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Running, walking, jumping, and throwing form the basis and key compo-
nents of several sports and physical activity in general. Indeed, almost every-
one has practised Athletics once in their life at school, college, or later, and 
enjoyed watching or taking part in competition in Athletics. As a result, 
Athletics is the number one sport at Summer Olympic Games.

Whether at recreational or elite level, regular practice of Athletics is some-
times associated with musculoskeletal injuries; some of them being event-
specific. Because of its unique universal nature, medicine of Athletics also 
faces a paradoxical situation where top performers in this sport often live and 
train in countries where sports medicine is either underdeveloped or simply 
does not exist.

Therefore, it is important for coaches, sports physicians, orthopaedic sur-
geons, and physiotherapists to know about the basics and the latest develop-
ments in the Management of Track and Field Injuries.

This is what the present book is about and, as the Director of the Health 
and Science Department at World Athletics and a former member of the 
ISAKOS, I strongly support such a publication which will for sure help to 
raise awareness and disseminate knowledge on Athletics injuries among 
health professionals.

 Stéphane Bermon
Monaco Cedex, France

Foreword AU1

Director – World Athletics Health and Science Department
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Track and field can definitely be considered the purest form of athletic com-
petition. Individuals that compete to see who is the fastest can jump the high-
est or throw the furthest. I competed at Javelin, more in my Junior days, but 
was privileged to be coached by Klaus Wolfermann, the West German 
Olympic winner in 1972 by the smallest margin ever 2 cm. He was so pas-
sionate about his sport that it rubbed off on me.

It is astonishing that the records just kept getting broken and at some stage 
they had to change the Javelin because the stadiums were getting too small. 
The athletes keep pushing their bodies to the absolute limits but sometimes 
these limits are overstepped and it leads to injury.

It is our job to make sure we keep our athletes healthy not just for the time 
that they are competing but also in the long term. I find it incredible that so 
many surgeons work on this tirelessly, giving up time to make sure we learn 
from each other but also train the next generation. They love our athletes, are 
passionate about what they are doing and, by challenging one another, they 
keep setting the bar higher.

Part of the book is dedicated to basic science of the musculoskeletal sys-
tem, which is essential if we want to treat these injuries scientifically. 
Anything we do must be based on sound science and research. This book has 
managed to bring together a diverse group of world experts, which is what 
ISAKOS is all about: sharing knowledge from all corners of the globe.

I thank all the authors and congratulate them on a fantastic book that will 
ultimately lead to better treatment for our athletes—from professionals to 
weekend warriors—so that they can live a full and active life for many years.

Like Klaus Wolfermann, world record holder that had enough passion to 
coach some young kid in the art of throwing the Javelin, these surgeons 
devote their time to help even the most junior surgeon to constantly improve 
themselves in what they do.

� Willem van der Merwe

San Ramon, CA, USA
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ix

This book on Track and Field injuries is a result of a great teamwork. 
International experts have cooperated dedicating time and energy to share 
their knowledge in the respective fields of interest.

We thank all the authors that have accepted with passion and enthusiasm 
to be part of this project.

Like in every other undertaking, even the publication of a scientific book 
requires multiple supporting energies.

We thank Prof. Jon Karlsson: he has been present every time we needed 
help.

Jari Dahmen must be commended for his extraordinary help checking 
every chapter and cooperating daily with Catena Cottone and Valentina 
Casale.

We thank also the ISAKOS team and our President Willem Van Der Merwe 
for their great support: ISAKOS has made possible the production of our 
book, and we are proud of being part of this great international scientific 
community.

We thank also the Springer team that has backed us in the production of 
this book that is dedicated to the entire world of Athletics.
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Track and Field has a great historical background and is a fascinating indi-
vidual sport which couples competition against adversaries with a continuous 
research of self-improvement.

Competitive athletic spirit was first portrayed in the Mycenaean period, as 
a representation of two runners on a vase from Cyprus shows.

Running, jumping, discus and javelin throwing were important events in 
the ancient games.

All the historic Panhellenic games, including the Olympic ones, were 
related to myth and the Greek concept of perfection: kalos kai agathos. 
Competing athletes could become heroes, emulating Odysseus as Homer 
reported in the Iliad. The runner Leonidas of Rhodes was deified, having won 
twelve Olympic crowns in four consecutive Olympic games.

Competitions were later gradually associated with preliminary selection, 
training, and professional coaches with experience in training, diet, and med-
icine: the beginning of sports medicine.

Over the last decades biological, physiological, and biomechanical knowl-
edge has greatly evolved, improving both the prevention and the management 
of acute and chronic injuries.

As an individual sport, track and field requires top level performances in 
any competition, as well as a constant training. As a consequence, there are 
still nowadays high risks to develop overuse pathologies, even if training 
should never be more strenuous than the athlete can endure without injury.

I practiced triple jump in Torino under the presidency of Primo Nebiolo, 
who became IAAF President in 1981 and greatly promoted Athletics devel-
opment worldwide, keeping at the same time his role of CUS Torino presi-
dent and transmitting his enthusiasm and love for track and field to his 
athletes. In the meantime great athletes like Livio Berruti, gold medallist in 
200 mt and twice world recordman that same day at the Rome 1960 Olympic 
games, Peppe Gentile, Sara Simeoni, Maurizio Damilano, Marcello 
Fiasconaro, and Pietro Mennea were there, extraordinary living examples to 
follow. Worldwide renowned trainers like Elio Locatelli, Renato Canova, 
Claudio Gaudino, Sandro Damilano, and Steve Banner were on the field 
every day.

This book derives from the everlasting love for Athletics and the enthusi-
astic support of the coeditors and the authors of the chapters, all renowned 
experts in the field.
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The result is an updated presentation of the current knowledge about the 
injuries in track and field, covering specific aspects of running, jumping, and 
throwing pathologies and stressing the importance of preventive measures.

We hope that this book will help all those involved in Athletics to improve 
the safety of a wonderful sport connected to our historical values.

� Gian Luigi Canata

Studio Medico
Torino, Italy
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The Burden and Epidemiology 
of Injury in Track and Field

Pascal Edouard

1.1	 �Introduction

Track and field (athletics) is an Olympic sport 
composed of several different disciplines (www.
worldathletics.org/our-sport): sprints, hurdles, 
jumps, throws, combined events, middle and long 
distances, marathon, and race walking. It is inter-
nationally governed by the World Athletics 
(www.worldathletics.org), founded in 1912, and 
previously called International Association of 
Athletics Federations (IAAF). There are cur-
rently 214 members federations (countries or ter-
ritories) affiliated to World Athletics, which 
places World Athletics among the world’s largest 
sporting organizations. Based on the number of 
athletes, this is the first sport at the Olympic 
Games; for example, at the 2016 Olympics 
Games athletes registered for track and field rep-
resented 21% of all registered athletes (second 

sport was aquatics with 13%, and then, other 
sports represented less than 5% of athletes) [1].

As for many sports, the practice of track and 
field leads to a risk of injuries [2]. Indeed, all 
these track and field disciplines involved the mus-
culoskeletal system (i.e., muscle, tendon, bone, 
cartilage, ligament, and soft tissue). When the 
load resulting from the practice exceeds the capa-
bilities of the musculoskeletal system, there is a 
risk of failure of the musculoskeletal structure 
resulting in an injury. Injury has a negative impact 
on practice, because it can decrease training par-
ticipation, decrease performance, and lead to pain 
[3]. Even if the injury is a minor anatomical lesion 
or leads to minor resounding on practice, there 
will be an impact, on the musculoskeletal (e.g., 
imbalance between injured and uninjured sides) 
and psychological (e.g., lack of confidence or fear 
of recurrence) aspects. All the consequences can 
not only affect the sports practice, but can also 
have a negative impact on other domains of life 
(e.g., social, professional, family, school, finan-
cial) in the short or long term [2].

Taken into account the number of athletes 
practicing track and field whatever their levels in 
addition to the risk of injuries, the prevention of 
injuries in track and field represents an important 
area for athletes and all stakeholders, such as 
coaches, health professionals, family, sports sci-
entists, managers, sponsors, and international 
and national governing bodies [2, 4–6]. In order 
to reach this injury prevention challenge, Van 
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Mechelen et al. [7] described a four-step method-
ological sequence of evidence-based in injury 
prevention. The first step of this sequence con-
sists in understanding the extent of the problem 
and describes the incidence and severity of inju-
ries. This fundamental first step is of interest 
since it allows having a clear basis of the magni-
tude of the problem. It is also useful for long-
term monitoring and for comparison if prevention 
measures are implemented. In addition, for 
clinical practice, it can help health professionals 
by anticipating the most frequent injuries and 
thus the need for medical provision. Thus, having 
a clear knowledge of the epidemiology of injuries 
is of great interest for injury prevention in track 
and field.

Given the impact of the data collection meth-
odology on the quality of the data and thus the 
resulting information [8, 9], a great attention 
should be done to methodology of epidemiologi-
cal studies in order to interpret results. The study 
design, the definition of injury and its character-
istics, the exposure, the data collection proce-
dures, and data analyses are key points of the 
methodology of epidemiological studies [5, 6, 
10, 11]. To date, there is a consensual method for 
injury data collection during championships that 
has been developed by the International Olympic 
Committee (IOC) [12] and used in track and field 
at the IAAF World Championships in Athletics 
[13–17], the European Athletics Championships 
[18–21], and the French national championships 
[22]. This methodology has provided reliable and 
comparable data for this particular context of 
international championships [8, 23]. However, if 
we broaden the focus to the whole track and field 
season, we find that only a few studies exist and 
that they use different methods [4, 24–33], which 
does not allow a true comparison of the data, and 
could explain why injury data should now be pre-
sented separately between championships and 
whole season. A method was developed in 2014 
at a consensus meeting of international and 
national athletics federations [11], and the IOC 
recently updated a consensus statement on meth-
ods for recording and reporting of epidemiologi-
cal data on injury and illness in sport 2020 [10] 

that are expected to implement long-term cohort 
follow-ups over one or more seasons with a com-
parison between studies.

1.2	 �Injuries during 
Championships

1.2.1	 �Injuries during International 
Track and Field 
Championships

Injury data have been collected at a number of 
major championships following the IOC consen-
sus methods for multi-event championships [12]. 
At each event, physicians and/or physiotherapists 
from the national medical teams and the local 
organizing committee prospectively collected 
new injuries occurring among athletes registered 
in the championships based on the same injury 
definitions (i.e., medical attention injury) and 
classifications and using a paper-based report 
form. This allowed description of the number, 
incidence, and characteristics of injuries in this 
context. These injury surveillance studies have 
allowed the collection of a large amount of data 
by combining all together these data. Indeed, a 
total of 2191 injuries were collected from 20 
international championships from 2007 to 2019 
among 19,066 registered athletes (unpublished 
data). This resulting in a clear vision of injuries 
that athletes can suffer during international cham-
pionships [34–38].

The injury rates varied with sex and disci-
plines [35, 37]. From 14 international champion-
ships between 2007 and 2014, the number of 
injuries per 1000 registered athletes was signifi-
cantly higher for male than female athletes 
(110.3 ± 6.8 vs. 88.5 ± 6.7 injuries per 1000 reg-
istered athletes, respectively; relative risk = 1.25 
(confidence interval 95%: 1.13 to 1.32)) [35]. 
The injury location varied with sex: Male athletes 
suffered more injuries of the thigh, the lower leg, 
and the hip/groin than female athletes [35]. The 
injury type also varied according to sex: Male 
athletes suffered more muscle injuries than 
female athletes, while female athletes suffered 
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more stress fractures than male athletes [35]. The 
injury rate also varied between disciplines, with a 
higher injury rate in combined events, marathon, 
and long-distance running [37]. Injury character-
istics significantly varied between disciplines for 
location, type, cause, and severity, in both male 
and female athletes: Thigh muscle injuries were 
the main injury diagnoses in sprints, hurdles, 
jumps, combined events and race walking, lower 
leg muscle injuries in marathon, lower leg skin 
injury in middle and long distances, and trunk 
muscle and lower leg muscle injuries in throws 
[37]. The first injury was hamstring muscle injury 
(about 17% of all injuries), with higher propor-
tion in sprints and other disciplines requiring 
sprint capabilities [36]. A summary of the key 
findings regarding injuries occurring during 
international track and field championships is 
presented in Table 1.1.

For three of the international championships 
studied, data collection on athletes’ health was 
extended to the 4 weeks before the champion-
ships [16, 17, 20]. It was found that about 30% of 
the athletes participating in these studies reported 
an injury complaint in this preparation period, 
including a third who had to decrease their train-
ing load and about 4% who could not practice at 
all [16, 17, 20]. These injury complaints appeared 
to be overuse injuries mainly because there was a 
gradual onset and they existed for more than 4 
weeks. These results support that an important 
proportion of high-level athletes are living and 
training with an injury complaint, suggesting that 
injury unfortunately is part of the athletes’ life, 
and even more supporting the need for injury 
prevention.

1.2.2	 �Injuries during National Track 
and Field Championships

The methods used during international track and 
field championships [12, 13] have also been used 
for national championships. This allows provid-
ing information for athletes with a level just 
below the international level.

During the French national track and field out-
door championships, such injury surveillance 

studies have been carried out since 2014. From 
2014 to 2019, the incidence was about 50 injuries 
per 1000 registered athletes, the thigh was the 
first injury location (about 30% of all injuries), 
and muscle was the first injury type (about 30% 
of all injuries), and explosive disciplines (i.e., 
combined events, sprints, hurdles, and jumps) 
were those accounting for the most important 
number of injuries (unpublished data).

During the 2010 French combined event 
championships, an incidence of 477 injuries per 
1000 registered athletes was reported and the 
most common diagnosis was muscle injury to the 
thigh (18%) [22].

During 3 years of Penn Relay Carnival, Opar 
et al. [39] reported an incidence of 10 injuries per 
1000 registered athletes. Hamstring muscle strain 
was the most prevalent injury accounting for 24% 
of injuries, with higher rates in male than female 
athletes [39].

During the 2016 track and field Olympic tri-
als, Bigouette et al. [40] reported an incidence of 
60 injuries per 1000 registered athletes. 
Hamstring strains were the most prevalent inju-
ries with about 17% of all injuries, and jumps and 
long distances were the disciplines with the most 
number of injuries per registered athletes.

1.2.3	 �Conclusion Injuries During 
Championships

Although such context of championships repre-
sents few days in the season (3 to 9  days com-
pared to the other 357 to 363 days), this represents 
the goal of the season for athletes and their stake-
holders, and injuries have a negative impact on the 
performance [38]. Therefore, it is of interest to 
have a clear view of the “risks” in this very impor-
tant period. All these studies provide an interest-
ing and relevant overview of the injuries during 
track and field championships, especially for 
high-level athletes (Table 1.2). One of the learn-
ings is that injury number, incidence, and charac-
teristics varied with sex and disciplines; it is 
therefore important to analyze and provide such 
information separately by sex and disciplines. All 
these data allow athletes and all stakeholders 
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around them having a clear basis and information 
to orient injury prevention approach toward these 
championships. However, there is a need to con-
tinue these data collections in other populations of 
athletes for reaching an understanding of injury 
epidemiology in all athletes practicing track and 
field whatever their age and level.

1.3	 �Injuries During the Whole 
Season

The whole season represents a significantly larger 
period in the athletes’ life and practice than 
championships. And this also represents a signifi-
cantly higher period of exposure to the risk of 
injuries. However, information on injuries in 
track and field during the whole season is not as 
important as for the championships. 
Methodological issues are probably one explana-
tion of the fact that there are few studies during 
the whole season [4].

1.3.1	 �Injuries During the Whole 
Season in National-Level 
Athletes

Below are summarized the main results of three 
studies collecting injury data over one season in 
national-level athletes. This is not an exhaustive 
report of the scientific literature, but these results 

present an overview of the current knowledge on 
this population.

In a questionnaire-based retrospective study 
of 147 national-level athletes over about 
12 months of training, D’Souza [26] reported that 
61% of athletes had at least one injury during the 
season. The locations and types of injuries varied 
by event, with a high prevalence of shin splints in 
middle- and long-distance runners, ankle injuries 
in throwers, and thigh injuries in jumpers.

In another questionnaire-based retrospective 
study of 95 national-level athletes over about 
12 months of training, Bennell and Crossley [24] 
reported that 76% of athletes had at least one 
injury during the season, with an incidence of 3.9 
injuries per 1000  h of track and field practice. 
The main injuries were stress fractures (20.5%), 
hamstring muscle injuries (14.2%), and knee 
overuse injuries (12.6%). Overuse was the most 
frequent cause (72%). The mode of onset varied 
by event: more sudden injuries in the explosive 
events (sprints, hurdles, jumps, and combined 
events) and more gradual injuries in the endur-
ance events (middle distance, marathon) and 
background training.

In a prospective study of 292 national-level 
athletes over 12  months, Jacobsson et  al. [30] 
reported that 68% of those studied had at least 
one injury during the season and the injury inci-
dence was 3.6 per 1000 h of track and field prac-
tice. Of the injuries, 96% were caused by overuse, 
and 51% evolved for more than 3  weeks. The 

Table 1.2  Key points regarding injury characteristics occurring during the whole season

Sprints Hurdles Jumps Throws
Combined 
events

Middle and long 
distances and 
marathon

Main 
injuries

Thigh and 
hamstring 
muscle injuries

Thigh and 
hamstring 
muscle 
injuries

Thigh and 
hamstring 
muscle injuries

Shoulder 
and elbow 
injuries

Thigh muscle 
injuries

Lower leg 
injuries

Achilles 
tendinopathy

Lower leg 
injuries

Achilles and 
patellar 
tendinopathy

Low back 
pain

Back injuries Achilles 
tendinopathy

Back injuries Knee injuries Upper extremity 
injuries

Overuse knee 
injuries

Ankle sprain Achilles and 
patellar 
tendinopathy

Stress fracture

Low back pain
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main locations were the Achilles tendon, the foot 
and ankle, the thigh and hip, and the lower leg. 
The main complaints were hamstring injury 
among sprinters and jumpers, Achilles 
tendinopathy and shin splints among middle-
distance runners, and lower back pain among 
throwers.

Although the methods (i.e., study design, 
injury definition, and data collection) were not 
similar between these studies, it seems that there 
are similar and consistent results on injury preva-
lence, incidence, and characteristics. Between 61 
and 76% of the national-level athletes had at least 
one injury during the entire track and field season 
[24, 26, 30]. The incidence was reported as 3.6–
3.9 injuries per 1000 h of track and field practice 
[24, 26, 30]. The location and type of injuries var-
ied according to the disciplines, with a high prev-
alence of Achilles tendinopathy and “shin splints” 
in middle and long distances, ankle injuries and 
low back pain in throwers, and thigh and ham-
string muscle injuries in sprinters and jumpers 
[24, 26, 30]. The injury mode of onset was more 
sudden in explosive disciplines and more gradual 
in endurance disciplines [24]. Overuse was the 
most frequent cause of track and field injury (72–
96%) [24, 30].

1.3.2	 �Injuries During the Whole 
Season in Specific Population

Other studies provided an overview of the magni-
tude of the problem in specific population.

In combined events, in a prospective study 
over four athletic seasons (1994–1998) of 69 
selected French combined event athletes, Edouard 
et al. [29] reported 39 injuries in 14 heptathletes 
and 47 injuries in 18 decathletes. The injury rate 
per 100 athletes per season for the heptathletes 
and the decathletes was 33 and 30, respectively. 
Of the injuries suffered, 41% affected the tendons 
and 23% affected the muscles. The most common 
diagnoses were knee tendinopathy (14%), fol-
lowed by lower leg muscle injuries (13%), thigh 
muscle injuries (11%), and Achilles tendinopathy 
(11%). The causes of injuries were mainly over-
use (49%) or acute trauma (43%).

In pole vault, in a prospective study of 140 
pole vaulters over two seasons, Rebella et al. [41] 
reported an incidence of 26.4 injuries per 100 
athletes, with ankle sprains representing a third 
of the cases. In a second prospective study of 150 
pole vaulters over one season, Rebella [42] 
reported an incidence of 7.9 injuries per 1000 
athlete exposure, with most injuries being in the 
low back pain, hamstring, and lower leg.

