are required to quickly 
and forcefully respond to the impact forces to 
withstand the deceleration forces of the abdomi-
nal viscera. Gymnasts, unfortunately, have shown 
increased laxity of noncontractile elements (reduc-
tion in their tissue collagen concentration). This 
may be related to the increased prevalence of hyper-
mobile joints found in the gymnast. The combina-
tion of the forces applied to the pelvic floor and 
the reduction of tissue collagen concentration may 
well lead to the stress urinary incontinence demon-
strated (Kruger et al., 2007).

Musculoskeletal ultrasonography of the pelvic 
floor musculature of gymnasts compared to bal-
let dancers, and others has shown that gymnasts 
actually have adapted to the impact forces of their 
sport. Compared to the other sports studied, gym-
nasts demonstrated increased mean diameter of 
their pubovisceral muscles and greater bladder 
neck descent with a valsalva activity (Bo, 2004).

The use of the pelvic floor musculature to assist 
in lumbopelvic stability has been well known in 
the dance art of ballet as the dancer learns from 
an early age to “lift” through their floor. Some pro-
fessional ballet companies utilize musculoskeletal 
ultrasonography to allow the ballerina to see her 
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Further understanding of the pathophysiology of 
a concussion, functional and structural evaluation 
of this injury, and therapeutic intervention for 
treatment of a concussion is of vital need for all 
athletes and nonathletes alike.

Summary

Spinal and head injuries are complex in nature and 
the understanding of these injuries continue to 
develop over time as medical technology improves 
and evidence-based medicine sheds light on these 
acute and chronic injuries. It is important for the 
coach and medical professional to keep current 
their understanding of the mechanics of the sport 
of gymnastics and how the forces of the skills affect 
the gymnasts’ bodies. Therapeutic interventions 
for the treatment of spinal and head trauma con-
tinue to evolve. This chapter has provided sample 
treatment protocols that may prove beneficial for 
the coach and medical professional to utilize with 
their injured gymnast.
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Marita L. Harringe1, Dennis J. Caine2

1Stockholm Sports Trauma Research Center and Care Sciences and Society, Karolinska Institutet, Stockholm, Sweden
2College of Education and Human Development, University of North Dakota, Grand Forks, ND, USA

control trial (RCT) (Meeuwisse & Bahr, 2009). RCTs 
and quasi-experimental studies regularly compare 
new interventions to routine training protocols. 
Those studies typically cluster random participants 
by team or school in order to avoid cross-contami-
nation among teammates. Unfortunately, it is not 
easy to set up an RCT in an ongoing high-level 
sport such as gymnastics, which is continuously 
changing with respect to skill level, technique, 
equipment, apparatus, and the FIG (Fédération 
International de Gymnastique) Code of Points.

There are only a few studies that have scientifi-
cally tested preventive measures in gymnastics. 
Additionally, to date, no studies have examined 
factors that impact the likelihood of a prevention 
strategy being adopted by the gymnastics commu-
nity (i.e., translational research). However, stud-
ies in other sports have shown that it is difficult 
to implement injury prevention programs unless 
the extra practice also adds a quality or improved 
performance to the sport itself. The fact that the 
prevention programs may reduce the amount of 
injuries does not seem to be enough. One reason 
may be that prevention programs are time consum-
ing, and to be effective should be implemented 
before injury—when it actually does not seem to 
be needed. A change in behavior must therefore 
be achieved. If the prevention programs are con-
sidered ordinary training and not extra training, 
this may be accomplished. With respect to what 
is known about learning and behavior we believe 
that prevention programs should be implemented 
from a young age. The prevention programs 
should be regarded as recovery and reactivation of 

Introduction

Avoiding injury is essential if one is to reach top-level 
gymnastics. Although it is impossible to eliminate 
all injuries, attempts to reduce them are obviously 
warranted. Prevention strategies deal with intrinsic 
factors such as physical and mental preparation and 
extrinsic factors such as the environment, safety 
equipment, and rules and regulations surrounding 
the gymnastics discipline. The preparation of a gym-
nast is to achieve goals for success, but to be suc-
cessful the gymnast must be correctly prepared and, 
as far as possible, remain injury-free. This chapter 
is based on the scientific evidence regarding differ-
ent aspects of injury prevention. To find the correct 
injury preventive strategy is not easily accomplished 
and the process is time consuming.