In youth and junior elite athletes, in a prospec-
tive cohort study of 70 athletes over 30  weeks, 
Carragher et al. [43] reported that 77% of athletes 
had at least one injury during the period, 44% at 
least one acute injury, and 53% at least one over-
use injury. The prevalence of injury was similar 
between male and female athletes, but varied 
between explosive and endurance disciplines: 
higher prevalence of injuries in explosive than 
endurance disciplines. The prevalence of acute 
injuries was higher in explosive than endurance 
disciplines, while prevalence of overuse injuries 
was similar between both discipline categories. 
The main injury diagnoses of acute injuries were 
lower leg strain/tear in male endurance athletes 
(25%), trunk muscle cramps/spasms in male 
explosive athletes (31.6%), and hamstring strain/
tear in female explosive athletes (21.1%). The 
main injury diagnoses of overuse injuries were 
knee tendinopathy in male endurance athletes 
(29.4%), lower leg muscle cramps in female 
endurance athletes (28.6%), and hamstring mus-
cle cramps/spasms in both male explosive athletes 
(40.0%) and female explosive athletes (21.1%).

These are maybe not the only studies report-
ing information on injuries in specific track and 
field populations, but these studies provide some 
relevant insights that could help to orient injury 
prevention strategies by taking into account all 
the spectrum of specificities of track and field.

1.3.3	 �Characteristics of Injuries 
According to Disciplines 
During the Whole Season

Although studies used different definitions of 
injuries and injury characteristics, and the results 
are often only descriptive (no comparison), it 
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seems that the injury characteristics (location 
and/or diagnosis) are quite constant over studies 
and clearly varied according to disciplines [24, 
26, 30, 31, 44, 45]. In summary, these studies 
reported that athletes participating in sprints suf-
fered more of thigh/hamstring [24, 26, 30, 31, 44, 
45], Achilles tendon [30, 45], and/or back [26]; in 
hurdles: thigh [24] and/or lower leg [26]; in mid-
dle and long distances: lower leg [24, 26, 30, 31], 
foot/ankle/Achilles tendon [30, 31, 44, 45], back/
hip [44], hamstring [45], and/or knee [24, 31, 
45]; in jumps: thigh/hamstring [24, 26, 30, 31], 
knee [26], back [24], and/or Achilles [30, 31, 45]; 
in throws: back [26, 30, 31, 45], upper extremity 
[45], ankle [26], and/or knee [30, 31]; and in 
combined events: thigh [24, 30, 31], back [24], 
upper extremity [45], knee [31], and/or foot/
ankle/Achilles [30]. This could be interpreted 
(probably with some caution) as specific disci-
plines lead to specific constraints and injuries 
whatever the circumstances and population [37].

1.3.4	 �Conclusions on Injuries 
During the Whole Season

There are currently and to our knowledge only 
few studies reporting injury data during the whole 
track and field season. This justifies increasing 
efforts on performing prospective injury surveil-
lance studies on different populations of track 
and field athletes. However, the currently avail-
able results provide some relevant inputs to orient 
athletes and their stakeholders toward injury pre-
vention strategies.

1.4	 �Conclusion

In light of all these results, it can be first said that 
we are beginning to identify and detail extent of 
the problem, especially among elite high-level 
populations taking part in major international 
championships. Although the data on injuries 
over the whole season come from only a few 
studies using different methodologies, it provides 
a first basis to move forward to prevention, and it 
supports the need for further studies. Thus, fur-

ther epidemiological injury data collections 
would still seem to be relevant and necessary. 
Second, we can say that track and field is com-
posed of several disciplines with different physi-
cal, mechanical, technical, and psychological 
demands, which lead to different constraints on 
the musculoskeletal system, and consequently 
different injuries according to these disciplines. 
The overall picture that has been shown in the 
present chapter is that the most common injury 
problems experienced are hamstring muscle inju-
ries (especially in sprints, hurdles, and jumps), 
Achilles tendinopathies (in sprints, middle and 
long distances, and jumps), knee overuse injuries 
(in sprints, middle and long distances), shin 
splints and/or stress fractures (in sprints, middle 
and long distances), ankle sprains (in jumps), and 
low back pain (in jumps and throws).
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Sprinter Muscle. Anatomy 
and Biomechanics

George A. Komnos and Jacques Menetrey

2.1	 �Introduction

The skeletal muscle cell is called muscle fiber or 
myofiber. The two types of skeletal muscle fibers 
are the slow-twitch (type I) and the fast-twitch 
(type II) fibers. Fast-twitch muscles are further 
divided into two categories: type IIa (moderate 
fast-twitch) and type IIb or type IIx. Slow-twitch 
(ST) muscles are activated in long resistance 
exercise, while fast-twitch (FT) muscles are used 
in forceful breakouts. The proportion between 
slow-twitch and fast-twitch fibers may vary 
depending on the exercise. If it comes to sprint-
ing, training decreases the proportion of ST fibers 
and increases the proportion of FT fibers.

It is proposed that muscle fiber composition is 
genetically based and thus is difficult to change 
with training [1]. However, muscle fiber volume 
can increase with specified training targeting at 
type II fibers [2]. As a result, sprinters have larger 
type II than type I fiber areas in their leg extensor 

muscles because their training mainly includes 
fast repetitive movements. The proportion of type 
II fibers in the vastus lateralis muscle is shown to 
be related to blocking velocity and running veloc-
ity in the phases of acceleration and maximum 
constant speed, and to the final sprint perfor-
mance (100  m) [3]. It is worth noting that as 
enhancement in maximal running velocity during 
sprint training is very limited, discovery of poten-
tial talents could be achieved by detecting ath-
letes with a high proportion of type II fibers [2].

2.2	 �Sprinter’s Specificity

Muscle size is strongly related to better perfor-
mance in the literature, with sprinters appearing 
to have more developed lower limb muscles [4–
6]. Although thigh and leg muscles have been 
reported to lead to successful sprinting, literature 
is not so rich regarding the foot muscles. Tanaka 
et  al. [4] hypothesized that sprinters may also 
have developed foot muscles because of enhance-
ment of the role of MTP joint during sprinting. 
They found in their study that thicknesses of the 
foot muscles, in addition to the lower leg mus-
cles, were larger in sprinters than in non-sprinters. 
Furthermore, they concluded that the foot mus-
cles might be especially developed in sprinters 
compared to non-sprinters, since the foot muscle 
thickness difference between the two groups was 
relatively greater than in the lower leg muscles. 
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Another interesting point of their study is that 
although sprinters appear to have a unique foot 
structure with greater foot muscularity, this foot 
muscularity may not always contribute to supe-
rior sprint performance. More specifically, they 
found that despite the desirable increased thick-
ness of the other foot muscles, higher thickness 
in the abductor hallucis muscle (ABH) could be a 
negative prognostic factor for sprint performance. 
This said that it makes no doubt that a strong and 
quick foot is a key element to be performant in 
sprinting.

2.3	 �Essential Elements

Essential elements of a high sprint performance 
are the ability to accelerate rapidly, the size of 
maximal velocity, and the ability to maintain this 
velocity [7]. Even more significant is the ability 
to accelerate rapidly in the first steps of a sprint, 
which can distinguish an elite sprinter from a 
good one [8]. At the muscle level, force, velocity, 
and power are mainly influenced by fiber type 
distribution and architecture. So, fast contracting 
fibers can shorten up to 2–3 times faster than 
slow ones, muscles with larger cross-sectional 
area (CSA) generate larger tensions, and muscles 
with longer fibers can contract more rapidly and 
generate peak power at a higher velocity [9–11].

Sprint performance and muscle architecture 
have been thoroughly investigated in the litera-
ture. A worth mentioning parameter of muscle 
architecture concerning sprint running perfor-
mance, besides muscle thickness, is muscle 
length. As proposed by Abe et al. [12], a greater 
fascicle length would confer greater velocity 
capacity in the sprint acceleration phase. This 
applies due to the fact that a fiber that contains 
more sarcomeres in series would contract at a 
greater velocity than a fiber containing less sarco-
meres in series; consequently, power production 
is greater and sprint performance as well [10]. 
Monte et  al. [13] also support this theoretical 
background, observing a strong positive correla-
tion between (relative) fascicle length and 
mechanical power production.

Kubo et  al. [16] demonstrated a significant 
positive relationship between 100 m best sprint 
time and muscle thickness of knee extensors, but 
no relationship with tendon stiffness, and elonga-
tion, of the knee extensor muscles. In another 
study, Kumagai et al. [14] reported a significant 
negative relationship between 100 m best sprint 
time and fascicle length of vastus lateralis (VL), 
gastrocnemius medialis (GM), and lateralis (GL). 
In accordance with this, Abe et al. [15] found a 
significant negative relationship between 100 m 
best sprint time and fascicle length of VL and GL 
but not with GM. Moreover, a negative relation-
ship between maximal elongation of VL tendon 
and aponeurosis with 100 m sprint times has also 
been reported [17].

Monte et al. [13] suggested that muscle thick-
ness is positively correlated with power produc-
tion during sprint running. An increase in muscle 
thickness (e.g., as a result of a strength training 
protocol) leads to a greater force production capac-
ity of the muscle with a subsequent expectation of 
improved acceleration ability of the athlete, due to 
the positive relationship between force production 
and acceleration performance [10, 18].

Investigation of possible differences between 
male and female sprinters has been also of inter-
est in the literature. The sex difference in 100 m 
sprint performance between the world’s best ath-
letes is approximately 10%. This difference is 
hypothesized to depend on the skeletal muscle 
mass (SM) relative to body mass, which differs 
between the two genders. Nevertheless, studies 
have demonstrated that the muscle fiber type 
composition and muscle fascicle length are simi-
lar between male and female elite sprinters [12, 
19]. On the contrary, marked sex differences have 
been reported in muscle fiber size in athletes, 
especially fast-twitch fiber cross-sectional area, 
but not especially in elite sprinters [19]. Besides, 
sex differences in musculotendinous stiffness and 
greater structural compliance in females have 
been also reported [20]. Thus, it is generally con-
sidered that males are faster than females because 
males have more muscle mass [21]. Interestingly, 
Abe et  al. [22] found that even though female 
sprinters had lower absolute and relative muscle 
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thickness and muscle mass and a higher percent-
age of body fat compared with male sprinters, 
differences in muscle mass may not play such a 
large role in determining successful performance 
in elite male and female sprinters.

2.4	 �Measurement of Muscle Size

Muscle size measurement is performed through 
radiological means. Magnetic resonance imag-
ing (MRI) is the gold standard for muscle size 
measurement. However, this procedure is not 
always convenient due to its inherent drawbacks 
(claustrophobia, not always easily performed, 
considerable cost). In the clinical setting, ultra-
sonography (US) is widely used because of its 
non-invasive nature, lower cost, higher portabil-
ity, and faster feedback than MRI.

2.5	 �Biomechanics of Sprint

The biomechanics of sprint running has always 
been of interest in the scientific literature. The 
first studies investigating the mechanics of run-
ning were published back in the 1920s [23, 24]. 
The mechanical principles of sprint running have 
many similarities with running in general. Thus, 
a major difference is the large acceleration at the 
start [25]. As a sprint begins, the generation of 
forward (horizontal) acceleration is most likely 
the most significant factor that determines the 
performance (Fig.  2.1). High mean horizontal 
forces lead to better performance [26, 27] 
(Fig. 2.2). Another essential factor for achieving 
the best performance, besides net horizontal 
force, is minimizing the braking forces.

Accelerating is a key point of performance in 
many sports and especially in sprint. It is reported 
that in the 100-m run, the full acceleration phase 
(the phase from the start to the maximal running 
velocity) is directly correlated with performance 
[28, 29]. Literature highlights the significance of 
horizontal ground reaction force (GRF) produc-
tion for sprint acceleration performance [8, 30] 
(Fig. 2.3). According to experimental and clinical 
studies, hip extensors contribute to sprint accel-
eration performance. In an attempt to explain the 
muscular origin of this efficient horizontally ori-
ented GRF production, previous researchers have 
investigated the important role of the hip exten-
sors (gluteal and especially hamstring muscles) 
in running performance [31, 32]. They reported 
that the hip extensor/knee flexor muscle actions 
played a predominant role as running speed 
increased and reached maximal sprint speeds. In 
most of these studies, this predominance was 
shown to occur during both swing and contact 
phases [33, 34]. Due to the overall fast motion of 
the lower limb, the transition between swing 
phase and stance phase is too short. Clark and 
Weyand [35] aimed to evaluate the interaction 
between these two phases in order to maximize 
running speed. They demonstrated that the 
amount of knee elevation sprinters achieved late 
in the swing phase, i.e., when hamstrings are 
actively lengthened, appears to contribute to the 
subsequent early stance GRF application through 
a reduced deceleration time. Therefore, as great 
limb velocities prior to foot ground impact occur 
during sprinting, this swing-stance transition 
moment is of crucial significance for hamstrings, 
which counteract both external hip flexion and 
knee extension moments and support forces as 
high as eight times of body weight [36].

Acceleration

Transition Maximum
Velocity

Fig. 2.1  Phases of 
sprinting
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Of major importance for achieving a perfect 
start is the coordination preparation, which devel-
ops the ability to harmoniously motor activities, 
and enhances the maximum utilization of sprint-
er’s potential [37]. If a disruption in the coordina-
tion of a single movement in the sprinting stride 
cycle occurs, this will result in the delay of the 
start, the stance, and the swing phases [38]. Sprint 
start movement patterns demonstrate that biceps 
femoris and semitendinosus coordinate during a 
post-start phase, from lifting the front foot to the 
completion of the first two strides. Sciatic tibial 
muscles are responsible for knee flexion and thus 

for prolonging the midflight phase of the back 
foot during a sprint run. In addition, the gastroc-
nemius medialis muscles display similar correla-
tions after the start phase. These activate in the 
support phase and remain active during the run 
until the next stance [39, 40]. The vastus lateralis 
is activated during a quick start reaction and the 
rectus femoris at 10 m of the running distance. 
These muscles participate in movement between 
the commands and are responsible for extension 
of the leg. In conclusion, an ideal sprint start 
depends on the muscle strength of the legs and 
the appropriate motor coordination, which 
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greatly affects the generation of power in the legs 
at the right time and optimal duration [40].

In sprinting, high running speeds can be 
achieved by generating hip extension torque dur-
ing the terminal swing through the stance phase 
[41]. The hamstrings and gluteal muscles are 
agonist muscles of hip extension, and neuromus-
cular coordination of these muscles contributes 
to the stabilization of the pelvis during sprint per-
formance [42] As a result, functional imbalances 
between these muscles can result in an increase 
in the functional load on the hamstring muscles 
ending up in injuries [43]. From the late-swing 
phase to the early-contact phase during running 
at full speed, the hamstring is required to switch 
rapidly from eccentric to concentric contraction 
in the stretch-shortening cycle, while under the 
influence of the contractile activity of the quadri-
ceps femoris muscle [44]. Therefore, neuromus-
cular coordination plays an important role in this 
activity. A hamstring muscle injury is conjectured 
to occur when there is muscular dyssynergia, 
such as a disorder in the timing of the contraction 
from the late-swing phase to the early-contact 
phase [45].

Regarding stiffness, the muscles of sprinters 
exhibit characteristic stiffness that can be benefi-
cial to their performance. Passive and active mus-
cle stiffness may play different roles in human 
locomotion, depending on locomotion speeds. 
Miyamoto et  al. [46] found that higher passive 
muscle shear wave speed was weakly, but signifi-

cantly, related to superior sprint performance. 
High passive muscle stiffness can help in quickly 
repositioning the limb during the aerial (swing) 
phase in sprinting. More particularly, the VL 
muscle is stiffer in long-distance runners than in 
sprinters under both passive and active condi-
tions. Therefore, a high passive VL shear wave 
speed is associated with superior sprint 
performance.

In terms of foot muscle biomechanics, it is 
demonstrated that the flexor digitorum longus 
muscle (FDL) and flexor hallucis longus muscle 
(FHL) activate during the push-off phase and 
contribute to enhancing the plantar flexor moment 
[47]. Extrinsic muscles activate during the late 
stance phase while running contributing to ankle 
stability [48]. Regarding the intrinsic muscles, 
the abductor hallucis muscle (AbH) contributes 
to ankle stability during the late stance phase, and 
flexor digitorum brevis (FDB) and flexor hallucis 
brevis (FHB) muscles play important roles in toe 
flexion [49].

2.6	 �Sprint Training

Morphological adaptations to sprint training 
include changes in muscle fiber type, sarcoplas-
mic reticulum, and fiber cross-sectional area 
[50]. Therefore, an appropriate sprint training 
program could be expected to induce a shift 
toward type IIa muscle, increase muscle cross-
sectional area, and increase the sarcoplasmic 
reticulum volume. Adaptations of the contractile 
apparatus to a variety of training types have been 
reviewed. As mentioned before, sprint runners 
have a larger percentage of type II fibers than 
other athletes and sprint performance has been 
strongly correlated with the percentage of histo-
chemically typed type II fibers [3, 51]. 
Additionally, examination of the contractile 
nature of whole muscle using stimulated contrac-
tions in cross-sectional studies demonstrates that 
sprint athletes have greater rates of both force 
development and relaxation than untrained or 
endurance-trained individuals [52]. Changes to 
muscle contractile characteristics may also 
depend on the frequency of sprint training. It has 
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been shown that 6 weeks of sprint training per-
formed three times a week induces a significant 
increase in the percentage of type IIa muscle 
fibers in contrast to training twice daily for an 
additional week, which leads to an increase in the 
percentage of type I muscle fiber [53]. So, train-
ing should aim at developing muscle power, mus-
cle coordination, core stability, and sprinting 
technique.

2.7	 �Differences between Young 
and Old Sprinters

It is worth noting how several biomechanical 
parameters differ between young and adult sprint-
ers. Aeles et al. [54] aimed to compare the biome-
chanics of well-trained young and adult sprinters 
during the first stance phase of sprint running, 
with a specific emphasis on muscle–tendon unit 
(MTU) behavior. They found no difference in 
some of the highlighted performance-related 
parameters, such as ankle joint stiffness, the range 
of dorsiflexion, and plantar flexor moment. The 
young sprinters showed a greater maximal and 
mean ratio of horizontal to total ground reaction 
force (GRF), which resulted in a greater change in 
horizontal center of mass (COM) velocity during 
the stance phase. Results from the muscle–tendon 
unit (MTU) length analyses showed that adult 
sprinters had more MTU shortening and higher 
maximal MTU shortening velocities in all plantar 
flexors and the rectus femoris. The pattern of 
length changes in these MTUs provides ideal con-
ditions for the use of elastic energy storage and 
release for power enhancement. In other words, a 
top sprinter needs to train his musculoskeletal 
system for a while and mature before reaching his 
best performance.
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Tendons and Jumping: Anatomy 
and Pathomechanics of Tendon 
Injuries

Lukas Weisskopf, Thomas Hesse, Marc Sokolowski, 
and Anja Hirschmüller

3.1	 �Biomechanics

Athletes competing in track and fields sustain 
huge impact forces, which need to be trans-
ported through the body. The basic function of 
the tendons is to transmit the force created in 
the muscle to the bone, thus making joint and 
limb movement possible [4]. To do this effec-
tively, tendons must be capable of resisting 
high tensile forces with limited elongation [8]. 
Tendons tolerate extreme tensile forces during 
sprinting and jumping. Already during normal 
walking forces of about 2 times, body weight is 
acting on the Achilles tendon. With increased 
speed, these forces increase up to 12.5 times the 
body weight [5].

The top values reach 1.4 tons (calculated for 
the high jump world record of 2.45 m). Reference 
values of in  vivo loads on the Achilles tendon 
during various sports activities are shown in 
Table 3.1.

Comparably, forces acting on the patellar ten-
don sometimes reach extremely high values 
(Fig. 3.1). For example, maximum forces of up to 

17.5 times body weight were calculated during 
weightlifting [7]. In jumping, forces on the patel-
lar tendon are about 2000  Nm in take-off and 
3000  Nm in landing, which corresponds to a 
force equivalent of approx. 200 kg and 300 kg, 
respectively. In general, these huge stresses can 
be well compensated by the special microarchi-
tecture of the tendons and by their enormous 
adaptability with a gradual increase in stress. 
However, in the presence of specific risk factors 
(Fig. 3.2) or pre-damage of the tendon, the risk of 
structural damage increases even without the 
maximum force values having to be achieved. 
The primary tear force of the tendon is described 
for the Achilles tendon with 1.8 tons or 25 times 
the body weight. Basically, all tendons are sub-
ject to a so-called stress–strain mechanism, 
whereby their elongation capacity up to struc-
tural injury is about 8%. Crucially, their stiffness/
softness is determined by tendon quality, training 
condition, and various other influencing factors.

3.2	 �Anatomy

Tendons are composed of collagen fibers and 
tenocytes, which lie in parallel rows in the extra-
cellular matrix that contains proteoglycans. It 
forms a dense connective tissue whose purpose 
usually is to connect muscle and bone and con-
secutively stabilizes joints and allows for move-
ment through storage and release of energy.
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Collagen fibers provide resistance to tensional 
stress, whereas proteoglycans add viscoelasticity 
to the tendon. From smallest to largest, the units 
forming the tendon are tropocollagen < collagen 
< fibril < fiber < fascicle. Multiple fascicles are 
surrounded by endotenon, which connects them 
to form the tendon. It allows for gliding of the 
fascicles to each other. Epitenon encircles the 
entire tendon and prevents adhesion to surround-
ing tissue.

The paratenon finally is the outermost layer 
further reducing friction between tendon and sur-
rounding tissue [9, 10]. Endotenon and epitenon 
allow blood vessels and nerves to reach the 
deeper structures within the unit and prevent sep-
aration of the fascicles under stress. At the junc-
tion of tendon to bone, the enthesis represents a 

complex structure with different tissue properties 
including chondrocytes [11], vulnerable to asym-
metrical load and potential of building hetero-
topic/intratendinous ossification (Fig. 3.3).

3.3	 �Mechanobiology

Adaptation of tendons to repetitive loading has 
been increasingly understood in recent years, 
especially the fact that load is important for 
remodeling and/or healing of tendons. While ten-
dons in the past were primarily considered poorly 
vascularized, bradytrophic tissue, their high 
adaptability to physical stress and their outstand-
ing mechanical properties have recently been 
increasingly recognized. The latter make them at 
the same time highly resistant and elastic [13]. 
The interaction between the mechanical stresses 
and the responses at the cellular level takes place 
via a complex homeostatic, mechanobiological 
feedback [14]. It has long been assumed that the 
adaptability of tendons in terms of blood circula-
tion and implementation of the extracellular 
matrix under load are very low. Today, however, 
it is known that the metabolism of the collagen 
and the remaining connective tissue adapts to the 
load and the metabolic activity changes accord-
ing to the physical activity. Various clinical–
experimental works have shown that the oxygen 
and glucose uptake of the tendon increases under 

Table 3.1  In vivo forces acting on the Achilles tendon 
during different activities and track and fields [6]

Activity
Force 
(kN) Author

Walking 1.3–1.5 Finni et al. (1998)
Counter movement 
jump

1.9–2.0 Fukashiro et al. (1995)

Squat jump 1.9–2.2 Fukashiro et al. (1995)
Drop jump 3.5–5.0 Brüggemeann et al. 

(2000)
Running 3.7–3.9 Komi et al. (1990)
Hopping 3.7–4.0 Fukashiro et al. (1995)
Sprint Up to 

9.0
Komi et al. (1990)

Fig. 3.1  Sprint starts with visualization of the enormous soleus activity (40% push-off capacity) during knee flexion 
positions going over to gastrocnemius action (33% push-off capacity [5]) while stretching the knee
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mechanical stress [13]. A recently published 
meta-analysis impressively summarized how 
enormously adaptable the tendon is in terms of its 
mechanical, morphological, and structural prop-
erties [15]. Sustainable adaptation can be 
achieved in particular through high-load training 
and high intensities over a longer period of time 
(>12 weeks). On the other hand, the training or 

contraction form of the muscles (isometric/con-
centric/eccentric) seems to play a subordinate 
role.

Current data demonstrate that chronic expo-
sure of the AT to elevated jumping loads results 
in adaptation of its mechanical and material 
properties. The Achilles tendon in the jump leg of 
male collegiate-level jumping athletes had 17.8% 

Exposition

external risk factors:

• Sports-specific factors

  (coaching, rules, referees)

• Protective equipment

  (helmet, shin guards)

• Sports equipment (shoes,

  skis, ...)

• Environmental influences

  (weather, soil conditions, ...)

• Medication (Cortisone,

  Ciprofloxacin, ...

Internal risk factors:

• Age

• Sex

• BMI

• Personal anamnesis (pre-

  injury, joint instability, co-

  morbidities)

• Physical Fitness (Muscle

  Strength, VO2 Max, Joint

  ROM

• Anatomy (Alignment, ...)

• Skills (sport-specific

  technique)

• Psychological factors

  (motivation, risk-taking,

  competitive experience, ...)

Triggering event:

• Playing Situation

• Player/Opponent

  Behavior

• Accident mechanism

  (biomechanics whole

  body, joint, ...)

Risk factors for tendon injury Injury mechanism

Injury
Vulnerable

Athlete

Predisposed

Athlete

Fig. 3.2  Risk factors to be taken into account in the occurrence of sports/tendon injuries (modified according to 
Meeuwisse [6, 8]). A distinction is made between external and internal risk factors

Fig. 3.3  Unique anatomical structure of the Achilles ten-
don with a twist of 90°, from a frontal and a lateral point 
of view. Soleus fibers aim to the medial calcaneus, which 

is important to recognize for the biomechanical under-
standing of the Achilles tendon function (with kind per-
mission by Robert Smigielski, Poland) from Ref. [12]
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greater stiffness and a 24.4% greater Young’s 
modulus (compared to the contralateral lead 
(non-jump) leg, respectively). The side-to-side 
differences in jumpers were greater than observed 
in a cohort of athletic controls, suggesting that 
they are not simply due to limb dominance [16].

Jumpers also had 35.3% and 76.7% greater 
tendon stiffness and Young’s modulus in their 
jump leg compared to that in the jump leg of ath-
letic (non-jumping) controls [17].

The greater AT Young’s modulus and stiffness 
in the jump leg of jumpers represent a favorable 
adaptation. During jumping, a structurally and 
materially stiffer tendon enables an improved 
ability to transmit muscle-generated forces, 
which improved explosive activity performance 
(jump force and height).

From a pathological standpoint, a stiffer ten-
don is exposed to greater stress, which may be 
considered potentially dangerous. However, ten-
don ultimate stress (i.e., the stress at which a ten-
don fails) is directly correlated with the tendon 
Young’s modulus [18]. Thus, the increase in 
Young’s modulus observed in jump leg of jump-
ers would be associated with the tendon being 
able to tolerate more stress before failure.

3.4	 �Pathophysiology

Pathophysiological processes have to be divided 
into different subgroups: “Tendinosis” a group of 
chronic-degenerative conditions usually of the 
midsubstance tendon caused by repetitive micro-
trauma. No inflammatory process can be made 
accountable for this condition. “Tendinitis” on 
the other hand is a painful inflammatory process 
mediated by cytokines and matrix metallopro-
teinases (MMPs). “Tenosynovitis” is a term 
describing inflammation of the paratenon with or 
without additional tendinosis. Lastly, a “rupture” 
or “tendon tear” is the loss of continuum of the 
tendon resulting in significant loss of function 
[19]. As already mentioned with the term “tendi-
nosis,” classic inflammatory changes can rarely 
be histologically detected. Terms such as “epi-
condylitis humeri lateralis” or “patellar tendon-

itis” should therefore be abandoned and named 
“-tendinosis” or “-tendinopathy” instead [20].

Significant changes can, however, be found 
histologically, indicating a dysfunctional healing 
response after microtrauma: thinning, disrupted 
collagen fibers, neoangiogenesis resulting in 
increased vascularity and cellularity, granulation 
tissue, and increased proteoglycan content [21]. 
Adams et al. already demonstrated in 1974 that 
age-related changes like tenocyte degeneration, 
accumulation of lipid amorphous extracellular 
matrix, and hydroxyapatite deposits could be 
found in early age affecting different tendons 
throughout the human body [22]. In comparison 
with normal tendon with well-aligned parallel 
and compact collagen fibers with adjacent teno-
cytes, the most prominent changes occur in the 
disorganization of the tendon matrix represented 
by discontinuous, crimped, and thinned collagen 
fibers with loss of their typical organized struc-
ture. Pathological tendons reveal loss of matrix 
integrity by reduction in total collagen content 
and increased production of extracellular matrix 
components that result in tendon stiffening [23].

Sonographic evaluation can reveal intra- and 
peritendinous changes including collagen disorga-
nization and hypoechogenicity. Neovascularization 
can be found in combination with these degenera-
tive changes, which are accompanied by nerve 
sprouting and hypersensitivity [24]. Jumpers are at 
high risk to be affected by tendinopathy of the 
patellar tendon as shown above. That is why it is 
also termed “jumper’s knee.” It can be classified 
depending on the location: The inferior pole of the 
patella is predisposed to injury due to maximum 
tensional stress during loading [25]. Less often but 
still relevant are the midportion and insertion at the 
tibial tuberosity [26]. It is important to detect 
coexisting changes in the Hoffa fat pad to initiate 
the correct therapy [27].

High levels of tendon strain are associated 
with a micromorphological deterioration of the 
collagenous network in the proximal patellar ten-
don of adolescent jumping athletes. Further, ath-
letes suffering from or developing tendinopathy 
demonstrated both greater levels of tendon strain 
and lower levels of fascicle packing and align-
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ment, which lends support to the idea that 
mechanical strain is the primary mechanical fac-
tor for tendon damage accumulation and the pro-
gression of overuse [28]. Finally, tendon rupture 
is associated with degenerative changes and also 
linked to the impairment of native repair mecha-
nisms to defend the tendon from degeneration 
and ultimately rupture [29].

3.5	 �Pathomechanics

When classifying tendon injury mechanisms, 
acute injuries have to be distinguished from 
overload-associated damage and chronic-
degenerative injuries (tendinopathy).

3.5.1	 �Acute Injury Patterns

Acute injuries mainly occur when large eccentric 
force acts on the tendon. A tendon is a remark-
ably strong tissue. Its in vitro tensile strength is 
about 50–100  N/mm2. The cross-sectional area 
and the length of the tendon affect their mechani-

cal behavior. The greater the tendon cross-
sectional area, the larger loads can be applied 
prior to failure (increased tendon strength and 
stiffness). A tendon with a cross-sectional area of 
1 cm2 is capable of supporting a weight of 500–
1000 kg. Athletes who subject their Achilles ten-
don to repetitive loads as habitual runners have 
shown larger Achilles tendon cross-sectional area 
than control subjects [12, 13]. An increased ten-
don cross-sectional area would reduce the aver-
age stress of the tendon, thereby decreasing the 
risk of acute tensile tendon rupture.

The breaking force of the Achilles tendon 
in vivo is as high at 18`000 Newton (equivalent to 
about 1.8 tons) or 25 times body weight. However, 
this only applies to axial load on the tendon. 
Brüggemann and Segesser were able to demon-
strate a different tensile behavior with nonaxial 
strains act on the tendon and postulate it as a risk 
factor for Achilles tendon ruptures [7] and possi-
ble risk factor for overuse (Fig. 3.4).

This can be illustrated by the example of 
the tensile load of a sheet of paper. As long as 
the paper is pulled straight, it is very resistant. 
If the tension is applied asymmetrically, side-

Fig. 3.4  Asymmetrical load on the Achilles tendon during high jump push-off and pronation position of the foot
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ways, the paper tears with significantly less 
effort. Thus, it is also easy to understand that 
pre-damaged tendons are particularly at risk 
for acute (partial) ruptures in the case of 
asymmetric tensile loads. The decrease in the 
tear force of symptomatic Achilles tendons 
with detectable pathological structural 
changes was illustrated in a prospective study 
by Nehrer et  al. 28% of patients with sono-
graphically detectable degenerations showed 
spontaneous ruptures within the following 
4  years. Achilles tendon tears, however, are 
not limited to the structure of the tendon, but 
also extend to adjacent structures. Thus, more 
than 80% of the acute Achilles tendon rup-
tures also have lesions of the M. soleus usu-
ally found at the level of the soleus insertion. 
This could be caused by an asymmetric ten-
sile load between gastrocnemius and soleus 
muscles.

Thus, the injury of the medial musculoten-
dinous junction of the gastrocnemius head is 
easily comprehensible when there is an unnat-
ural position of the calcaneus. If an increased 
varus position of the calcaneus is added with 
activated gastrocnemius muscles, the medial 
gastrocnemius fibers are maximally stressed. 
Because the corresponding tendon fibers of the 
medial gastrocnemius portion insert distally 
and laterally at the calcaneus, they have the 
largest lever arm of the triceps surae muscles 
and the longest fibers. The eccentric braking 
movement in this strain position and the maxi-
mum, partly asymmetric pull lead to an 
increased risk of injury. Very high forces asso-
ciated with a high risk of complete tendon tear-
ing act on the patellar tendon in knee 
dislocations, whereby chronic-degenerative 
overload damage at the patellar tendon is still 
much more common than ruptures. Typical 
tendon ruptures still occur as an injury to the 
most eccentrically loaded tendons and as bony 
apophysis tears in adolescence. Other acute 
forms of injury are tendon dislocations, mainly 
on the peroneal tendons (in ankle sprain) and 
biceps femoris (in knee dislocation) and tibia-
lis posterior (in pronation trauma).

3.5.2	 �Chronic Injury Patterns

Chronic tendinopathies belong to the category of 
overload damage, which is very common in 
sports, but is often perceived only poorly or even 
belatedly [30]. The tendons are often subject to a 
disproportion of high loads with too low regen-
eration times. Depending on the type and quan-
tity of the load acting on the tissue, dye 
distinguished a zone of homeostasis, a zone of 
supraphysiological overload, and a zone of over-
load, which can cause structural tissue damage. 
Repetitive loads are associated with immense 
force values. For example, in a marathon run in 
world record time, the Achilles tendon is charged 
at an average speed of more than 20 km/h at each 
step with approx. 9000 Nm (900 kg) [31], which 
in total at approx. 800 steps per km, to 42  km 
(approx. 33,000 steps), corresponds to an equiva-
lent weight force of about 33,000 times the 
weight of a small car (900  kg) acting on the 
Achilles tendons. Another example is the total 
load of approx. 150 tons per patellar tendon dur-
ing volleyball training with approx. 300 jumps.

It should be noted that an optimally dosed and 
axis appropriate training can lead to a structural 
adaptation of the tendon (mechanobiology) and 
to an enlarged tendon cross section, as Couppe 
et al. (2009) have shown for the patellar tendon 
[32]. Here, 30% larger tendon cross sections in 
the jumping leg of female athletes compared to 
the nondominant leg and 20% larger tendon 
cross sections in male athletes in jumping and 
running sports compared to nonstressing sports 
(kayak) [33]. In order to prevent tendon injuries, 
therefore, in sports medicine and sports science, 
monitoring of stress or symptoms is increasingly 
being used [34–36]. The risk constellation for 
tendon injuries in old age is controversially dis-
cussed. Although the tendons of older persons 
have histopathologically 30% lower collagen 
concentrations, they nevertheless show the same 
mechanical strength due to compensatory 
increase in the collagen cross-connections 
(“crosslinks”) [37]. It should also be noted that 
tendon adaptation can work through ideal train-
ing even in old age. Accordingly, one cannot 
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assume an aging process alone, but rather an 
inactivity process. This is naturally due to 
comorbidities, such as movement-limiting car-
diovascular diseases, arthrosis of the joints, gout, 
diabetes mellitus or other metabolic pathologies, 
and increased drug requirements (Fig.  3.2). A 
very plausible explanation of pathomechanisms 
was recently postulated by Kjaer et al. [38]. They 
showed the expression of growth factors and 
inflammatory mediators that affect collagen syn-
thesis and proteoglycan activity in the periten-
dineum. The tendons most commonly affected 
by overload damage (tendinopathies) are the 
Achilles tendon (usually called midportion ten-
dinopathies in the middle of the tendon, rarer 
than insertion tendinopathies at the calcaneus 
approach), the patellar tendon (“jumper’s knee”), 
the quadriceps tendon, the plantar fascia, and the 
proximal tendons of the ischiocrural muscles. 
On average, 36% of volleyball players complain 
of knee pain over the course of a season, most 
often due to tendinopathy of the patellar tendon 
[35]. For a sustainable treatment of affected ath-
letes, a good biomechanical understanding of the 
load and the knowledge of the intrinsic and 
extrinsic risk factors are of enormous impor-
tance. For the tendinopathy of the patellar ten-
don, nine specific factors could be identified. 
These include male sex [39], high weight [40], 
high training volume [41, 42], high muscle 
strength of the quadriceps [43, 44], high bounce 
[36] and training on asphalt [42], sports special-
ization [45], and reduced flexibility of quadri-
ceps [46] and hamstrings [46, 47]. Frequently 
attempts have been made to prove a link between 
axis abnormalities and disturbances of the kine-
matic chain and the occurrence of patellar ten-
don tendinopathies (PTs), as it is obvious that 
these can lead to asymmetric tensile forces and 
thus increased loads of the patellar tendon and 
cause damage similar to the finding of Segesser 
and Brüggemann in the Achilles tendon. While 
no clear link has been established for the often 
accused pathological Q-angle (e.g., [42]), there 
is evidence that both leg length differences, a 
flattened arch [48, 49], a patella alta [50], and a 
disturbed patella tracking [51] can be accompa-
nied by patellar tendon tendinopathies. Van der 

Worp et al. (2014) [49] also showed that the hor-
izontal landing phase of jumps forward is crucial 
for the development of patellar tendinopathy. 
Patients with patellar tendon tendinopathies 
often end up with more bent knee and hip joints, 
so that further hip and knee flexion and thus a 
cushioning of the eccentric forces are less pos-
sible. The landing is therefore “harder” and is 
coined with higher peak forces in the patellar 
tendon. In summary, it can be said that both a 
thorough orthopedic examination and a biome-
chanical analysis of the movement patterns in 
chronic patellar tendon tendinopathies are of 
great importance (Table 3.2).

3.6	 �Biomechanical Diagnostics 
and Therapy

According to these explanations, which are simi-
larly transferable to other tendinopathies, both the 
stress pattern and the therapy should be biome-
chanically analyzed or verified and causal mal-
functions should be eliminated. The latter can be 
done, for example, by adaptation of the move-
ment patterns, e.g., by shoe insert supply or spe-
cific muscular stabilization forms. The 
biomechanical diagnosis of tendon injuries should 
be one of the standard examination methods 
today, as should imaging methods. It includes 
stabilometry, isokinetic force measurements 
(maximum force and rate of force development), 
running analysis, gait analysis, jump measuring 

Table 3.2  Specific intrinsic risk factors for tendinopa-
thies [27]

• Male sex
• Diabetes mellitus
• Metabolic disorders (e.g., hypercholesterolemia)
• Cortisone medication (local or oral)
• Quinolone antibiotics (e.g., Cipro and levofloxacin)
• Blood group 0
• �>6000 km of running, > 10 years of running 

experience, training range > 60 km/week
• Increased tendon stiffness
• Expression of interleukins and metalloproteinases
• Decorin reduction
• Degeneration of tendon in old age
• Movement pattern
• Soleus lesion
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plate, and isokinetic video analysis for the lower 
extremity. For the upper limb, these are isokinetic 
force measurements, video analysis, physiothera-
peutic verification of scapula coordination, and 
muscle length measurement. Due to the explained 
biomechanical and mechanobiological aspects, 
the individualized therapy of the causal disorder 
should also be adapted and include various treat-
ment approaches such as training adaptation, 
technology optimization, material equipment 
(shoe equipment, inserts), axis training, elimina-
tion of disruptive influencing factors (where pos-
sible), and “heavy slow resistance” training, 
“heavy load eccentric training,” and “tendon neu-
roplastic training” (TNT) [52–56]. Summary ten-
dons are subject to extremely large force effects, 
which are well-tolerated under normal conditions 
and even lead to tendon adaptation with improve-
ment of the mechanical properties of the tendon 
during ideal training. Various influencing factors 
of an intrinsic and extrinsic nature can make the 
tendon susceptible for overload damage (tendi-
nopathies). An asymmetrically eccentric load is 
particularly dangerous for the tendons. These 
pathomechanical aspects in the development of 
tendon pathologies must be diagnosed and elimi-
nated in order to ensure a sustainable freedom of 
complaint for the patients concerned.
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Ligament Function 
and Pathoanatomy of Injury 
and Healing

Gabrielle C. Ma, James M. Friedman, Jae S. You, 
and Chunbong B. Ma

4.1	 �Structure and Function

Ligaments are fibrous connective tissues that 
span between bony surfaces acting to stabilize 
joints. They vary in size, location, shape, and ori-
entation. Ligaments are fairly similar to tendons 
in both structure and physiology; however, liga-
ments and tendons differ in function. Tendons 
connect bone to muscle, whereas ligaments con-
nect bone to bone [1]. Ligaments are responsible 
for allowing the body to perform specific move-
ments by providing stabilization, guiding joints 
through a normal range of motion, and distribut-
ing tensile loads. For example, the medial collat-
eral ligament spans the medial knee joint 
preventing valgus opening as the tibia swings in 
the sagittal plane [2].