Sports injury prevention research involves a 
“sequence of prevention” (van Mechelen et al., 
1992). First, research establishes the extent of 
injury. Second, research explores its etiology (i.e., 
the causes and implications of injury). Third, 
research creates a prevention strategy to reduce the 
injury burden. Last, research evaluates the effec-
tiveness of the implemented prevention strategy 
by reexamining the extent of injury (Figure 14.1, 
also described in Chapter 10). From a research per-
spective, it is preferable to evaluate the effect of 
preventive measures by means of a randomized 



Gymnastics injury prevention 171

Joint stability

The stability of a joint depends on active as well 
as passive structures such as the joint capsule, liga-
ments, and deep stabilizing muscles. These structures 
provide joint stiffness while large force-producing 
muscles enable movements. The demands on each 
and every structure are high in gymnastics, espe-
cially since gymnasts are strong and at the same 
time flexible. Gymnasts practice to perfection, 
which means that they spend several hours repeat-
ing and practicing a skill. Although it may seem as if 
the muscles and the neuromuscular control system 
work properly there is a risk of fatigue in the deep 
stabilizing system. Decreased neuromuscular con-
trol of the deep stabilizing muscles may finally lead 
to functional joint instability, delayed muscle onset, 
pain, and severe injury. The importance of a well-
working muscle system is obvious for a gymnast 
and stabilizing muscles of the joints do not seem to 
recover without specific activation. Therefore, a pro-
gram including low-intensity specific exercises may 
help the recovery and prevent more severe injuries 
to occur. Since warm-up is part of the preparation 
of a gymnast, these exercises would preferably be 
implemented in the warm-up and target one or 
more joints. Balance boards, elastic bands, and gym 
balls as well as ordinary gymnastics equipment may 
be fun and helpful tools in this practice. There are 
several books and scientific articles presenting spe-
cific exercises for strengthening the core and joints 
such as the knee, ankle, and shoulder. A few exer-
cises to provide stiffness of the lower back are pre-
sented later in this chapter.

Muscles contributing to 
lumbar stiffness

Muscles such as the transversus abdominis, 
obliquus internus, diaphragm, iliocostalis, mul-
tifidus, and quadratus lumborum have been sug-
gested to be active in protecting and stabilizing the 
lumbar spine. Of the local muscles, the transver-
sus abdominis and the lumbar multifidus are the 
most discussed and studied muscles to especially 
contribute to lumbar stiffness. However, since the 
transversus abdominis muscle works closely with, 
and sometimes fuses with, the obliquus internus, 

the neuromuscular system and the body control, 
essential for the performance, not as extra prac-
tice. Since there are few studies regarding preven-
tion of injury in gymnastics, recommendations in 
this chapter are in some cases drawn and presented 
from studies carried out in other sports.

Intrinsic strategies

Specific balance and agility training, joint stability 
and neuromuscular exercises, plyometric strength 
training as well as general strength, and stretching 
exercises are included in successful prevention pro-
grams in sports such as soccer and European team 
handball (Schiff et al., 2010). These preventive 
measures are also included in ordinary gymnastics 
training, and several of the exercises, used in pre-
vention programs, originate from gymnastics. The 
neuromuscular control has to be working properly 
in order to avoid injury and since gymnasts spend 
a tremendous amount of time in practice, fatigue 
leading to decreased neuromuscular control may 
be a problem. Consequently, effective recovery of 
the neuromuscular control system would be one 
means of prevention. This may be achieved by rest, 
proper nutrition, and neuromuscular control exer-
cises such as joint stability training and basic bal-
ance and agility training.

Figure 14.1 Four-step sequence of injury prevention 
research. (Source: Van Mechelen W., Hlobil H., 
Kemper J.C.G. (1992) Springer Healthcare © Adis Data 
Information BV 2012. All rights reserved.)
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exercises should be introduced as a complement to 
ordinary trunk muscle training.

Specific exercises for lumbar stiffness

In the early 1990s, Richardson and Jull (1995) 
presented specific muscle exercises to control the 
lumbar spine. The specific exercises were sug-
gested to reactivate the local muscles of the lum-
bar spine and to control pain in patients with low 
back pain. The base for this training is the draw-in 
action, also called abdominal hollowing. It is an 
isometric muscle contraction to not only activate 
the transversus abdominis and/or obliquus inter-
nus but also enhance co-activation with the lum-
bar multifidus muscles. The abdominal hollowing 
is performed by gently drawing in the abdominal 
wall, especially of the lower abdominal area. It is 
an isometric contraction and the time length for 
which the exercise is held, as well as to maintain a 
normal rate of breathing, is important. A pressure 
bio-feedback unit (Chattanooga group, Inc., USA) 
(Figure 14.2) may be used to control for correct 
muscle contraction.

The device is helpful, in particular during the 
learning phase, for guidance of performing the 
muscle contraction correctly. The specific training 

the obliquus internus may also be considered an 
important contributor to the stiffness of the lum-
bar spine. The transversus abdominis is the abdom-
inal muscle most closely associated with control 
of intraabdominal pressure and it also influences 
stiffness and intersegmental motion of the lumbar 
spine through its connection to the thoracolum-
bar fascia. Furthermore, this muscle preactivates 
during a movement of the upper or lower extrem-
ity, even before the primary movers of the actual 
extremity. This activation is delayed in patients 
with low back pain. The multifidus muscles are 
best developed in the lumbar region of the spine 
and their contribution to lumbar stiffness has been 
shown in a variety of studies. These muscles are 
impaired in patients with low back pain and recov-
ery of the multifidus muscles does not appear to be 
automatic after resolution of an acute, first-episode 
of low back pain.

Prevention of nonspecific low back pain

Injury involving the low back is not uncommon 
among gymnasts and low back pain is a common 
complaint. Specific segmental exercises of the lum-
bar muscles have shown promising results regarding 
treatment and prevention of low back pain in young 
teamgym gymnasts (Harringe et al., 2007). The idea 
is to add specific, low-intensity exercises to the lower 
back, as a complement to the ordinary strength and 
preparation training for gymnasts. The exercises 
should be implemented in the regular training, 
for example, in the warm-up, and be continuously 
performed. This type of training has also been 
used with success in the treatment of more severe 
injuries such as disc herniations and spondylolysis 
(O’Sullivan et al., 1997). However, it is important to 
remember that the exercises do not replace ordinary 
trunk muscle training. A study on collegiate gym-
nasts performing a 15-minutes general trunk muscle 
training program, twice a week, 10 weeks preseason, 
also appeared to reduce episodes of low back pain 
(Durall et al., 2009). As long as there is no fatigue 
or injury the core muscles work properly and co-
activate without specific exercises. However, once 
there is disturbed activity such as fatigue or injury 
the deep stabilizing muscles do not work properly. 
To ensure well-functioning core muscles, the specific 

Figure 14.2 A pressure bio-feedback unit. The unit is 
inflated to 70 mmHg pressure and placed under the 
lower abdomen while the subject is lying in prone 
position. When the correct contraction is performed, 
pressure decreases by approximately 6–8 mmHg.
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in different training modalities for core stabil-
ity. There are several books on core stability or 
core training and these may give ideas on how to 
progress with the training. However, the key to 
success is to keep it simple in the learning phase 
to be sure to target the deep muscles. Remem-
ber that these exercises complement heavy load 
training and it is important to ensure correct 
technique in the exercises.

Weeks 1–2: Introduce the abdominal hollowing 
in prone and four-point kneeling positions 
(Figure 14.3). Use the pressure bio-feedback 
unit (Figure 14.2) to control for correct execution 
in prone position. Each exercise should be repeated 
10 × 10 seconds and included in the warm-up.