Ligaments consist of bundles of collagen 
fibrils forming a wave crimp pattern [3]. This pat-
tern gives ligaments an elastic property allowing 
elongation without damage. Depending on the 
type of ligament, there can be differing numbers 
of collagen fibril bundles allowing for different 
levels of elasticity [1, 3]. The alignment of colla-
gen fibrils follows where the tension is applied to 
the ligament. Within the ligament substance are 
blood vessels that are parallel to the collagen 

fibrils [4]. Tissue fluid makes up 60% of the liga-
ment weight, which allows for nutrient and 
metabolite diffusion to the embedded cells [1]. 
The solid components of the ligament consist 
mostly of type I collagen (90%) and type III col-
lagen (10%) [5]. Collagen contributes to the liga-
ment’s strength and form, accounting for most of 
the dry weight [1]. The remainder consists of 
elastin, proteoglycans, and proteins. In the liga-
ment, elastin is located near the collagen fibrils in 
the matrix [3, 6, 7]. While the ligament is mini-
mally composed of elastin, elastin plays a large 
role in reducing tensile stress [8]. The coil con-
formation of the protein fibrils that make up the 
elastin allows the ligament to deform without 
rupturing or tearing [1].

Due to the amount of tension applied in activi-
ties, extracellular matrix varies between liga-
ments [9]. Compared to tendons, ligaments have 
lower percentage of collagen, less organized 
fibers, and higher percentage of proteoglycans 
and water in the extracellular matrix [2]. 
Proteoglycans can be classified into two main 
divisions of proteoglycans that play a role in the 
organization of the matrix and the ligament’s 
ability to lengthen [7]. The larger articular 
cartilage-type proteoglycans fill the regions 
between the collagen fibrils by exerting pressure 
and maintaining water within the tissue. The 
small leucine-rich proteoglycans are involved 
with the formation and stability of the extracel-
lular matrix and activity of growth factors [10, 
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11]. The extracellular matrix dominant cell type 
is fibroblasts, which are located between collagen 
fibers [2]. They help maintain the matrix, and 
recently, they have been shown to be capable of 
cell-to-cell communication [2, 10]. Lastly, non-
collagenous proteins, like monosaccharides and 
oligosaccharides, make up little tissues, but have 
been shown to help maintain the extracellular 
matrix and influence cell function [3, 12] . 
Fibronectin, a non-collagenous protein, was 
found to be associated with the molecules and 
blood vessels in the ligament matrix [3, 10].

Ligament insertions are sites where ligaments 
attach to the bones, which vary based on the 
angle between collagen fibers and proportion of 
collagen fibers [1, 6] . Ligament insertions are 
small and contribute little to the ligament’s vol-
ume and length [6]. However, they contribute to 
transfer of blood supply to ligaments [12]. There 
are two main classifications of ligament inser-
tions: indirect and direct [1, 13]. Indirect inser-
tions are the more common kind of insertions [1, 
12]. Superficial fibers like Sharpey fibers are 
inserted into the periosteum of the bone, which is 
connective tissue around the bone that plays a 
role in bone growth and repair, e.g., the MCL 
insertion on the tibial side. In contrast, direct 
insertions pass directly into bone through fibro-
cartilage and surrounding periosteum, transition-
ing from tendon to uncalcified fibrocartilage, 
calcified fibrocartilage to bone [2], e.g., the MCL 
insertion on the femoral side.

4.2	 �Injury

Ligament injuries represent some of the most 
common musculoskeletal injuries. Shoulder, 
knee, ankle, and wrist joints are most commonly 
affected by ligament injuries [2].

Injury to ligaments is caused by disruptions in 
joint mobility and stability, which can damage 
other surrounding structures [6, 14]. Ligament 
injuries tend to occur during strenuous physical 
activity, overuse, repetitious movements, or cut-
ting motions [6]. During these activities, the liga-
ment’s ability to deform under stress is 

overwhelmed, leading to strain or tear (Fig. 4.1) 
[2]. Strains and tears ultimately disrupt the load-
bearing collagenous matrix, disrupt nutrient-
delivering blood vessels, and kill matrix-building 
cells [1].

There are two main classifications of ligament 
injuries: intrinsic or extrinsic [2]. Intrinsic liga-
ment injuries are caused by improper motion of 
the joint, whereas extrinsic ligament injuries are 
due to external factors such as a direct blow to the 
joint [2, 15]. At the time of injury, patients char-
acteristically describe a distinct “pop” noise [16]. 
Symptoms include pain, swelling, instability, and 
inability to withstand weight [15, 17].

Ligament healing is slow and often the healed 
tissue is inferior to original ligament, which leads 
to further joint pathology [18]. When the liga-
ment becomes lax, intra-articular pressure alters, 
leading to non-physiologic rubbing on articular 
cartilage [2]. This causes the breakdown and 
deterioration of the cartilage, ultimately leading 
to osteoarthritis [2, 18, 19]. The inability for liga-
ments to properly heal to the appropriate tension 

1

1

2

3

4 5

2 3

Displacement (mm)

L
ig

am
en

t 
L

o
ad

 (
N

)

4 5

Fig. 4.1  Graph showing change in ligament length (dis-
placement) with increasing load. As load increases, num-
ber of engaged ligament fibres and ligament length 
increases. 5 represents ultimate ligament tear and failure 
to withstand load
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leads to earlier osteoarthritis [20–22]. Ligament 
laxity also causes muscle weakness, joint laxity, 
knee instability, and decreased function [18].

The most common knee ligament tears are the 
anterior cruciate ligament (ACL) and medial 
collateral ligament (MCL) [2, 6] with a total 
annual incidence of 2 per 1000 people [23]. The 
ACL is an intra-articular ligament and connects 
from the femur to the tibia, preventing anterior 
laxity of the tibia on the femur as the knee per-
forms its “hinge-like” motion. The MCL is an 
extra-articular ligament on the medial side of the 
knee and attaches the medial femur to the medial 
tibia, limiting joint valgus laxity. Both help 
reduce the load on the knee by absorbing the 
force and providing stability [20]. Despite its 
proximity in the same joint, the healing potential 
of these two knee ligaments is very different.

An important distinction between the MCL 
and ACL is the healing capacity due to different 
stem cell properties [24] and supporting struc-
tures. MCL tends to heal spontaneously, while 
ACL tends to have limited healing abilities [14]. 
Because of the differences between healing abili-
ties, the respective ligaments are treated differ-
ently. MCL injuries (depending on tear location) 
do not usually require surgery and tend to heal 
quicker than ACL injuries. ACL tears, on the 
other hand, are usually treated with surgical 

reconstruction. These reconstructions replace the 
injured ligament with a graft [25].

Overload of tensile forces can cause unbal-
anced muscular contractions and lead to different 
locations of a ligament tear [26]. Avulsion tears 
tend to be associated with better outcomes com-
pared to midsubstance tears. Avulsion tears tend 
to occur in older patients, while midsubstance 
tears tend to occur in younger patients. Disruption 
in the ligament is more common in the midsub-
stance location (Fig. 4.2) [27].

4.3	 �Healing

Disruptions and tears in the ligament cause a cas-
cade of events to heal and recover the injury site. 
Ligament injuries lead to the initiation of the 
healing process, which consists of three phases: 
inflammatory, proliferation, and remodeling 
phases (Fig. 4.3) [1].

The inflammatory phase occurs during the 
first week of the injury incident [1, 28, 29] . 
During the inflammatory phase, cytokines and 
growth factors are released to stimulate tissue 
repair. Some examples include TGFB, IGF-1, 
and PDGF. Exudation of fluid from vessels in the 
injured region occurs due to vascular dilation and 
vascular permeability, causing the tissue to 

Fig. 4.2  Normal ACL (left) along with midsubstance (middle) and avulsion (right) ligament tears. Midsubstance tears 
occur in the body of the ligament, avulsion tears occur with the ligament pulling off a bony piece
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become swollen [1]. Blood from damaged ves-
sels accumulates within damaged tissue forming 
clots that are made up of fibrin, platelets, red 
blood cells, and cell and matrix debris [28]. These 
clots act as scaffolds that healing cells and related 
growth factors can anchor to. Polymorphonuclear 
leukocytes appear in the damaged tissue and clot 
[1]. Growth factors that are released from plate-
lets and cells recruit neutrophils, which, in turn, 
recruit macrophages [9]. Monocytes become the 
dominant cell type at the injury site and phagocy-
tose the necrotic tissue along with enzymes [2]. 
Endothelial cells in the blood vessels begin to 
proliferate, allowing tissue growth. The produc-
tion of type III collagen also increases [28]. The 
release of the inflammatory cells in the inflam-
mation phase recruits fibroblasts, which allows 
healing to enter the proliferation phase when the 
repair process begins [1].

During the proliferation phase, damaged tis-
sue is repaired through cell regeneration and the 
expansion of the extracellular matrix [1, 9]. 
Many growth factors are released by immune 
cells in order to attract fibroblasts and increase 
ECM production [9, 30]. Soft, loose fibrous 
matrix is created by the new fibroblasts entering 
the tissue and clot and replacing the damaged 
tissue [30, 31]. Vascular buds soon grow into 
repair tissue and allow blood flow to injured tis-
sue, creating vascular granulation tissue [32]. 
The type III collagen in the vascular granulation 
tissue is gradually replaced with type I collagen 

since type I collagen has more crosslinks and 
tensile strength [9]. When this happens, colla-
gen fibrils size increases, matrix organization 
increases, number of blood vessels increases, 
elastin increases, and the tensile strength 
increases [1, 2]. The injury site ends up with 
excessive amounts of highly cellular tissue, 
explaining why ligaments are the weakest dur-
ing this phase [1]. The newly deposited collagen 
in the ligament needs more organization and sta-
bility before it is finally healed, which is why 
the remodeling phase is necessary [30].

The last phase is the remodeling phase occurs 
within several weeks of injury. Injured ligament 
structure is first replaced by tissue resembling 
scar tissue [2]. Tissue is reshaped and strength-
ened by the removal and reorganization and cells 
and the matrix [1]. Fibroblasts and macrophages 
begin to decrease, water and proteoglycan con-
centrations decrease, and type III collagen 
decreases. The collagen fibrils of the matrix 
begin to settle in a more organized appearance [3, 
30]. Signs of remodeling disappearing tend to 
occur within 4–6  months since injury, but the 
whole process can last for years as the ligament is 
constantly adapting and improving. Even most 
vascularized ligaments generally cannot heal [1, 
9]. Remodeled tissue is also weaker compared to 
normal ligament tissue as the remolded matrices 
may consist of smaller collagen fibrils, failed col-
lagen crosslinks, and alternations to proteogly-
cans and collagen [1, 3, 30].

48-72 hours

Several Months

Months to Years

Time

Inflammation
phase

Proliferative phase

Remodeling phase

Fig. 4.3  Duration of the 
three different healing 
phases in the injured 
ligament: inflammatory, 
proliferative, and 
remodeling
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4.4	 �Factors Affecting Healing

Factors affecting ligament healing include the 
type of the ligament, apposition, and stability of 
the injured ligament, and the amount of load 
applied. Intra-articular ligaments such as the 
ACL have demonstrated a poor healing response 
compared to extra-articular ligaments such as the 
MCL. Although the cells and vascularity of the 
ACL are capable of mounting a functional heal-
ing response similar to those found in the MCL 
[33, 34], the provisional scaffold found in the 
healing environment of MCL is not found in the 
ACL (Fig.  4.4). This may be explained by the 
altered environment between the two ligaments, 
as the ACL is surrounded by synovial fluid, 
whereas the MCL and other extracapsular liga-
ments are not [25].

In addition, apposition and stability of the torn 
ligament can aid in the healing process by 
decreasing the amount of collagen tissue and 
remodeling required to heal the injury. Therefore, 
treatment options that maintain some stability at 
the site of injury and close apposition of the liga-
ment ends are favorable during the initial stages 
of healing.

Early controlled loading of the ligament can 
promote healing and improvement in biomechan-

ical properties. Studies have shown that decrease 
in joint loading decreases the tensile strength of 
the bone–ligament interface and results in matrix 
degradation and decrease in the mass and strength 
of the ligament [35]. However, excessive and 
uncontrolled loading can disrupt tissue repair and 
alter healing [36–38].

The biological effect of immobilization on 
ligament injury has been widely studied. In 
superficial medial collateral ligament models, 
increased collagen degradation after 12 weeks of 
immobilization was observed in rabbit models 
[5]. In addition, detrimental effects of immobili-
zation were seen in collagen, with increase in 
collagen degradation, decrease in synthesis, and 
a greater percentage of disorganized collagen 
fibrils in healing ligaments [39–42]. In another 
study using dog models, enhanced healing and 
improved biomechanical properties of the MCL 
were seen in early motion protocols [13]. 
Furthermore, according to two recent systematic 
reviews, there have been no controlled studies 
favoring prolonged immobilization for the treat-
ment of ligament injuries [43, 44].

In contrast, early controlled resumption of 
activity including repetitive loading of the soft 
tissue has shown beneficial effects on the recov-
ery of injured ligaments with enhancement of 

a b

Fig. 4.4  (a) Intact ACL (*) inserting into the lateral fem-
oral condyle (@). (b) ACL (*) that has torn from the fem-
oral attachment (@) and fallen behind the PCL (Ψ). 

Without stable apposition to the femoral insertion site, 
this ACL cannot heal to its native attachment site (@)
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cellular activity resulting in increased tissue 
mass, strength, and improvement in matrix orga-
nization and organized collagen formation [35]. 
Controlled motion and exercise have been shown 
to increase blood flow to the affected joint and 
ligament, aiding in increased delivery of metabo-
lites necessary for repair and healing.

4.4.1	 �Nonsteroidal Anti-
Inflammatory Drugs (NSAIDs)

NSAIDs have been a mainstay in the treatment of 
ligament injuries; however, there is recent 
research to suggest that these drugs are only 
mildly effective in relieving symptoms while 
having a potentially harmful effect on soft tissue 
healing [45, 46]. NSAIDs are known to inhibit 
key steps of the inflammatory cascade including 
the recruitment of cells responsible for the initia-
tion of the healing process [47].

In a rat model study, investigators studied the 
effects of a nonselective anti-inflammatory drug 
and a cyclooxygenase-2-specific anti-inflammatory 
on bone–tendon healing. The authors concluded 
that the inhibition of cyclooxygenase-2  in the 
inflammatory phase of healing resulted in adverse 
effects of bone-tendon healing [48]. A randomized 
control study looked at the use of NSAIDs in the 
treatment of acute ankle sprains in recruits in the 
Australian military. Investigators found that recruits 
treated with NSAIDs had a shorter time from injury 
to return to training; however, they also experi-
enced increased ankle instability over the long term 
[49]. In addition, numerous other studies have con-
cluded that the use of NSAIDs inhibits ligament 
healing and leads to impaired mechanical proper-
ties of the ligament [50, 51]. Therefore, NSAIDs 
are no longer recommended in the treatment of 
chronic ligament injuries and the use of these drugs 
is cautioned in the treatment of athletes with acute 
ligament injuries.

4.4.2	 �Cortisone Injections

Cortisone injections have shown a short-term 
benefit in decreasing pain and inflammation in 

ligament injuries. However, there is increasing 
evidence to suggest that cortisone injections into 
ligaments have a deleterious effect on the histo-
logical and biomechanical properties of ligament 
healing. On a cellular level, cortisone injections 
inhibit fibroblast function, which interferes with 
collagen synthesis [52–54]. In addition, the anti-
inflammatory properties of corticosteroids dis-
rupt the cascade of inflammatory cytokines and 
mediators essential in the healing process of lig-
aments [55]. Biomechanically, steroid-injected 
ligaments have been found to be smaller in 
cross-sectional areas with decrease in tensile 
strength and load to failure [56–59]. Therefore, 
the use of cortisone injections in the treatment of 
ligament injuries is discouraged, especially in 
athletes [60, 61].

4.5	 �Healing Augmentation

As extra-articular ligaments often heal with infe-
rior biomechanics and intra-articular ligaments 
fail to heal at all, there has been increasing inter-
est in augmentation of ligament healing to ensure 
a strong repair [1]. Healing augmentation strate-
gies under investigation are based upon our 
understanding of staged ligament healing as 
described above. Broadly, healing augmentation 
research can be separated into cell-based therapy, 
growth factors, and scaffolds. Cell-based thera-
pies provide cells that create the extracellular col-
lagen matrix of ligament to the injury site [62]. 
Of particular interest is mesenchymal stem cells 
(MSCs), which can be isolated from bone mar-
row, adipose, or even tendon and ligament [63, 
64]. MSCs can replicate and are associated with 
ligament healing. Replication allows for in vitro 
expansion prior to in vivo implantation. Ligament 
healing is related to the cells’ ability to differenti-
ate into multiple matrix-producing cells and 
MSC ability to secrete cytokines that activate sur-
rounding cells and modulate the immune 
response [65]. Delivery to the injury site has been 
attempted with injection of MSCs in solution, in 
a fibrin or collagen carrier, and attached to a scaf-
fold [9]. To date, a majority of outcome data have 
come from animal studies, which do show prom-

G. C. Ma et al.

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391



37

ising results; however, only preliminary data 
have emerged from human trials [64]. Although it 
is thought that cell-based therapy will ultimately 
play a role in ligament-healing augmentation, the 
best cell type and delivery methods are still under 
investigation.

Growth factors represent the small molecules, 
or cytokines, found throughout the ligament 
repair process that acts through cell differentia-
tion, cell proliferation, chemotaxis, and/or cell-
matrix synthesis. Growth factors placed at the 
site of injury work to stimulate or enhance the 
early phases of the healing response [1, 9]. 
Individual factors that have been tested include 
but are not limited to bFGF, GDF5, GDF6 
(BMP13), GDF7 (BMP12), IGF1, PDGF, TGF-
β1, TGF-β2, VEGF, and combinations of these 
growth factors (Fig. 4.5) [9]. Studies with many 
of these factors have shown some early benefit to 
tendon healing; however, the long-term outcomes 
have been mixed [66]. Discovering the best mix-
ture of growth factors is particularly complex and 
has led to the increasing interest in platelet-rich 
plasma (PRP). PRP is obtained from the removal 
of red blood cells from autologous venous blood 

leaving behind a solution of concentrated plate-
lets and growth factor-rich plasma [67]. PRP 
includes PDGF, VEGF, TGF-β, EGF, FGF, and 
IGF at varying concentrations [9]. Unfortunately, 
definitive evidence of PRP’s long-term ability to 
enhance ligament healing has not yet been pro-
duced. Clinical studies are difficult to perform as 
differences between patients and preparation 
methods make the concentrations of growth fac-
tor within each PRP injection variable [1, 9]. 
Ongoing work with growth factors will likely 
focus on standardizing growth factor solutions in 
addition to continuing early promising work on 
how growth factors and cell-based therapies can 
be combined to recreate embryonic-like ligament 
growth [62, 66].