Weeks 3–4: Keep the basic exercise in the four-
point kneeling position. Add diagonally elevation 
of the arm and leg in the prone position. Repeat 
each exercise 10 × 10 seconds. Also add abdomi-
nal hollowing in an upright position on a balance 
board. Position the body on both feet, with slightly 
flexed knees while moving the arms up and down  
in front of the body. The exercise is easy to per-
form, although it increases the demands on the 
deep stabilizers of the lumbar spine. The exercise 
should be performed for 5 minutes at each training 
session. To increase the difficulty the gymnast may 
add some weight, for example, light dumbbells in 
the hands, while moving the arms up and down. 
However, it is important to keep the control of the 
abdominal hollowing during the exercise.

is commenced in the four point kneeling and prone 
positions, of which the four point kneeling posi-
tion may be the easiest to start with (Figure 14.3). 
In this position the rectus abdominis muscle is dif-
ficult to activate and thus helpful since the aim of 
the training is to activate the deeper part of the 
abdominal wall. Once the gymnast knows how to 
perform the exercise, the positions should become 
more sport-specific. The gymnast may, for example, 
perform the abdominal hollowing in a static posi-
tion such as a handstand or in a dynamic situation 
walking on the hands or in a tumble or a vault (see 
Weeks 5–8 in Section “Eight-weeks introduction 
program”). However, it is important to keep one or 
two of the basic exercises to ensure correct perfor-
mance and to ensure a reactivation of potentially 
fatigued muscles. The bio-pressure feedback unit is 
fun to use and, when used correctly, provides accu-
rate feedback.

Eight-weeks introduction program

Hereunder an introduction program to the 
specific muscle control exercises is presented 
(Harringe et al., 2007). The idea is to introduce 
an exercise to reactivate fatigued or injured deep 
stabilizing muscles of the lower back. It should 
be implemented during ordinary training. Once 
the gymnasts master the abdominal hollowing it 
may be an exercise to use in the warm-up, just 
to make sure that the muscles work properly, or 

Figure 14.3 Abdominal hollowing in a prone and a four point kneeling position. (Source: Harringe et al. (2007) with 
kind permission from  Springer Science and Business Media.)

Figure not available in this digital edition.
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that this technique may help the gymnasts to regain 
neural control after intensive gymnastics training. 
However, the plyometric training is intensive and 
should not be performed when the gymnast is tired. 
Most studies implement the prevention exercises in 
the warm-up and the most successful prevention 
programs have been carried out during the entire 
season, linked to education of coaches and athletes. 
Further studies are needed in order to establish its 
role in gymnastics injury prevention.

Prevention of upper extremity injuries

Injuries to the upper extremity (e.g., shoulder or 
wrist) are more common in male gymnasts com-
pared to female counterparts (in whom ankle and 
lower back injuries predominate) possibly due to 
the different types of apparatus used in men’s gym-
nastics. However, wrist pain, as well as more severe 
wrist injury, is common in the young growing gym-
nast. Most scientific work in this field consists of case 
reports and some studies suggest possible, though 
not tested, preventive strategies (DiFiori et al., 
2006). Strength training and stabilizing exercises 
as well as taping or bandaging are frequently used 
in ordinary training. Biomechanical and clinical 
studies indicate that protective wrist bracing may 
prevent acute wrist injury; however, this preventive 
measure has not been tested in a controlled trial 
on gymnasts. Another approach would be to reduce 
the impact by alternating between different skills 
such as swinging and support-type movements 
during practice. An optimal gymnastics technique 
and recovery can most probably minimize the high 
impact on the body structures.

Muscle and joint symmetry

A decreased joint or muscle range of motion may 
result in bad timing and asymmetric force transfor-
mation through the body. Using the take-off going 
into a tumble or vault as an example, the forces are 
transformed from the ankle through the body into 
the gymnastics skill. The timing has to be exact 
in order to perform the perfect skill. If there is an 
asymmetry in muscle or joint range of motion the 
forces may be unevenly transformed and possibly 
result in poor technique and increased risk of 

Weeks 5–8: Continue with the exercises from 
previous weeks. Add sports-specific positions with 
the instruction to keep emphasis on the abdominal 
hollowing. In the study on teamgym gymnasts by 
Harringe et al. (2007), 12 basic trampette skills were 
added. Unstable surfaces such as balance boards, 
trampolines, and trampettes have shown to acti-
vate stabilizing muscles of the lumbar spine and 
thus improve core stability. The sports specificity 
of the exercises should be chosen to fit the different 
disciplines.

Prevention of lower extremity injuries

The lower extremity is the most commonly injured 
body region in Artistic Gymnastics. Injuries involv-
ing the knee and ankle, in particular, occur fre-
quently in Artistic Gymnastics (see Chapter 10). 
There is little gymnastics-based evidence on how 
to prevent these injuries, although some studies, in 
other sports, suggest that general strength training, 
neuromuscular control exercises, and plyometric 
strength training may reduce injuries to the lower 
extremity (Schiff et al., 2010). Unpublished data 
on recreational gymnasts suggest that plyometric 
training may improve the gymnasts’ performance 
and reduce the frequency of knee injuries and a 
limited study on young artistic female gymnasts 
showed reduced pain with neuromuscular control 
exercises (Marini et al., 2008).

In studies on soccer and European team hand-
ball different control and balance exercises com-
bined with plyometric training have reduced the 
incidence of anterior cruciate ligament injuries 
(Schiff et al., 2010). Exercises including cutting and 
landing have been used and may also be useful in 
gymnastics since many injuries occur due to poor 
landing technique, and specific focus on landing 
has been proposed in the prevention of gymnastics 
injuries. Plyometric strength training engages the 
muscle-tendon stretch-shortening cycle and stud-
ies have shown rapid effects on strength gain with 
this type of technique. A newly published study 
set up in a biomechanics laboratory concluded 
that only one training session (six sets of three 
repetitions) using a countermovement jump may 
improve performance through neural modulation 
(Hirayama et al., 2012). This could possibly mean 
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of the gymnasts. During the last 10 years, new land-
ing material to reduce the ground reaction forces 
has been introduced. These mats seem to put more 
strain on the forefoot, but less total ground reac-
tion force. The construction and model/form of the 
vaulting apparatus (the new Pegasus) to lower the 
incidence of head and neck injuries, and the cover-
age around the trampolines and springboards are 
also examples on what has been done to prevent 
and reduce the incidence of injuries in gymnastics. 
However, the effectiveness of these preventive mea-
sures has not been investigated.

Health support system

Regular medical check-ups are important and nec-
essary in prevention of injury. However, medical 
monitoring of gymnasts is rare in gymnastics set-
tings below the college level. We recommend a pre-
participation physical examination (PPE) for each 
gymnast prior to entry in competitive gymnastics, 
before any change in competitive level, and before 
returning to practice following injury. The medi-
cal history and physical examination can identify 
underlying conditions that require special atten-
tion or that predispose the gymnast to injury unless 
appropriate preventive measures are followed.

Gymnasts are generally young and growth 
should be monitored closely, especially since the 
injury risk may increase during periods of rapid 
growth. Research has shown that physeal strength 
is decreased during pubescence. Furthermore, bone 
mineralization may lag behind bone linear growth 
during the growth spurt, leading to an increased 
risk for injury. It is important and may be injury 
preventive to individualize training and skill devel-
opment to accommodate possible size, physique, 
strength, performance, and maturity differences 
among chronological age peers. Thorough medical 
check-ups should be carried out to keep track of 
growth and maturation as well as nutrition, recov-
ery, and overload. If risk behavior or pain can be 
captured early in time, injuries may be avoided or 
at least the severity of the injuries reduced.

We also recommend that gymnastics clubs 
include within their cost structure sufficient 
funds to hire an athletic trainer, physical therapist 
and/ or a physician with interest/expertise in sports 

injury. This is of course even more important in 
advanced skills since the forces are greater and 
consequently the impact on the gymnast higher. 
A slight mistake may be devastating. Equal atten-
tion to the right and left side is necessary and may 
prevent injuries.