Scaffolds can act to stabilize an injured liga-
ment, direct ligament growth, and act as an 
anchor site for cells and growth factors. Much of 
the current clinical scaffold research is focused 
on mimicking the natural fibrous scaffolds found 
in extra-articular ligaments for intra-articular 
ligaments such as the ACL. As described, these 
natural scaffolds are thought to play an important 
role in allowing extra-articular ligament healing 

Inflammatory Phase

Platelet-Derived Growth Factor (PDGF)

Transforming Growth Factor-B (TGF-B)

Transforming Growth Factor-B (TGF-B)

Vascular Endothelial Growth Factor
(VEGF)

Basic Fibroblast Growth Factor (bFGF)

Insulin-like Growth Factor-I (IGF-I)

Insulin-like Growth Factor-I (IGF-I)

Influx of mononuclear cells and fibroblasts,
enhanced angiogenesis and collagen deposition

Influx of mononuclear cells and fibroblasts,
enhances collagen deposition

Influx of mononuclear cells and fibroblasts,
enhances collagen deposition

Enhanced angiogenesis and collagen
deposition

Proliferation of fibroblasts, enhanced collagen
deposition

Proliferation of fibroblasts, enhanced collagen
deposition

Proliferation of fibroblasts, enhanced collagen
deposition

Proliferative Phase

Function

Fig. 4.5  Examples of some of the most studied growth factors and their functions during healing stages of soft tissue 
repair
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[25, 68]. Early attempts at scaffold implantation 
into intra-articular ligaments suffered from over-
reactive inflammatory responses and poor heal-
ing. However, new low-DNA collagen-based 
scaffolds, when combined with autologous blood, 
have shown early potential to successfully heal 
ACLs in  vivo without harmful inflammatory 
responses [69, 70]. Murray et  al. have recently 
reported on human clinical trials in the Bridge-
Enhanced Anterior Cruciate Ligament Repair 
(BEAR) study with promising, albeit prelimi-
nary, outcomes (Fig. 4.6) [71]. Further research is 
also being conducted into different materials to 
control the biomechanical properties of scaffolds, 
such as elasticity, to match the healing ligament 
and to enhance healing strength through mechan-
ical stimulation [72]. Growth factor and cell gra-
dients can also be created, which may allow the 
recreation of complex ligament structures such as 
the bone–ligament attachment [73]. As our 
understanding of ligament-healing cells, growth 
factors, and scaffold material improves, it is most 
likely that a combination of all three categories of 
healing augmentation will play a role in stronger 
and more predictable ligament healing.

In this chapter, we described the complex 
structural organization of ligaments and its 
important role in joint stability and function. 
Ligament injury and healing remain an active 

area of research where focus has been on enhanc-
ing healing with better biomechanical properties 
of the healed ligament and improving healing of 
the healing response. The future aspiration is to 
have a fast and reliable recovery from these com-
mon ligament injuries.

References

	 1.	Nakamura N, Rodeo SA, Alini M, et  al. 
Physiology and pathophysiology of musculoskel-
etal tissues. Philadelphia: Elsevier; 2015. Epub 
ahead of print 2015. https://doi.org/10.1016/
B978-1-4557-4376-6.00001-9.

	 2.	Hauser RA, Dolan EE, Phillips HJ, et  al. Ligament 
injury and healing: a review of current clini-
cal diagnostics and therapeutics. Open Rehabil J. 
2013;6:1–20.

	 3.	Buckwalter J, Maynard J, Vailas A. Skeletal fibrous 
tissue: tendon, joint capsule, and ligament. In: 
Albright JA, Brand RA, editors. The scientific basis 
of orthopedics. CT: Norwalk; 1987. p. 387–405.

	 4.	Barrack R, Skinner H. The sensory function of knee 
ligaments. In: Akeson D, O’Connor D, editors. Knee 
ligaments: structure, function, injury, and repair. 
New York: Raven Press; 1990.

	 5.	Amiel D, Akeson WH, Harwood FL, et  al. Stress 
deprivation effect on metabolic turnover of the medial 
collateral ligament collagen. A comparison between 
9- and 12-week immobilization. Clin Orthop Relat 
Res. 1983;172:265–70.

	 6.	Frank CB. Normal ligament structure and physiology. 
J Musculoskelet Neuronal Interact. 2004;4:199–201.

a b c d

Fig. 4.6  Steps of Bridge-Enhanced ACL Repair (BEAR) 
technique using a collagen-based scaffold. (a) represents 
torn ACL tissue. (b). pictures the implantation of blood 
saturated collagen-based scaffold. (c) shows the tibial 
stump pulled into scaffold and secured with stiches. (d) 
depicts torn parts of ACL growing into the collagen-based 

scaffold. ACT tissue replaces BEAR implant and ligament 
is reunited. Reprinted with permission from “Bench-to-
bedside: bridge-enhanced anterior cruciate ligament 
repair” by G.  Perrone et  al., Journal of Orthopaedic 
Research, 2017

G. C. Ma et al.

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

https://doi.org/10.1016/B978-1-4557-4376-6.00001-9
https://doi.org/10.1016/B978-1-4557-4376-6.00001-9


39

	 7.	Hardingham T.  Proteoglycans: their structure, inter-
actions and molecular organization in cartilage. 
Biochem Soc Trans. 1981;9:489–97.

	 8.	Henninger HB, Valdez WR, Scott SA, et  al. Elastin 
governs the mechanical response of medial collateral 
ligament under shear and transverse tensile loading. 
Acta Biomater. 2015;25:304–12.

	 9.	Leong NL, Kator JL, Clemens TL, et al. Tendon and 
ligament healing and current approaches to tendon and 
ligament regeneration. J Orthop Res. 2020;38:7–12.

	10.	Frank C, Shrive N, Hiraoka H, et  al. Optimisation 
of the biology of soft tissue repair. J Sci Med Sport. 
1999;2:190–210.

	11.	Schaefer L, Iozzo RV.  Biological functions of the 
small leucine-rich proteoglycans: from genetics to 
signal transduction. J Biol Chem. 2008;283:21305–9.

	12.	Cooper RR, Misol S. Tendon and ligament insertion. 
A light and electron microscopic study. J Bone Jt Surg 
A. 1970;52:1–20.

	13.	Woo SL, Gomez MA, Seguchi Y, et al. Measurement 
of mechanical properties of ligament substance from 
a bone-ligament-bone preparation. J Orthop Res. 
1983;1:22–9.

	14.	Jung H-J, Fisher MB, Woo SL-Y.  Role of biome-
chanics in the understanding of normal, injured, and 
healing ligaments and tendons. BMC Sports Sci Med 
Rehabil. 2009;1:9. Epub ahead of print December. 
https://doi.org/10.1186/1758-2555-1-9.

	15.	Schulz MS, Russe K, Weiler A, et al. Epidemiology 
of posterior cruciate ligament injuries. Arch Orthop 
Trauma Surg. 2003;123:186–91.

	16.	Gianotti SM, Marshall SW, Hume PA, et al. Incidence 
of anterior cruciate ligament injury and other knee 
ligament injuries: a national population-based study. 
J Sci Med Sport. 2009;12:622–7.

	17.	Agel J, Arendt EA, Bershadsky B.  Anterior cruci-
ate ligament injury in National Collegiate Athletic 
Association basketball and soccer: a 13-year review. 
Am J Sports Med. 2005;33:524–30.

	18.	Fleming BC, Hulstyn MJ, Oksendahl HL, et  al. 
Ligament injury, reconstruction and osteoarthritis. 
Curr Opin Orthop. 2005;16:354–62.

	19.	Koh J, Dietz J.  Osteoarthritis in other joints (hip, 
elbow, foot, ankle, toes, wrist) after sports injuries. 
Clin Sports Med. 2005;24:57–70.

	20.	Elkin JL, Zamora E, Gallo RA.  Combined anterior 
cruciate ligament and medial collateral ligament knee 
injuries: anatomy, diagnosis, management recommen-
dations, and return to sport. Curr Rev Musculoskelet 
Med. 2019;12:239–44. https://doi.org/10.1007/
s12178-019-09549-3.

	21.	Panjabi MM. A hypothesis of chronic back pain: liga-
ment subfailure injuries lead to muscle control dys-
function. Eur Spine J. 2006;15:668–76.

	22.	Øiestad BE, Engebretsen L, Storheim K, et  al. 
Knee osteoarthritis after anterior cruciate liga-
ment injury: a systematic review. Am J Sports Med. 
2009;37:1434–43.

	23.	Papalia R, Vasta S, Denaro V, et  al. Operative vs. 
nonoperative treatment of combined anterior cruci-

ate ligament and medial collateral ligament injuries. 
In: Bhandari M, editor. Evidence-based orthopedics. 
Hoboken, NJ: Blackwell; 2011. p. 832.

	24.	Zhang AL, Feeley BT, Schwartz BS, et  al. 
Management of deep postoperative shoulder infec-
tions: is there a role for open biopsy during staged 
treatment? J Shoulder Elb Surg. 2015;24:e15–20.

	25.	Murray MM, Fleming BC.  Biology of anterior cru-
ciate ligament injury and repair: kappa delta ann 
doner Vaughn award paper 2013. J Orthop Res. 
2013;31:1501–6.

	26.	Stevens MA, El-Khoury GY, Kathol MH, et  al. 
Imaging features of avulsion injuries. Radiographics. 
1999;19:655–72.

	27.	van der List JP, Mintz DN, DiFelice GS.  The loca-
tion of anterior cruciate ligament tears: a preva-
lence study using magnetic resonance imaging. 
Orthop J Sport Med. 2017;5:2325967117709966. 
Epub ahead of print 21 June 2017. https://doi.
org/10.1177/2325967117709966.

	28.	Buckwalter J, Cruess R. Healing of musculoskeletal 
tissues. In: Green D, Rockwood C, editors. Fractures. 
Philadelphia: JB Lippincott; 1991.

	29.	Woo S, Horibe S, KJ O. The response of ligaments to 
injury: healing of the collateral ligaments. In: Daniel 
D, Akeson W, O’Connor J, editors. Knee ligaments: 
structure, function, injury, and repair. New  York: 
Raven Press; 1990.

	30.	Frank C, Schachar N, Dittrich D. Natural history of 
healing in the repaired medial collateral ligament. J 
Orthop Res. 1983;1:179–88.

	31.	Luiza M, Mello S, Godo C, et  al. Changes in mac-
romolecular orientation on collagen fibers during the 
process of tendon repair in the rat. Ann Histochim. 
1975;20:145–52.

	32.	Clayton ML, Weir GJ. Experimental investigations of 
ligamentous healing. Am J Surg. 1959;98:373–8.

	33.	Murray MM, Martin SD, Martin TL, et al. Histological 
changes in the human anterior cruciate ligament after 
rupture. J Bone Jt Surg A. 2000;82:1387–97.

	34.	Murray MM, Spindler KP, Ballard P, et al. Enhanced 
histologic repair in a central wound in the anterior 
cruciate ligament with a collagen-platelet-rich plasma 
scaffold. J Orthop Res. 2007;25:1007–17.

	35.	Buckwalter JA.  Activity vs. rest in the treatment of 
bone, soft tissue and joint injuries. Iowa Orthop J. 
1995;15:29–42.

	36.	Fronek J, Frank C, Amiel D.  The effects of inter-
mittent passive motion (IPM) in the healing of 
medial collateral ligament. Trans Orthop Res Soc. 
2017;8:31.

	37.	Andriacchi T, Sabiston P, Dehaven K, et al. Ligament 
injury and repair. In: Woo S, Buckwalter JA, editors. 
Injury and repair of the musculoskeletal soft tissues. 
Park Ridge, IL: American Academy of Orthopaedic 
Surgeons; 1988.

	38.	Vailas AC, Tipton CM, Matthes RD, et  al. Physical 
activity and its influence on the repair process of 
medial collateral ligaments. Connect Tissue Res. 
1981;9:25–31.

4  Ligament Function and Pathoanatomy of Injury and Healing

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

https://doi.org/10.1186/1758-2555-1-9
https://doi.org/10.1007/s12178-019-09549-3
https://doi.org/10.1007/s12178-019-09549-3
https://doi.org/10.1177/2325967117709966
https://doi.org/10.1177/2325967117709966


40

	39.	Padgett LR, Dahners LE. Rigid immobilization alters 
matrix organization in the injured rat medial collateral 
ligament. J Orthop Res. 1992;10:895–900.

	40.	West RV, Fu FH.  Soft-tissue physiology and repair. 
In: Vaccaro AR, editor. Orthopaedic knowledge 
update. Rosemont, IL: Am Academy of Orthopaedic 
Surgeons; 2005. p. 15–27.

	41.	Woo SLY, Abramowitch SD, Kilger R, et  al. 
Biomechanics of knee ligaments: injury, healing, and 
repair. J Biomech. 2006;39:1–20.

	42.	Woo SL, Gomez MA, Sites TJ, et al. The biomechani-
cal and morphological changes in the medial collat-
eral ligament of the rabbit after immobilization and 
remobilization. J Bone Jt Surg Am. 1987;69:1200–11.

	43.	Kerkhoffs GM, Rowe BH, Assendelft WJ, et  al. 
Immobilisation and functional treatment for acute lat-
eral ankle ligament injuries in adults. In:  Cochrane 
database of systematic reviews. Hoboken, NJ: John 
Wiley & Sons, Ltd.. Epub ahead of print 22 July 2002; 
2002. https://doi.org/10.1002/14651858.cd003762.

	44.	Nash CE, Mickan SM, Del Mar CB, et  al. Resting 
injured limbs delays recovery: A systematic review, 
www.jfponline.com (1 September 2004, accessed 5 
July 2020).

	45.	Dahners LE, Mullis BH. Effects of nonsteroidal anti-
inflammatory drugs on bone formation and soft-tissue 
healing. J Am Acad Orthop Surg. 2004;12:139–43.

	46.	Mehallo CJ, Drezner JA, Bytomski JR.  Practical 
management: nonsteroidal antiinflammatory drug 
(NSAID) use in athletic injuries. Clin J Sport Med. 
2006;16:170–4.

	47.	Radi ZA, Khan NK. Effects of cyclooxygenase inhibi-
tion on bone, tendon, and ligament healing. Inflamm 
Res. 2005;54:358–66.

	48.	Cohen DB, Kawamura S, Ehteshami JR, et  al. 
Indomethacin and celecoxib impair rotator 
cuff tendon-to-bone healing. Am J Sports Med. 
2006;34:362–9.

	49.	Slatyer MA, Hensley MJ, Lopert R.  A randomized 
controlled trial of piroxicam in the management of 
acute ankle sprain in Australian regular Army recruits: 
the kapooka ankle sprain study. Am J Sports Med. 
1997;25:544–53.

	50.	Warden SJ. Cyclo-oxygenase-2 inhibitors: beneficial 
or detrimental for athletes with acute musculoskeletal 
injuries? Sports Med. 2005;35:271–83.

	51.	Warden SJ, Avin KG, Beck EM, et al. Low-intensity 
pulsed ultrasound accelerates and a nonsteroidal anti-
inflammatory drug delays knee ligament healing. Am 
J Sports Med. 2006;34:1094–102.

	52.	Berliner D, Nabors C.  Effects of corticosteroids on 
fibroblast functions. Res J Reticuloendothel Soc. 
1967;4:284–313.

	53.	Kapetanos G. The effect of the local corticosteroids 
on the healing and biomechanical properties of the 
partially injured tendon. Clin Orthop Relat Res. 
1982;163:170–9.

	54.	Oxlund H. The influence of a local injection of cor-
tisol on the mechanical properties of tendons and 

ligaments and the indirect effect on skin. Acta Orthop. 
1980;51:231–8.

	55.	Shapiro PS, Rohde RS, Froimson MI, et al. The effect 
of local corticosteroid or ketorolac exposure on histo-
logic and biomechanical properties of rabbit tendon 
and cartilage. Hand. 2007;2:165–72.

	56.	Noyes F, Grood E, Nussbaum N, et  al. Effect of 
intraarticular corticosteroids on ligament properties. 
A biomechanical and histological study in rhesus 
knees. Clin Orthop Relat Res. 1977;123:197–209.

	57.	Nichols AW.  Complications associated with the use 
of corticosteroids in the treatment of athletic injuries. 
Clin J Sport Med. 2005;15:370–5.

	58.	Wiggins ME, Fadale PD, Ehrlich MG, et al. Effects 
of local injection of corticosteroids on the healing 
of ligaments: a follow-up report. J Bone Jt Surg A. 
1995;77:1682–91.

	59.	Wiggins ME, Fadale PD, Barrach H, et  al. Healing 
characteristics of a type I collagenous structure 
treated with corticosteroids. Am J Sports Med. 
1994;22:279–88.

	60.	Fadale PD, Wiggins ME.  Corticosteroid injec-
tions: their use and abuse. J Am Acad Orthop Surg. 
1994;2:133–40.

	61.	Fredberg U.  Local corticosteroid injection in sport: 
review of literature and guidelines for treatment. 
Scand J Med Sci Sports. 2007;7:131–9.

	62.	Gulotta LV, Kovacevic D, Ehteshami JR, et  al. 
Application of bone marrow-derived mesenchymal 
stem cells in a rotator cuff repair model. Am J Sports 
Med. 2009;37:2126–33.

	63.	Walia B, Huang AH.  Tendon stem progenitor 
cells: understanding the biology to inform thera-
peutic strategies for tendon repair. J Orthop Res. 
2019;37:1270–80.

	64.	Hevesi M, LaPrade M, Saris DBF, et  al. Stem cell 
treatment for ligament repair and reconstruction. Curr 
Rev Musculoskelet Med. 2019;12:446–50.

	65.	Fu Y, Karbaat L, Wu L, et al. Trophic effects of mes-
enchymal stem cells in tissue regeneration. Tis Eng B 
Rev. 2017;23:515–28.

	66.	Liu CF, Aschbacher-Smith L, Barthelery NJ, et  al. 
What we should know before using tissue engineering 
techniques to repair injured tendons: a developmental 
biology perspective. Tis Eng B Rev. 2011;17:165–76.

	67.	Southworth TM, Naveen NB, Tauro TM, et  al. The 
use of platelet-rich plasma in symptomatic knee 
osteoarthritis. J Knee Surg. 2019;32(1):37–45. https://
doi.org/10.1055/s-0038-1675170.

	68.	Spindler KP, Murray MM, Devin C, et al. The central 
ACL defect as a model for failure of intra-articular 
healing. J Orthop Res. 2006;24:401–6.

	69.	 Iannotti JP, Codsi MJ, Kwon YW, et  al. Porcine 
small intestine submucosa augmentation of surgi-
cal repair of chronic two-tendon rotator cuff tears: a 
randomized, controlled trial. J Bone Jt Surg Ser A. 
2006;88:1238–44.

	70.	Zheng MH, Chen J, Kirilak Y, et  al. Porcine small 
intestine submucosa (SIS) is not an acellular collag-

G. C. Ma et al.

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

https://doi.org/10.1002/14651858.cd003762
http://www.jfponline.com
https://doi.org/10.1055/s-0038-1675170
https://doi.org/10.1055/s-0038-1675170


41

enous matrix and contains porcine DNA: possible 
implications in human implantation. J Biomed Mater 
Res B Appl Biomater. 2005;73:61–7.

	71.	Murray MM, Fleming BC, Badger GJ, et al. Bridge-
enhanced anterior cruciate ligament repair is not 
inferior to autograft anterior cruciate ligament recon-
struction at 2 years: results of a prospective random-
ized clinical trial. Am J Sports Med. 2020;48:1305–15.

	72.	Chokalingam K, Juncosa-Melvin N, Hunter SA, et al. 
Tensile stimulation of murine stem cell-collagen 

sponge constructs increases collagen type I gene 
expression and linear stiffness. Tissue Eng Part A. 
2009;15:2561–70.

	73.	Spalazzi JP, Dagher E, Doty SB, et al. In vivo evalu-
ation of a tri-phasic composite scaffold for anterior 
cruciate ligament-to-bone integration. In: Annual 
International Conference of the IEEE Engineering 
in Medicine and Biology  – Proceedings. Conf Proc 
IEEE Eng Med Biol Soc, 2006. pp. 525–8.

4  Ligament Function and Pathoanatomy of Injury and Healing

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758



43© ISAKOS 2022 
G. L. Canata et al. (eds.), Management of Track and Field Injures, 
https://doi.org/10.1007/978-3-030-60216-1_5

Anatomy and Function of Articular 
Cartilage

Alberto Gobbi, Eleonora Irlandini, 
and Alex P. Moorhead

5.1	 �Introduction

Cartilage tissue is a nonlinear, anisotropic, visco-
elastic, and multiphasic complex with a low coef-
ficient of friction, which distributes loads across 
the knee joint, protecting the subchondral bone 
and allowing for numerous cycles of joint load-
ing before wearing [1, 2].

5.1.1	 �Chondrogenesis

Cartilage starts as undifferentiated mesenchyme, 
which changes into three different stratified lay-
ers as the mesoblast differentiates into chondro-
genic structures. The top and bottom layers begin 
to join and grow eccentrically, integrating with 
the bone ends and acquiring chondrogenic fea-
tures. The intermediate layer, which is less dense 
than the other layers, contains small lacunae, 
which grow and coalesce to give rise to the future 
joint cavity [3].

As a consequence of increased proliferating 
activity, nuclei of blastemic condensation are 
seen in 41-day-old embryos beginning pre-
cartilaginous areas at the distal end of the femur 
and the proximal end of the tibia, in a continuous 
arrangement bound by undifferentiated meso-
blastic tissue (Fig. 5.1). Three tissue areas or lev-
els are formed in the mesenchyme located 
between the pre-cartilaginous folds. A centrally 
located undifferentiated area and two eccentric 
ones undergo chondral predetermination [3].

In the 48-day-old embryo, patellar mesen-
chyme condensation happens and wide organized 
chondral areas start to appear at the femoral con-
dyles and tibial platform as seen in Fig. 5.2 [3].

After this, the femoral condyles and the tibial 
platform are now at the cartilaginous stage. The 
chondrification areas of the patellar mesoblastic 
aggregate increase and group together (Fig. 5.3). 
In the patella, the cartilaginous modeling is char-
acterized by the growth of the cartilaginous mold 
through subperichondrial apposition and cell 
division [3].

Type

5.2	 �Types of Cartilage

There are three types of cartilage: elastic, fibro-
elastic, and hyaline/articular cartilage. Elastic 
cartilage is found in the ear and in the larynx 
(4), and fibro-elastic cartilage is found in inter-
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vertebral disks and knee menisci (8). Hyaline/
articular cartilage is the most widespread carti-
lage, which is a thin, connective tissue of diar-
throdial (synovial) joints and is highly 
specialized with unique characteristics [1, 4, 5]. 
It contains no blood vessels, lymphatics, or 
nerves, which results in a limited capacity for 
healing and repair [6].

Hyaline cartilage is present in the embryo dur-
ing endochondral ossification and in adults at the 
costal cartilages, in the respiratory system in the 
trachea, and in the growth plate of bones [4, 5]. 
Immature cartilage has a bluish color, but with 
maturation, becomes shiny, smooth, and white in 
young healthy adult mammals, and then becomes 
yellowish in older animals (Fig. 5.4) [5].

The main function of the articular cartilage is 
to maintain smooth movement and facilitate load 
transmission to the underlying subchondral bone. 
The main function of articular cartilage is to 
maintain smooth movement, facilitating load 
transmission to the underlying bone, and offering 
through a complex lubrification mechanism low 
shear stresses. It also protects the subchondral 
bone from compressive loading and mechanical 
trauma [5].

Articular cartilage consists of a liquid and a 
solid component. The liquid component is pri-
marily water, and the solid component is mainly 
comprised of extracellular matrix [5].

The growth plate is an area that maintains cel-
lular organization for long bone elongation [7].

Fig. 5.1  Precartilaginous mesenchyme of femur and tibia 
bound together by undifferentiated mesenchymal cells. 
By courtesy of Collado JJ, Garcia PG et al. [3]

Fig. 5.2  Beginning of patellar mesenchymal condensation (left) and patellar primordium (R). Collado JJ, Garcia PG 
et al. [3]
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Fig. 5.3  Cartilaginous state with beginning of patellofemoral cavitation (P Patella, Cav Cavity, F Femur). Collado JJ, 
Garcia PG et al. [3]

Chondrocytes orientation and
morphology Collagen Fibrills Orientation Zones

Superficial

Intermediate

Deep

Calcified
Cartilage

Subchondral
bone

Fig. 5.4  Normal adult 
articular cartilage with 
its chondrocyte and 
collagen fibril 
orientation. By courtesy 
of March et al. [45]
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5.3	 �Articular Cartilage 
Components

Articular cartilage of the knee is approximately 
2–4  mm thick composed of an extracellular 
matrix and highly specialized cells known as 
chondrocytes [6]. A network of collagen fibers 
begins as parallel to the surface and becomes 
perpendicular as it goes deeper as seen in 
Fig. 5.4 [8, 9].

5.3.1	 �Extracellular Matrix

The extracellular matrix is approximately 
70–80% water and contains collagen, proteogly-
cans, and other glycoproteins [6]. Generally, 
these components maintain the water within the 
extracellular matrix, which is permeable and 
porous [5].

Cartilage is comprised of many types of col-
lagen but primarily type II, which is responsible 
for approximately 60% of the dry weight of artic-
ular cartilage [5, 8, 10, 11]. Collagen fibers are 
composed of 4 polypeptide α-chains, which are 
twisted into a right-handed helix forming a rope 
structure stabilized by hydrogen bonds [8].

Collagen precursors, or the procollagens, are 
synthesized with C- and N-terminals. They are 
used for chain assembly prior to triple-helix for-
mation. These will be cleaved by specific procol-
lagen peptidases prior to fibril formation. Then, 
these fibrils will be stabilized further by making 
crosslinks with lysine residues. The biological 
functional form is the fibrillar collagen. Proper 
formation of fibril is needed for proper develop-
ment of cartilage [8].

Type II collagen is a marker for chondrocyte 
differentiation, which is a homotrimer composed 
of an α1 (II) chain. It is the most abundant colla-
gen present in the body representing 80% of all 
the collagen [12]. Fibrils are thinner than type I 
collagen found on other tissues. Type II collagen 
also forms crosslinks with type IX collagen. 
Antiparallel orientation of the molecules permits 
the necessary deformation under compression as 
observed from wet cartilage compression [8, 13]. 

It becomes parallel on the surface. Aside from 
type II collagen, hyaline cartilage also has type 
III (10%), type XI (3%), type IX (1%), and type 
VI (<1%). Type X collagen is in a calcified layer 
representing hypertrophic cartilage [5].

5.3.2	 �Non-collagenous Proteins

5.3.2.1	 �Proteoglycan
Proteoglycans are 20–30% of the dry weight [5, 
10, 11]. Proteoglycan are needed to function 
normally. It has numerous functions depending 
on its core proteins and glycosaminoglycan 
chains [4].

Proteoglycan aggrecan, in the form of proteo-
glycan aggregates as hyaluronan and link protein, 
is responsible for its turgidity and osmotic prop-
erties [7]. This will now provide flexibility and 
viscoelasticity to the musculoskeletal system 
[12]. Aggrecan is the largest and produces multi-
molecular complex with hyaluronan where the 
glycosaminoglycan keratin sulfate and chondroi-
tin sulfate attach furtherly stabilized by link pro-
teins (Fig. 5.5) [5].

Proteoglycan aggregate and the interstitial 
fluid together maintain the compressive resil-
ience through negative electrostatic repulsion 
forces (Fig. 5.6) [5]. Small amounts of leucine-
rich repeat proteoglycans (SLRPs) are also pres-
ent to maintain the tissue integrity and control 
metabolism. Examples of SLRPs include bigly-
can and decorin, which contain the dermatan sul-
fate, while the fibromodulin and lumican contain 
the keratan sulfate [5].

5.3.2.2	 �Glycosaminoglycans (GAGs)
These are carbohydrates with six major subunits 
in articular cartilage made from repeating disac-
charide units. These major subunits are nega-
tively charged, attracting water, calcium, and 
sodium but repel each other [5, 14, 15]. Their 
main function is to absorb water and maintain 
mechanical properties of the extracellular matrix 
(9). The synthesis of GAGs needs glucose, which 
diffuses from synovial fluid into the chondrocyte 
through glucose transporters (GLUT) [12, 16].
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5.3.2.3	 �Structural Proteins
These proteins include cartilage matrix protein 
(matrilin-1 and matrilin-3), cartilage oligomeric 
protein (thrombospondin-5), cartilage intermedi-
ate layer protein, fibronectin, and tenascin-C [5].

5.3.2.4	 �Regulatory Proteins
These proteins include growth factors such as 
transforming growth factor-β (TGF-β), bone 
morphogenic proteins (BMPs), cartilage-derived 
retinoic acid-sensitive proteins, gp-39/YKL-40, 
matrix Gla protein, chondromodulin I, and chon-
dromodulin II. This group of proteins affects cell 
metabolism with no structural role in the matrix 
[5] (Fig. 5.7).

5.3.3	 �Chondrocytes

Chondrocytes are cells that produce and maintain 
extracellular matrix of cartilage. It occupies only 
2% of the total volume of the articular cartilage 
[5, 17]. It resists very high compressive loads. 
They are responsible for the maintenance of car-
tilage homeostasis by producing growth factors, 
enzymes, and inflammatory mediators [5]. 
Different pathways regulate chondrocyte func-

G1 IGD G2 KS CS1 CS2 G3

221 13-33 repeats

E V L E T X A P G C X X I S SG GL P

A B1 B2

Fig. 5.5  Structure of aggrecan that consists of three 
disulphide-bonded globular domains (G1–3), an inter-
globular domain (IGD), and attachment regions for kera-

tan sulfate (KS) and chondroitin sulfate (CS1 and CS2). 
By courtesy March, Lyn et al. [45]

HYALURONIC ACID BACKBONE

CORE PROTEIN

KERATAN SULFATE

CHONDROITIN SULFATE

LINK PROTIEN

Fig. 5.6  Proteoglycan aggregation. Schematic diagram 
involving the interaction of proteoglycan monomers and 
link protein. By courtesy of King, Michael [46]
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tion, regulate cartilage and bone formation, and 
maintain homeostasis of mature articular carti-
lage in adults [5, 18, 19]. It differs from other 
mesenchymal cells in terms of its properties and 
capabilities. It does not divide, and its apoptotic 
activity is low [12, 20, 21].

Chondrocytes are subjected to different 
mechanical and environmental factors that affect 

their metabolic activity and phenotype. Thus, 
according to the signals that they perceive, chon-
drocytes are now accountable for the production, 
organization, and maintenance of the integrity of 
the extracellular matrix [12]. They maintain the 
matrix by moderating the balance between anab-
olism and catabolism (Fig. 5.8). It is controlled 
by relative amount of growth factors and cyto-

Mesenchyme Pool Zone Proliferative Zone Hypertrophic Zone Calcified Zone

BMP/TGF-β

PDGF

Differentiation

Migration

Proliferation

EGF

PRECHONDROCYTES MATURE
CHONDROCYTES

HYPERTROPHIC
CHONDROCYTES

OSTEOBLASTS

VEGF

CTGF

FGF

Angiogenesis

Ossiification

Apoptosis

Terminal differentiation

Proliferation

MESENCHYMAL
STEM CELLS

Embryogenesis Maturation of Chondrocyte Enchondral Ossification

Fig. 5.7  Schematic diagram of the role of regulatory proteins at different stages of the chondrogenesis. By courtesy of 
Demoor, M. et al. 2014

CATABOLISM ANABOLISM

Type II Collagen

Aggrecan

IGF-1

BMPs

TGFβ

TNF-α

Mesenchyme

MMPs
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IL-1

MMPs
Aggrecanase
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Typer II collagen
Aggrecan

IL-6

IL-1
IL-18

TNF-α

IGF-1
BMPs

Fig. 5.8  Chondrocyte property of balancing anabolism versus catabolism. By courtesy of Demoor, M. et al. [12]

A. Gobbi et al.

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208



49

kines in synovial fluid. The result of this balance 
regulates cartilage homeostasis [12].

The number of chondrocytes formed by prolif-
erating monolayer cultures is low, which is why it 
is not easily characterized. There are no cell sur-
face markers, but the accepted indicator of the 
chondrocyte phenotype is type II collagen [5].

Adult cartilage chondrocytes rarely divide but 
live for a long time and maintain the capacity to 
replicate [5].

5.4	 �Zones of Articular Cartilage

Articular cartilage has four different zones, which 
are highly organized. Each zone has its own char-
acteristics (Fig. 5.9) [5, 22, 23].

5.4.1	 �Superficial/Tangential Zone

This zone is a thin layer that protects other layers 
from shear stress. It is approximately 10–20% of 
the entire articular cartilage thickness. Collagen 
content is highest, while the proteoglycan content 
is lowest in this zone [8].

Most collagen fibers are type II and type IX 
collagen, which are parallel and tightly packed. It 
has numerous flattened chondrocytes and has the 
integrity to protect deeper layers. Since this zone 
is in contact with synovial fluid, it has most of the 

tensile properties. This layer generally prevents 
shear, tensile, and compressive forces during 
articulation [6].

This stains for fast green but not for safranin-
O. Lamina splendens or the fine collagens at the 
surface can be seen. These cells are elongated but 
arranged tangentially [5].

5.4.2	 �Middle/Transitional Zone

This zone bridges the superficial and the deep 
zones. It comprises approximately 40–60% of the 
articular cartilage. Collagen is 20% less than the 
superficial zone, while proteoglycan content is 
50% more compared to superficial zone. 
Collagens are arranged obliquely, while the 
chondrocytes have low density and are spherical. 
Compressive forces are first resisted by this zone 
[5, 10, 11].

Safranin-O staining first appears in this zone 
where cells are round or ovoid but with random 
distribution [5].

5.4.3	 �Deep/Basal Zone

Collagen and chondrocyte distribution is approx-
imately equal with the middle or transition zone 
[5, 10, 11]. Cells in this zone are seen as short 
columns [5, 24].

ARTICULAR SURFACE

SUPERFICIAL/TANGENTIAL
ZONE(10-20%)

MIDDLE ZONE (40-60%)

DEEP ZONE (30-40%)

CALCIFIED ZONE

CALCIFIED ZONE CHONDROCYTES

SUBCHONDRAL BONE

Fig. 5.9  Cross section of adult articular cartilage. By courtesy of Newman [47]
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5.4.4	 �Tidemark and Calcified Zone

The tidemark represents the border between min-
eralized and unmineralized regions that separate 
the deep from the calcified zone. It is a thin baso-
philic area seen through eosin and hematoxylin 
stains [5].

5.5	 �Main Function of Articular 
Cartilage

The main function of the articular cartilage is 
to provide a smooth movement and facilitate 
load transmission with low friction [6]. An 
increase in  local pressure causes the fluid to 
flow out of the extracellular matrix, but when 
the pressure or the compression load is 
removed interstitial fluid gets back to cartilage 
[5, 25–27]. Since the articular cartilage has a 
low permeability, fluid is prevented from 
being easily squeezed out of the matrix. 
Mechanical deformation is restricted by con-
fining the cartilage under contact surface 
between the two opposing bones [27].

Synovial fluid also has a role in lubrication 
and nutrition of the articular cartilage. It is the 
major source of nutrients since it is avascular. It is 
also a reservoir of proteins originating from the 
cartilage and synovial tissues. With this, it could 
serve as biomarker reflecting the condition of the 
joint. Three of the most important components of 
synovial fluid are the hyaluronic fluid, lubricin, 
and the phospholipids, which help in effective 
boundary friction in cartilage [27].

5.6	 �Aging in Articular Cartilage

Degeneration of articular cartilage leads to 
mechanical and inflammatory responses that acti-
vate signal transduction pathways on all joint tis-
sues [5]. Osteoarthritic cartilage decreases tensile 
stiffness, which increases water content and soft-
ens cartilage [8, 28]. Aging also showed separa-
tion of collagen fibers [8, 9].

In osteoarthritis, adult cartilage chondrocytes 
reappear when their collagenous network of local 
matrix is damaged. Responses include increased 
type II collagen and matrix protein synthesis but 
with inferior biomechanical properties. It is this 
progressive deterioration that signifies the early 
stages of the osteoarthritis [5]. Chondrocyte 
dedifferentiation is characterized by increased 
synthesis of type I collagen [12].

Early event in osteoarthritis signifies the 
attachment of stromelysin (MMP-3) and altera-
tion of TGF-β signals with high concentration of 
TGF-β1 [8, 12]. Inhibition of TGF-β1 lessens 
cartilage degeneration [5, 29]. TGF-β has a role 
in both cartilage health and disease [5].

Pro-inflammatory cytokines like tumor 
necrosis-alpha and interleukin-1 beta promote 
expression of prostaglandin, matrix metallopro-
teinase (MMP), cyclooxygenase, and nitric oxide 
and may promote other pro-inflammatory cyto-
kines such as interleukins 6, 8, 17, and 18. MMP-
13 has the highest count in any proteinase in 
osteoarthritis. These catabolic molecules inter-
rupt the integrity of the extracellular matrix and 
decrease the response of chondrocytes to external 
anabolic signals [5, 12].

MMP-13 also degrades collagen II and aggre-
can. This is why the MMP-13 seems to be the 
target in preventing osteoarthritis. Aggrecanases 
ADAMTS-5 and ADAMTS-4 are both responsi-
ble as the primary mediators of aggrecan cleav-
age [5, 30, 31]. Upregulation of the transcriptional 
regulator cAMP-responsive element-binding 
protein (CITED2) coincided with the downregu-
lated expression of MMP-1 and MMP-13. A pro-
catabolic factor is identified as contributory to 
cartilage remodeling and degradation by regulat-
ing MMP-13 gene transcription. Recently, it was 
identified that a serum proteases inhibitor, alpha 
2 macroglobulin, is an inhibitor of many types of 
cartilage-degrading enzymes by decreasing gene 
expression and protein levels in posttraumatic 
joint osteoarthritis. Discoidin domain receptor 
(DDR2) is associated with induction and upregu-
lation of MMP-13 and disruption of pericellular 
matrix [5, 32].
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5.7	 �Healing in Articular Cartilage

In general, articular cartilage self-repair is sig-
nificantly diminished because of the inherent 
poor vascularity and reduced regenerative capac-
ity of hyaline articular cartilage in adult life [33].

An injury that disturbs the homeostatic bal-
ance in maintaining smooth articulation will 
result in the release and activation of chondro-
cytes as well as the expression of catabolic and 
pro-inflammatory genes (Fig. 5.10) [5, 34].

Articular cartilage injuries have a limited 
capacity for repair and limited ability of chon-
drocytes to yield a sufficient amount of extracel-
lular matrix. Therefore, osteoarthritis develops 
when injury to the cartilage is left untreated 
(Fig. 5.8) Since articular cartilage is avascular, 
there is little ability for clot formation, which is 
a much-needed step in the healing cascade [5, 
35]. Injuries, if left untreated, have little or no 

potential to heal spontaneously with normal 
hyaline cartilage [2]. However, lesions that 
reach the subchondral bone can undergo some 
amount of repair because of fibrin clot forma-
tion [36–38].

Adult chondrocytes have limited potential 
to proliferate enough extracellular matrix to 
fill a defect. Defects can be characterized as 
partial-thickness defect, which does not tra-
verse the subchondral bone or full-thickness 
defect, which penetrates the subchondral bone. 
Partial-thickness defect has no ability to repair 
spontaneously, while full-thickness defect has 
the potential to repair due to the local influx of 
blood-forming fibrin clot and mesenchymal 
stem cells [5].