Mental preparation

It is not necessarily the most difficult skills that cause 
acute injury. It has been shown that gymnasts are 
often injured in skills they know well. Since gymnas-
tics is a very demanding sport and focus and control 
are qualities needed, mental preparation should be 
included in the prevention of injury. It would seem 
important to put emphasis on quality of workouts 
rather than repetitiveness at all times. Imagery tech-
niques that cause no physical impact may allow a 
gymnast to train more hours without increased injury 
risk. However, the role of mental practice in reducing 
injuries has not been investigated in gymnastics.

An interesting but underresearched area of injury 
risk in gymnastics is the role played by psychoso-
cial factors. A relation between extent of negative 
life stress and the frequency and severity of injury 
has been reported in several studies. It would seem 
important that gymnasts be encouraged to share 
with their coach, medical personnel, and parents 
any concerns they might have, including difficulty 
of skills practiced or pain experienced. “No pain—
no gain” is inappropriate in gymnastics.

Extrinsic strategies

Safety equipment and gymnastics 
apparatus

Safety equipment such as foam pits, trampolines, 
bungee straps, and spotting belts are frequently 
used in daily practice sessions. This equipment is 
helpful not only in reaching new levels of perfor-
mance but also in reducing the impact and risks for 
injuries to occur. The apparatus and landing mats 
have changed over time due to the continuous 
development of the sport, not only with respect to 
level of performance but also due to the protection 
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technique is necessary to decrease the risk for injury 
and therefore the gymnast has to be well prepared 
and only perform skills and routines he or she feels 
secure with during competition.

Education

Education is important and may provide coaches, 
gymnasts, and parents with knowledge important 
for the right decisions to be made regarding injury 
prevention. Through education the coaches should 
keep themselves updated with respect to changes 
in gymnastics including equipment and apparatus, 
skill techniques and levels of difficulty. In addi-
tion, education should include knowledge about 
growth and maturation of children and adoles-
cents as well as an understanding that an injury, 
especially if insufficiently rehabilitated, may predis-
pose the gymnast to another injury or recurrence 
of the same injury. A coach has to have adequate 
and demonstrated gymnastics competence for the 
level of gymnastics he or she is teaching. We rec-
ommend that in order to be hired as a gymnastics 
coach he or she should meet a minimum level of 
qualification as determined by the national gym-
nastics federation. With the USA Women’s Artistic 
Gymnastics program, for example, one may achieve 
four progressive certification options: (1) Instructor, 
(2) Jr. Olympic Development Coach, (3) Jr. Olympic 
Team Coach, and (4) National Coach. Each certifica-
tion offers a unique set of courses to equip coaches 
with the knowledge required to achieve excellence 
and better ensure the safety of gymnasts.

The first line of protection from injury belongs 
with the gymnast. A well-educated and thoroughly 
trained gymnast may detect and avoid potentially 
injurious situations. Furthermore, the gymnast has 
to be educated from an early age to distinguish 
between different types of pain and to listen to the 
signals from his or her body. Pain may signal possi-
ble or actual injury, or the achievement of optimum 
workload to produce a physical conditioning effect. 
Studies have shown that young gymnasts are capa-
ble of distinguishing between soreness from exertion 
and acute pain owing to injury. This is important 
knowledge, and may help the gymnast and those 
surrounding him or her to make better decisions 
about pain management and continued practice.

injuries, at least on a part-time basis. This health 
professional should be available to provide imme-
diate care of injuries and to supervise rehabilitation 
as well as to oversee special rehabilitation pro-
grams for injured or injury-prone gymnasts prior 
to returning to practice and competition. Early rec-
ognition of injury is important, and is improved 
by the presence of competent medical personnel. If 
the availability of a trainer or therapist is limited, 
their time is perhaps best focused on advanced-
level gymnasts who appear at greatest risk of injury.

Gymnastics is a very demanding sport as well 
as an aesthetic sport. This may lead to body fixa-
tion and an increased risk for developing sports 
anorexia. Low levels of nutrition may lead to 
decreased performance and injury. A recent study 
reported low levels of vitamin D in elite female 
gymnasts (Lovell, 2008). Other studies have shown 
low total energy intake as well as low levels of 
micronutrients such as iron, zinc, and calcium 
(Caine et al., 2001).

If possible, a multidisciplinary team including 
coaches, medicine support staff, nutritionists, and 
psychologists should be working together regard-
ing the strategies for prevention of injury.

Training diary and periodic planning

A training diary may be useful in detecting and pre-
venting the gymnast from injury. A diary should be 
easy to fill out and may contain preprinted ques-
tions. It should include training parameters such 
as skill level, training volume, training intensity, 
and training quality. The diary should also include 
other important factors for optimal performance 
such as how the gymnast feels today—alert or 
tired, and other outside gymnastics events that 
may interfere with gymnastics and rest and sleep-
ing quality. Furthermore, a diary is helpful in plan-
ning the practice and in the transition from skill 
training to routine training. This transition takes 
time and should be well planned.

Full routines put another type of strain and demand 
on the gymnast. An emphasis on quality of workouts 
rather than repetition may be injury preventive. It 
is important to slowly increase the intensity and 
carry over from regular preparation and practice to 
full routine performance and competition. A perfect 
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epidemiological studies inform us that injuries and 
conditions such as ankle sprains, heel pain, wrist 
pain, and low back pain occur frequently in gym-
nastics and require special attention. Increased fre-
quency of injury following periods of competitive 
routine preparation, as well as per unit time during 
competition, also signal increased attention.

Summary

Prevention of injuries is highly important and has 
to be central for the team surrounding a gymnast. 
Few studies have investigated prevention programs 
and therefore little epidemiological evidence is 
available on how to actually prevent injuries in 
gymnastics. However, this chapter provides the 
reader with a summary of what we know today and 
can understand from previous epidemiology studies 
and health care professionals’ experience. The basics 
of prevention must be to understand the sport, 
implement correct technique, and be sure to obtain 
adequate and complete recovery. Further research, 
including injury surveillance systems, is definitely 
needed to prevent gymnastics injuries and establish 
guidelines for gymnasts and coaches in the future.
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Further research

There is no doubt that gymnastics participation 
brings with it a wealth of personal and health-
related benefits. Physical activity reduces the risk 
of premature mortality in general, and of coronary 
heart disease, hypertension, colon cancer, obesity, 
and diabetes mellitus in particular. However, gym-
nastics participation may also give rise to injury, 
which may undermine the many benefits of being 
physically active and contribute to long-term dis-
ability. Establishing sound epidemiologic research 
to determine the rate and severity of gymnastics-
related injury and then using these data as basis for 
systematically identifying risk factors and develop-
ing effective prevention interventions is imperative.

Gymnastics lacks good-quality descriptive data, 
the fundamental building blocks of epidemiology, 
and which provides a basis for conducting mean-
ingful analytical studies. This is reflected in the gen-
erally sparse listing of intrinsic and extrinsic risk 
factors and the extreme paucity of epidemiologic 
studies on preventive measures (see Chapter 10). 
Furthermore, most of the epidemiological research 
on injury in gymnastics was published prior to 
2000, a major concern given the ever-changing 
nature of skills practiced and performed in this 
sport. This finding is especially disturbing given 
the young age of many gymnastics athletes and the 
relatively high incidence and severity of gymnas-
tics injury reported in the literature.

There is a pressing need for studies designed to 
test risk factors and to identify and determine the 
effect of injury-prevention measures on reduc-
ing the rate of injury among gymnasts. Injury-
prevention measures of particular interest include 
neuromuscular training programs, preseason con-
ditioning, programs to enhance landing and skill 
mechanics, and use of taping and bracing to prevent 
ankle and wrist injuries. It is imperative that gym-
nastics organizations, including artistic, rhythmic, 
and trampoline, sponsor ongoing injury surveil-
lance systems to provide an accurate picture of the 
incidence and severity of gymnastics-related injury 
and to serve as a basis for identifying and testing 
risk factors and preventive measures. Descriptive 
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