Recent analysis of synovial fluid after a knee 
injury or in osteoarthritis shows a larger number 
of mesenchymal stems cells compared to normal 
knees [5, 39, 40]. We know that the MSCs have 

Fig. 5.10  Synovial inflammatory response of the knee that could lead to osteoarthritis if left untreated. (white arrow—
supratrochlear fossa). By courtesy of Pau Golano
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the capacity to differentiate into mature articular 
chondrocytes and thus contribute to the repair of 
lesion in articular cartilage [12, 41].

There are a lot of challenges in maintaining 
good joint articulation. A combination of differ-
ent factors may be able to inhibit cartilage 
degeneration. Different culture systems main-
tain the chondrocyte phenotype like the high 
cell seeding density in pellet culture or micro-
mass culture, suspension cultures, culture on 
different biomaterials [5, 42], and scaffolds [5, 
43, 44]. New tissue engineering approaches and 
cell-based tissue engineering are still needed to 
continue to be evaluated to optimize cartilage 
regeneration [5].
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Bone Structure and Function 
in the Distance Runner

Giuseppe M. Peretti and Marco Domenicucci

6.1	 �Bone Structure 
and Functions

Bone is a connective tissue characterized by a 
remarkable strength and mechanical resistance. 
These properties are guaranteed by an abundant 
extracellular matrix, composed of an organic and 
an inorganic portion. The organic portion, respon-
sible for 20–25% of the wet weight of bone tis-
sue, is constituted for more than 90% of type I 
collagen, organized in fibers; to a lesser extent, 
type V and type III collagen, proteoglycans, pro-
teins, growth factors, and cytokines are also pres-
ent. The inorganic portion accounts for 60–70% 
of the wet weight of bone tissue and is composed 
of mineral crystals, mainly calcium combined 
with oxygen, phosphorus, and hydrogen to form 
a molecule called hydroxyapatite; the high level 
of mineralization makes this matrix extremely 
resistant.

The different components of the matrix 
(organic and inorganic) confer different and 
interdependent properties to the tissue: The calci-
fied fraction is responsible for the hardness of the 

bone, while the fibrillary organic fraction is 
responsible for the flexibility and, therefore, the 
resistance to traction.

Bone functions include supporting the body, 
protecting vital organs (for example, in the case 
of the ribcage) and movement (through the 
action of the muscles); the bone tissue also con-
stitutes a vast reserve of calcium and phosphate, 
which are available to the body through the reg-
ulation of certain hormones (PTH, calcitonin, 
vitamin D, etc.).

Based on their macroscopic shape, bones can 
be classified as long bones (e.g., femur, tibia), 
short bones (e.g., carpal bones), flat bones (e.g., 
in the skull), and irregular bones (e.g., 
vertebrae).

6.2	 �Bone Cells

Bone cells include osteoprogenitor cells, osteo-
blasts, osteocytes, and osteoclasts. Osteoblasts, 
deriving from osteoprogenitor cells, are cuboi-
dal mononucleate cells, with highly developed 
rough endoplasmic reticulum and Golgi appa-
ratus. They are responsible for the deposition of 
extracellular matrix. In fact, they synthesize 
and secrete a large amount of matrix until they 
are incorporated within it; consequently, they 
change shape and are transformed into osteo-
cytes that remain within the bone gaps, called 
lacunae. Osteoclasts—being derived from 
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hematopoietic cells—are multinucleated and 
present an external area called “ruffled border” 
where the resorption of bone tissue takes place; 
they are able to break down bone mineral and, 
at the same time, degrade the constituents of the 
organic matrix.

6.3	 �Microscopic Structure

There are different types of bone tissue: lamellar 
(Fig. 6.1), which includes cortical and cancellous 
bone, and woven (or non-lamellar), which is 
mechanically weaker and can present with inter-

Lamella

Lamellae

Lamellae

Cells of the
endosteum

Collagen fibers

Trabeculae

Trabeculae

Central (Haversian) canal

Blood vessels

Perforaing
(Volkmann’s) canal

Space for the
red bone marrow

Twisting force

Osteoclast

Osteocyte

Osteocyte

Osteon (Haversian system)

Circumferentilal lamellae

Lamellae

Periosteum

Nerve fiber
Vein
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ba

c

e

d

Lacuna

Canaliculus

Central (Haversian) canal

Fig. 6.1  Structure of the cortical (compact) and the tra-
becular (spongy) bone. The Haversian system of the corti-
cal bone (a); a detail of an osteon with lamellae and 
osteocytes (b) and the lamellar organization of an osteon 

with the peculiar orientation of the collagen fibers (c). A 
detail of the trabeculae (d) and a cross section with the 
lamellar organization (e)
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woven or parallel fibers. Lamellar cortical bone 
consists of multiple microscopic columns, called 
osteons: These structures, with a diameter of about 
0.2 mm, are formed by many concentric lamellae 
and present bone lacunae (containing osteocytes) 
between the individual lamellae. In the center of 
each osteon, there is the Haversian canal, contain-
ing blood vessels, nerves, and lymphatic vessels; 
smaller canals (called Volkmann’s canal) connect 
different Haversian canals. In the osteon, the 
youngest lamella is the one located deeper, closest 
to the Haversian canal. About 80% of adult skele-
tal mass is composed by cortical bone tissue.

Cancellous bone (also called trabecular bone) 
consists of trabeculae formed by lamellae, osteo-
cytes, and a layer of endosteum that covers each 
trabecula. In the spaces between the trabeculae, 
bone marrow is present. Cancellous bone has a 
much greater surface area, compared to its mass, 
than cortical bone.

In an adult long bone, the central part (diaphy-
sis) is composed of an external region of cortical 
bone, which mainly performs a mechanical func-
tion, and an internal cavity of cancellous bone 
and bone marrow. The two ends of the long bones 
(epiphysis), on the other hand, are composed of 
cancellous bone, with trabecular architecture 
developed along the main load vectors.

The bone is externally entirely covered by a 
dense elastic connective tissue membrane called 
periosteum, with the exception of joint surfaces 
being covered by hyaline cartilage. The inner 
layer of the periosteum, called cambium layer, 
contains osteoprogenitor cells, which can be acti-
vated when new bone formation is needed. 
Periosteum and bone are connected by Sharpey’s 
fibers, mainly composed of type I collagen.

Internally, bone is occupied by a different con-
nective tissue, called bone marrow stroma; it con-
tains a large number of mesenchymal stem cells, 
which are able to differentiate into osteoblasts, 
chondrocytes, myocytes, and other types of cells.

6.4	 �Bone Formation

There are two different pathways by which the 
bone tissue is formed: endochondral ossification 
and intramembranous ossification.

Long bones, vertebral bodies, and most small 
bones are formed through endochondral ossifica-
tion. In this process, beginning in the first trimes-
ter of development and continuing until the end 
of skeletal growth, bone tissue starts developing 
from a cartilaginous tissue, with mesenchymal 
cells differentiating into osteoblasts that produce 
bone extracellular matrix; then, cartilage and 
bone continue growing together until the final 
shape of the bone is reached.

Other bones, like clavicles and cranial flat 
bones, are formed by intramembranous ossifica-
tion. In this process, clusters of osteoblasts form 
within the embryonic mesenchyme and start pro-
ducing bone extracellular matrix; these small 
regions then merge to form the mature bone.

6.5	 �Bone Remodeling

Remodeling is the biological process that allows 
bone tissue to continuously renew itself. It 
involves a modification of the composition of 
the tissue, especially where the bone is dam-
aged, fractured, or aged. This process is the 
main metabolic activity of the skeleton in the 
adult life and continues uninterruptedly until 
death; it has been calculated that the total skel-
etal mass of an average adult is completely 
replaced every 15–20 years.

Specifically, bone remodeling is performed by 
specialized groups of cells called basic multicel-
lular units (BMUs). Their work is divided into 
four phases: activation, resorption, reversal, and 
formation.

In the activation phase, osteoclasts are formed 
in the needed site by the fusion of their progenitor 
cells. The following resorption phase, in which the 
osteoclasts break down bone matrix, lasts for 
2–4 weeks. The reversal phase represents the over-
lapping of the end of the resorption and the begin-
ning of the following formation phase. 
Consequently, in the formation phase, osteoblasts 
deposit osteoid, which is then mineralized to cre-
ate the mature bone extracellular matrix; some 
osteoblasts remain buried within the newly formed 
matrix and become osteocytes.

In cortical bone tissue, all these phases of the 
BMUs can be observed in a tunnel-like structure: 
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A group of newly formed osteoclasts forms a 
cylindrical resorption cavity, the tip of which is 
called the cutting cone. Behind these osteoclasts, 
a reversed area is present, and subsequently, 
osteoblasts are depositing new matrix.

6.6	 �Fracture Healing

When a fracture occurs, the body is able to repair 
bone tissue, under certain mechanical and bio-
logical conditions, by two different processes: 
primary or secondary healing.

Primary (also known as direct) healing 
requires absolute stability of the bone fragments; 
it is characterized by direct osteonal remodeling 
with the combined action of osteoclasts (which 
create microscopic cavities in the fragments) and 
osteoblasts (which fill these cavities with new 
bone matrix).

Secondary (also known as indirect) healing, 
instead, consists of four phases:

•	 inflammation (1–7  days): Hematoma forms 
and cells reach the fracture site,

•	 soft callus formation (2–3 weeks): Fibroblasts 
produce collagen fibers, and fibrocartilage 
replaces the hematoma,

•	 hard callus formation (3–12 weeks): The soft 
callus is converted into woven bone tissue, 
mainly through endochondral ossification,

•	 remodeling (months–years): Woven bone is 
converted into lamellar bone.

6.7	 �Bone Response 
to Mechanical Stimuli 
and Stress Fractures

Bone remodeling is stimulated by mechanical 
stress: According to Wolff’s law, bone shape and 
density depend on the forces acting on the bone; 
more specifically, the number and frequency of 
loading cycles directly affect the rate and amount 
of remodeling [1].

Bone response to repetitive stress is an 
increase in the osteoclastic activity over the new 
bone formation, resulting in temporary bone 

weakening; this is normally followed by new 
bone formation, providing reinforcement. 
However, during prolonged periods of intense 
training without adequate rest, bone tissue depo-
sition is slowed down with respect to resorption; 
this may result initially in microscopic injuries 
(microfractures), which in the early stages are 
typically asymptomatic but trigger a reparative 
response detectable in magnetic resonance imag-
ing (MRI) by the presence of bone marrow 
edema. If the intense load is not reduced, micro-
fractures may propagate and eventually create 
true cortical breaks (stress fractures), with the 
development of clinical symptoms. Therefore, 
stress fractures represent only one phase of a 
broad spectrum of overuse bone lesions.

A sudden increase in physical activity inten-
sity, frequency, or duration without adequate rest 
periods can therefore induce an imbalance 
between bone resorption and formation, eventu-
ally leading to pathologic changes.

Within the category of stress fractures, it is 
necessary to distinguish between insufficiency 
fractures and fatigue fractures: The former result 
from the application of normal strain in a subject 
with low bone mineral density, while fatigue 
fractures originate from excessive or abnormal 
strain applied on normal bone tissue.

Calcium and vitamin D are extremely impor-
tant for bone health and the prevention of frac-
tures. Serum vitamin D deficiency is significantly 
correlated with the incidence of stress fractures 
[2, 3]. Similarly, the correlation between lower 
calcium intake and an increased incidence of 
stress fractures has been demonstrated, especially 
in female athletes [4]. As expected, lower bone 
mineral density, as assessed by dual-energy 
X-ray absorptiometry (DEXA) scans, is corre-
lated with higher incidence of stress fractures [4, 
5].

In addition to the microscopic structure and 
metabolism, the shape of the bones also contrib-
utes to increase or decrease the risk of overuse 
injuries. The tibia, for example, is one of the 
bones most affected by stress fractures in dis-
tance runners. According to a case–control study 
[6], the risk for tibial stress injury is increased by 
a combination of factors, which include the pres-
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ence of thinner and smaller bones (regardless of 
overall bone density) and foot deformities. 
Athletes with a history of tibial stress fractures 
have been observed to have smaller bone geom-
etry and higher bending moments in the medial–
lateral axis, with a smaller diameter in the middle 
diaphyseal third of the tibia compared to athletes 
without previous stress fractures [7]. However, 
other sites of the lower limb may be involved in a 
stress fracture, e.g., the fibula (Fig. 6.2) and the 
metatarsal bones (Fig. 6.3).

Based on the evidence in the literature, we can 
affirm that long-distance running, if practiced 
respecting recovery times and avoiding pro-
longed periods of extremely intense training, 

leads to an increase in bone mineral density and 
mechanical strength of the bones in the lower 
limbs. This happens because mechanical strains 
directly stimulate osteoblastic activity and 
increase the release of hormones involved in 
bone remodeling (e.g., calcitonin [8]).

However, excessive running (with nonpro-
gressive increase in distances and without ade-
quate recovery times) causes mechanical damage 
and inflammatory states in bones subjected to the 
greatest stress, leading to a decrease in bone min-
eral density over time [9].

6.8	 �Stress Fractures in the Lower 
Limbs

As a consequence of continuous loading, the 
lower limbs are the body segment most affected 
by stress fractures. In particular, over a third of 
stress fractures in the lower limbs are located in 
the metatarsal bones [10] (Fig. 6.3). They typi-
cally present with nonspecific, progressive pain 
in the midfoot and are often related to alterations 

Fig. 6.2  Stress fracture located in the right fibula (by 
courtesy of Dr. Maria Palmucci)

Fig. 6.3  Fracture of the fourth metatarsal bone. A frac-
ture outcome at the level of the fifth metatarsal bone can 
also be noted (by courtesy of Dr. Maria Palmucci)
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in the biomechanics of the foot (such as cav-
ovarus foot in fifth metatarsal base fracture) or to 
prolonged forced movements (such as plantar 
flexion of the Lisfranc joint in ballet dancers).

As previously mentioned [6], another site often 
affected is the tibial diaphysis, especially in long-
distance runners. Similarly to metatarsal bones, 
tibial stress fractures have also been shown to be 
related to biomechanical alterations, including a 
rotational torque on the longitudinal tibial axis 
caused by increases in peak hip adduction and 
peak rearfoot eversion during running [11].

In the case of stress fractures of the calcaneus, 
they are sometimes unrecognized due to the 
often-negative X-rays and similar symptoms with 
plantar fasciitis; MRI allows, however, reaching a 
precise diagnosis. Some studies have shown that 
calcaneal stress fractures are associated not only 
with osteoporosis, but also with recent hip or 
knee replacement surgery [12]; this is probably 
due to a change in the biomechanics of walking, 
accompanied by a decrease in perceived pain 
from taking postoperative analgesic drugs.

Another locations where stress fractures are 
often undiagnosed are the cuboid and the navicu-
lar bone: In particular, in more than half of navic-
ular stress fractures, radiographs are false 
negative [13], so it is essential to perform an MRI 
or CT scan, in the case of diagnostic suspect. 
Generally, this statement could always be consid-
ered valid in the event of suspected fracture for 
any lower limb bone in the distance runner.
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Diagnostic Imaging in Track 
and Field Athletes

Giuseppe Monetti

7.1	 �Foot and Ankle

7.1.1	 �Tendinopathy

The tendon subjected to the most severe strain 
and the one injured most often in track and field 
athletes is the Achilles tendon, which besides 
fracture may present a variety of inflammatory 
and degenerative conditions. The most informa-
tive imaging modalities to investigate tendon 
lesions are dynamic US with power Doppler and 
elastography (Fig. 7.1a, b) [1], followed by MRI, 
which can now be used to acquire dynamic 
upright scans (Fig. 7.2a, b). In patients with over-
load tendinopathy, the most frequently affected 
ankle compartment is the medial tarsal tunnel, 
especially the posterior tibial and flexor hallucis 
longus tendons. The conditions involving these 
structures are effectively examined using 
dynamic US and MRI (Fig. 7.3a, b). In sprains, 
which often occur with the ankle in inversion, the 
peroneal tendons are those involved most often. 
Conditions range from tenosynovitis to sublux-
ation secondary to laxity to rupture of the reti-
naculum (Fig.  7.4a, b). The most common 
enthesitis is plantar fasciitis, which is accurately 
assessed by dynamic compression elastography 
and MRI (Fig. 7.5a, b) [2].

7.1.2	 �Capsule Ligament Injury

In inversion ankle sprains, the external ligament 
compartment is the one injured most often, par-
ticularly the anterior talofibular and calcaneofib-
ular ligaments, which may exhibit partial or 
full-thickness rupture (Fig.  7.6a, b). Lesions of 
the internal compartment (deltoid ligament) are 
less frequent, and those of the tarsal sinus liga-
ments are even uncommon (Fig. 7.7a, b) [3].

7.2	 �Knee

7.2.1	 �Tendinopathy

In track and field athletes, the proximal insertion 
of the patellar tendon is particularly prone to 
injury (jumper’s knee) due to repeated jumping 
stress. The most suitable techniques to investi-
gate these lesions are dynamic US with power 
Doppler and elastography and dynamic upright 
MRI (Fig. 7.8a, b) [2].

7.2.2	 �Capsule Ligament Injury

The knee ligaments injured most frequently are 
the anterior cruciate and the medial collateral 
ligaments. Dynamic upright MRI is capable of 
quantifying the damage and of assessing any 
residual instability (Fig. 7.9a–d) [4].

G. Monetti (*) 
Dipartimento di Diagnostica per Immagini, Ospedale 
Privato Accreditato Nigrisoli, Bologna, Italy
e-mail: info@muskultrasound.it

71

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

https://doi.org/10.1007/978-3-030-60216-1_7#DOI
mailto:info@muskultrasound.it


62

7.2.3	 �Meniscal Lesions

In these athletes, the meniscal body and the pos-
terior horn of the medial meniscus are the knee 
structures most prone to degenerative and trau-
matic lesions and to meniscocapsular separation 
(Fig. 7.10a, b) [5].

7.3	 �Pelvis

7.3.1	 �Pubalgia

The constant loading strain to which the pelvic 
structures are subjected can induce athletic pub-
algia, a common condition that often involves the 

pubic symphysis. A marked bone marrow oedema 
extending to neighbouring muscles, especially 
the obturator internus and the abductor longus, is 
frequently detected in this area (Fig. 7.11a, b) [6].

7.4	 �Lumbar Spine

The lumbar spine is the tract most consistently 
affected by overload conditions like disc herni-
ation and, especially, anterolisthesis with dif-
ferent grades of slippage. Dynamic upright 
MRI ensures highly accurate evaluation of the 
diastasis between the vertebral bodies 
(Fig.  7.12a, b). Sacroiliac joint instability, 
another common pathology, is also clearly 

a b

Fig 7.1  (a, b) Comparison of dynamic US, elastography and MRI scans demonstrating degeneration secondary to 
overload tendinopathy of the Achilles tendon
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depicted in dynamic MRI scans acquired with 
the athlete standing first on each leg and then on 
both legs (Fig. 7.13a, b) [7].

7.5	 �Muscle Lesions

The biceps femoris, the semitendinosus and 
the Gemelli are the most frequently injured 
muscles in track and field athletes. Like all 
muscles, they can also suffer distortion and 

rupture. Again, dynamic US with elastography 
and MRI is the modality of choice to assess 
them (Fig. 7.14) [8].

7.6	 �Stress Fractures

These lesions are more commonly associated 
with endurance competitions like marathons and 
typically affect the metatarsals at the level of the 
foot. The most suitable diagnostic imaging 

a b

Fig 7.2  (a, b) Dynamic US and MRI scans documenting transmural rupture of the Achilles tendon
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a b

Fig 7.3  (a, b) Dynamic US and MRI scan depicting an accessory scaphoid bone and tendinopathy affecting the distal 
insertion of the posterior tibial muscle

a b

Fig 7.4  (a, b) Dynamic US and MRI scans: subluxation and tenosynovitis of the peroneal tendons due to a retinaculum 
tear secondary to inversion ankle sprain
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a b

Fig 7.5  (a, b) Marked tissue stiffness due to plantar fasciitis depicted by dynamic upright US and MRI

a b

Fig 7.6  (a, b) Dynamic US and MRI scans acquired with the ankle inverted demonstrating a full-thickness lesion of 
the anterior talofibular ligament
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a b

Fig 7.7  (a, b) Dynamic MRI acquired with the ankle rotated medially. Left, normal ligament; right, severe distraction 
of the interosseous ligament at the level of the tarsal sinus

a b

Fig 7.8  (a, b) Severe tendinopathy involving the proximal insertion of the patellar tendon in a patient with jumper’s 
knee documented by dynamic elastography and MRI
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a b c d

Fig 7.9  (a–d) Static and dynamic MRI scans demonstrating a full-thickness lesion of the anterior cruciate ligament and 
the medial collateral ligament, which are not clearly depicted in static scans

a b

Fig 7.10  (a, b) Chronic rupture of the meniscal body and of the posterior horn of the medial meniscus. Whereas the 
static MRI scan suggests that the lesion is stable, the dynamic scan documents clear meniscocapsular instability

a b

Fig 7.11  (a, b) Coronal and axial scans demonstrating a marked bone marrow oedema involving the pubic symphysis 
(left) and extending to the left abductor longus

7  Diagnostic Imaging in Track and Field Athletes



68

a b

Fig 7.12  (a, b) Dynamic upright MRI scans acquired with the spine in flexion and extension. The severe anterolisthesis 
of L5 on S1 is not depicted by CT

a b

Fig 7.13  (a, b) Frank instability of the left iliosacral joint is well documented by the dynamic scans, acquired with the 
patient standing on the right leg and the left leg, respectively, but is poorly depicted in the static scan
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modality to evaluate them is traditional and 
upright MRI, with dynamic sequences as appro-
priate (Fig. 7.15) [4].
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Fig. 7.15  Dynamic upright MRI scan acquired in dorsi-
plantar flexion showing a compression oedema due to a 
stress fracture of the metatarsal head of the second toe

Fig. 7.14  Dynamic MRI demonstrating an extensive 
haematoma appearing as a cyst at the level of the myoten-
dinous junction of the femoral biceps tendon, without 
rupture
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8.1	 �Introduction

Management of the unstable shoulder presents a 
challenging dilemma for the practicing orthope-
dic surgeon. The kinetic chain, in which a thrower 
generates tremendous energy from the legs, 
translates it through the truck, into the scapula, 
and ultimately the glenohumeral joint, is founda-
tional to throwing any object overhead with max-
imal force. Irregularities in the kinetic chain will 
place undue stress on the athlete, increasing the 
risk for injury [1–3]. Though the kinetic chain 
and associated injuries with throwing a baseball 
have been rigorously studied, the biomechanics 
and injury profile of many other sports, including 
track and field events, have received less atten-
tion [4]. Here, we will discuss variations in the 
traditional kinetic chain and subsequent injuries 
for javelin throw, shot put, discus, hammer throw, 
and the pole vault.

Shoulder instability can best be understood as 
a spectrum of disease ranging from traumatic dis-
location of the glenohumeral joint on one end to 
repetitive microtrauma of the capsuloligamen-
tous structures leading to pain and apprehension 
in the athlete on the other. The latter is also 
known as multidirectional instability (MDI). For 

traumatic dislocation, surgical intervention is 
typically required to repair damaged structures. 
MDI presents a more complicated clinical entity, 
as for peak performance in track and field events, 
the soft tissue stabilizers of the shoulder must 
possess enough laxity to tolerate the massive 
forces placed upon them, while also providing 
enough stability to prevent subluxation and dislo-
cation of the humeral head [5]. These athletes 
typically require surgical intervention only after 
they have failed a full course of nonoperative 
management. In this chapter, we will review the 
relevant anatomy, biomechanics, and manage-
ment for track and field athletes with shoulder 
instability.

8.2	 �Anatomy

The shoulder joint permits greater degrees of 
freedom than any other joint in the body, allow-
ing humans to accomplish incredible feats. This 
mobility necessitates a complex and delicate bal-
ance of stabilizers to maintain integrity of the 
glenohumeral joint. Pain in the overhead athlete 
can be traced to disruption of these stabilizing 
mechanisms [6]. Here, we will review the static 
and dynamic stabilizers of the glenohumeral joint 
(Fig. 8.1).

The static stabilizers of the shoulder include the 
bony anatomy, capsuloligamentous structures, and 
the glenoid labrum [7]. The glenoid is pear- shaped 
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Fig. 8.1  Cadaveric dissection showing the capsular anatomy of the glenohumeral joint

a b

with its width highest inferiorly. Of note, the 
sphere- shaped humeral head has roughly 3 times 
the surface area of the glenoid and consequentially 
only 25–30% of the humeral head is in contact with 
the glenoid in a given position [8]. This highlights 
the importance of soft tissue stabilizers in the 
overall stability of the glenohumeral joint. 
Additional osseous elements contributing to 
stability of the shoulder include glenoid retroversion 
and the coracoacromial arch. Glenoid retroversion 
can range from 9.5 degrees of anteversion to 10.5 
degrees of retroversion, with a mean of 1.23 
degrees of retroversion [9]. Excess anteversion or 
retroversion can be associated with decreased 
shoulder stability. The coracoacromial arch, which 
includes the acromion, the coracoid process, and 

the coracoacromial ligament, acts to prevent anter-
osuperior migration of the humeral head [7].

Static soft tissue stabilizers are critical to main-
taining the glenohumeral joint and will account for 
the majority of pathology discussed in this chapter. 
The glenoid labrum provides a rim of fibrocarti-
laginous tissue that functions to extend the surface 
area and depth of the bony glenoid. The superior 
labrum shares an insertion with the long head of 
the biceps tendon on the supraglenoid tubercle. 
The capsuloligamentous structures of the glenohu-
meral joint provide varying degrees of stabiliza-
tion depending on the position of the shoulder. Of 
note, the anterior and posterior bands of inferior 
glenohumeral ligament (IGHL) act as a dynamic 
sling to support the humeral head [10]. With the 
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arm in an abducted and externally rotated position, 
the anterior band of the IGHL prevents anterior 
translation of the humeral head on the glenoid, 
whereas in an abducted and internally rotated 
position, the posterior band of the IGHL prevents 
posterior translation of the humeral head. The 
roles of the capsular ligaments are summarized in 
Table 8.1. The rotator interval is a triangular space 
constrained by the anterior margin of supraspina-
tus superiorly, the superior margin of subscapu-
laris inferiorly, and the coracoid process as its 
base. It contains the coracohumeral ligament 
(CHL), the superior glenohumeral ligament 
(SGHL), middle glenohumeral ligament (MGHL), 
the long head of the biceps, and a thin layer of 
capsule. It functions to help stabilize the shoulder 
from posterior inferior translation, and it com-
pletes the circular ring of the joint capsule [7].

Dynamic stabilizers of the shoulder joint 
include the rotator cuff, long head of biceps, and 
the scapular rotators [7]. The rotator cuff func-
tions to pull the humeral head medially toward 
the glenoid fossa. Additionally, the tendons pre-
vent superior migration (supraspinatus), poste-
rior migration (infraspinatus, teres minor), and 
anterior migration (subscapularis) of the humeral 
head. The scapular rotators, including trapezius, 
the rhomboids, latissimus dorsi, serratus anterior, 
and levator scapulae, function to help coordinate 
movement between the scapula and humerus.

8.3	 �Biomechanics

8.3.1	 �Javelin

The javelin throw consists of five steps: [11] 
first, the approach, in which the athlete runs in 

the direction of the throw to generate momen-
tum; second, a series of sideway crossover steps, 
inducing stretch of the trunk and throwing mus-
cles; third, the phase of single support in which 
the athlete transitions from running to throwing; 
fourth, an abrupt stop, during which the runner 
transfers momentum from forward motion into 
the overhead throw of the javelin, ultimately 
resulting in release of the javelin; and fifth, a 
follow-through phase in which the thrower com-
pletes the throwing motion and regains balance 
as he or she decelerates. The biomechanics of 
the javelin throw closely resemble those of 
throwing a baseball, with the cocking and accel-
eration phases taking place during the fourth part 
of the javelin throw, and the deceleration and fol-
lowing throw phases occurring during the fifth 
portion [4, 12, 13].

8.3.2	 �Hammer Throw

The hammer throw is an event in which the athlete 
generates centrifugal force to throw a 7.3-kg 
metal ball attached to a 4-ft. steel wire for men, or 
a 4-kg ball on a 3-ft. 11 in steel wire for women. 
Through a complex technique, the thrower 
generates force with initial arm swings followed 
by 3 to 5 turns before release. The turns are 
divided into phases of double support, in which 
both feet are on the ground and the hammer is 
accelerated, and single support in which one foot 
is lifted in order to turn [14]. Specific forces on 
the shoulder for this event have not been studied; 
however, the large centrifugal forces generated 
likely require the labrum, rotator cuff, and other 
secondary stabilizers to activate in order to pre-
vent anterior dislocation of the humerus [14].

Table 8.1  Functions of the glenohumeral ligaments

Superior glenohumeral ligament Prevents anterior and inferior displacement when the arm 
is adducted

Middle glenohumeral ligament Prevents anterior and inferior displacement when the arm 
is at 45° of abduction

Anterior band of the inferior glenohumeral ligament Prevents anterior displacement with the arm abducted to 
90° and externally rotated

Posterior band of the inferior glenohumeral ligament Prevents posterior displacement with the arm abducted to 
90° and internally rotated
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8.3.3	 �Shot Put

In the shot put, the thrower must utilize a 7-ft 
diameter circle to generate maximal force and 
throw a 7.26-kg ball (4 kg for women) as far as 
possible. Two techniques are currently in prac-
tice, including the glide technique and the rota-
tion technique.

The glide technique consists of two phases 
(Fig.  8.2), the approach phase and the delivery 
phase. The athlete starts the approach phase at the 
back of the circle, holding the shot put close to 
the body with the shoulder abducted and elbow 
flexed. Next, the thrower generates momentum in 
the lower body by pushing with his or her non-
dominant leg toward the front of the circle, keep-
ing the upper body passive. Once the thrower 
reaches the front of the circle, the front leg 
touches down followed by the back leg, entering 
the power position of the delivery phase. The 
delivery of the shot put is achieved by transition-
ing lower body momentum into a forward strike 
of the arm, in which the shoulder remains 

abducted and the elbow moves from a flexed to 
an extended position [15].

The rotation technique is more complex and 
requires the thrower to generate rotational inertia 
as they move forward in the ring with wide 
sweeping motions of the nondominant leg. Once 
the athlete reaches the front of the ring, this 
energy is transferred to the arm for a forward 
strike in a similar fashion to the glide technique. 
Of note, activity of the vastus lateralis and pecto-
ralis major during the delivery phase has been 
correlated with increased performance [16].

8.3.4	 �Discus

The discus throw requires an athlete to throw a 
220-mm-diameter 2-kg disk for men and 181 m 
1-kg disk for women as far as possible while uti-
lizing the space of a 2.5-m-diameter circle. The 
discus throw is broken down into five steps 
(Fig.  8.3) [17]: First, a preparation double sup-
port phase begins with the discus in a backward 

Fig. 8.2  Depiction of the shot-put glide technique

Fig. 8.3  Depiction of the five phases of the discus throw
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swing and is completed when the right (front) 
foot breaks contact with the ground; second, a 
single leg support phase in which rotational iner-
tia is developed, ending when the left foot leaves 
the ground; third, an airborne phase, which ends 
with the right foot touches down; the fourth phase 
is a transition phase with single leg support and 
ends when the left leg touches the ground; and 
the fifth and final phase is delivery, in which the 
body is perpendicular to the direction of the 
throw, and generated momentum is released into 
the discus.

8.3.5	 �Pole Vault

Though not technically an overhead throwing 
spot, the pole vault presents a field event in which 
the athlete must utilize a kinetic chain to channel 
energy from the legs through the body and into 
the glenohumeral joint to achieve success. The 
pole vault can be divided into seven stages, 
including (i) the run up, (ii) transition with arm 
elevation, (iii) take-off with pole plant, (iv) swing 
phase, (v) rock back, (vi) inverted position, and 
(vii) bar clearance [18]. At the point of take-off, 
the dominant shoulder must hold the arm above 

the head and resist the force applied from the 
ground through the pole, allowing the pole to 
bend. It is at this stage that maximal force is 
placed across the glenohumeral joint, which is 
held in a vulnerable position (Fig.  8.4). 
Subsequent shoulder instability events are not 
uncommon [19].

8.4	 �Management/Examination/
Rehabilitation

8.4.1	 �Presentation

A through patient history is important to help 
focus the physical examination and make the cor-
rect diagnosis. Instability should always be 
considered in the track and field athlete who pres-
ents with shoulder pain. Presenting athletes with 
fall into two camps. The first includes those who 
sustained a specific traumatic dislocation event 
leading to instability. In these patients, it is 
important to ascertain when the initial event took 
place, how long they have been out of sport, and 
if any recurrences have occurred. The second 
reflects those with chronic microtrauma leading 
to instability. These patients will often complain 

Fig. 8.4  Biomechanics 
of the take-off phase
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of a subjective sense of instability, decreased per-
formance, and weakness after participation in 
sport [20].

8.4.2	 �Examination

Examination of the shoulder for a track and field 
athlete in which instability is suspected must be 
comprehensive, with an emphasis on evaluation 
of the relevant anatomy, including the labrum, 
biceps, and rotator cuff [21]. Differentiation 
between physiologic laxity and pathologic insta-
bility can be difficult to distinguish, necessitating 
a through physical examination. It is critical to 
compare the affected and nonaffected sides to 
appreciate how much laxity is normal in a given 
patient.

Examination should begin with evaluation of 
the cervical spine to rule out neck pathology that 
may manifest as shoulder pain. Limited neck 
range of motion or pain radiating from the neck 
into the arm during provocative testing suggests 
cervical rather than shoulder pathology [22].

Shoulder examination consists of inspection, 
palpation, motion testing, strength testing, and 
specialized tests. Inspection should be done by 
comparing the injured and noninjured shoulders. 
Visible muscle atrophy, changes in resting posi-
tion, or squaring of the shoulder girdle could 
indicate a neurologic cause for shoulder symp-
toms. Position of the scapula should also be 
assessed [20]. Tenderness with palpation over the 
AC joint or biceps tendon suggests pathology in 
these areas. Tenderness over the anterior or lat-
eral edge of the acromion is common for rotator 
cuff pathology. Pain over the lateral humerus 
may be present with a Hill– Sachs lesion or 
greater tuberosity fracture following a disloca-
tion event.

Active and passive range of motion testing for 
forward flexion, abduction, and internal and 
external rotation in adduction and 90° of abduc-
tion should be performed. Specific attention 
should be paid to the total arc of motion in the 
throwing athlete. Measurements should be done 
with the patient supine, the arm in 90° of abduc-
tion, and the scapula stabilized anteriorly. Internal 

rotation and external rotation are measured using 
a goniometer and compared to the unaffected 
side [23]. Though much attention has been given 
to glenohumeral internal rotation deficit (GIRD), 
it is now thought that decrease in total arc of 
motion is a better measure of an athlete’s ability 
to throw safely. A loss of arc of as little as 10° 
compared to the unaffected side could increase 
risk of injury [3]. Strength testing should also be 
performed to evaluate the rotator cuff and overall 
shoulder function.

Specialized tests are a critical component of 
an instability examination to evaluate direction of 
instability and potential sites of pathology. 
Differentiating between pathologic instability 
and physiologic laxity is critical, and thus, a gen-
eralized laxity assessment should be performed 
first. A Beighton score between 0 and 9 can be 
assigned by taking the patient through a number 
of tests that access general ligamentous laxity. 
These tests (done bilaterally) include hyperexten-
sion of the small finger metacarpophalangeal 
joint past 90°, ability to place thumb on the volar 
forearm, hyperextension of the elbow beyond 
10°, and ability to place both palms on the floor 
with the knees extended. One point is assigned 
for a positive result, with an additional point if 
both palms can be placed on the floor. A score of 
4 or more is indicative of general ligamentous 
laxity [24].

Next, directional laxity should be assessed. 
Inferior laxity can be evaluated using the sulcus 
test [25]. With the patient sitting, the examiner 
pulls the humerus inferiorly, recording the 
amount of displacement. This test is repeated 
with the arm in maximal external rotation, which 
tightens the anterior capsule and rotator interval. 
If the amount of inferior translation does not 
decrease, an incompetent rotator interval should 
be suspected.

Anterior instability is the most common type 
experienced by track and field throwing athletes. 
The anterior fulcrum test can be used to evaluate 
anterior instability. This test is performed with 
the patient supine and the arm in 90° of abduction 
and external rotation. With one hand stabilizing 
the arm horizontally at the elbow, an anterior 
force is applied posteriorly to the humeral head. 
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The amount of translation and end laxity should 
be compared to the opposite shoulder. Other tests 
that can be used include the anterior Lachman 
and anterior drawer tests [26]. Of note, anterior 
instability was often thought to be a primary 
cause of shoulder pain in overhead throwing ath-
letes, but more commonly manifests as pathology 
to the posterior superior labrum, with transmis-
sion of instability to the anterior side of the labral 
ring. This is known as pseudolaxity [27].

The apprehension–relocation test can also be 
helpful in analysis of instability. In this test, the 
affected arm is brought into 90 degrees of exter-
nal rotation and abduction, and the patient noting 
apprehension of impending instability is consid-
ered a positive test. If the apprehension is 
relieved with the shoulder manually stabilized 
with a posteriorly directed force to the humeral 
head, the relocation part of the test is considered 
positive. A positive result is indicative of ante-
rior instability.

Testing for posterior instability can be done 
using the posterior drawer test. With the patient 
sitting, the examiner stabilizes the scapula with 
one hand and grasps the humeral head between 
the thumb and fingers of the other hand. The 
humeral head is gently translated posteriorly, and 
displacement is measured as a percentage of the 
humeral head that can be subluxed posteriorly to 
the glenoid ring. Comparison to the contralateral 
side is critical, as up to 50% humeral head dis-
placement can be normal [20].

SLAP lesions can contribute to shoulder 
instability or occur concomitantly. A number of 
tests exist to evaluate SLAP lesions, though the 
most clinically relevant examination maneuvers 
must reproduce the peel-back mechanism [28]. 
These tests include the modified dynamic labral 
shear (DLS), biceps load, biceps load II, pro-
nated load, pain provocation, and resisted supi-
nation external rotation tests. The DLS test is 
the authors’ preferred test [29]. This is per-
formed with the examiner standing behind the 
seated patient, holding the patient’s arm at the 
wrist in 90° abduction and external rotation. The 
examiner then raises the patient arm from 90° 
abduction to 150° while applying maximal 
external rotation. The test is positive with sub-

jective reports of pain or the examiner feeling a 
click at the posterior joint line between 90° and 
120° abduction.

8.4.3	 �Imaging

Diagnostic imaging is indicated for patients with 
gross instability events or for those with shoulder 
pain that does not improve following a period of 
nonoperative management. Magnetic resonance 
imaging (MRI) provides a thorough evaluation of 
the osseous and soft tissue structures that can be 
affected in the unstable shoulder. Specifically, 
MR arthrography (MRA) remains the gold stan-
dard for preoperative evaluation of soft tissue 
injury in the unstable athlete [14]. These exami-
nations allow for excellent visualization of the 
labroligamentous structures, rotator cuff, and 
articular cartilage. Of note, an MRI/MRA of a 
throwing athlete must include abduction external 
rotation (ABER) views to properly evaluate 
internal impingement of the rotator cuff and 
superior labrum peel-back changes [29]. MRI for 
labroligamentous complex injuries is reported to 
have sensitivities and specificities ranging from 
44 to 100% and 66 to 95%, respectively, with 
higher values for MRA [14, 30]. An MRI or 
MRA should always be obtained prior to surgical 
intervention.

Computed tomographic (CT) imaging also 
plays a role in evaluating instability of the throw-
ing athlete. CT imaging is the preferred modality 
for visualization of osseous defects that occur in 
lesions such as the bony Bankart and Hill–Sachs 
[31]. It is important to note that recurrent insta-
bility of the shoulder is often associated with 
unrecognized bone loss, so the treating surgeon 
should have a low threshold to include a CT scan 
in the diagnostic workup of these athletes [62] 
(Fig.  8.5). Additionally, in patients with 
contraindications to MR imaging, CT 
arthrography provides a reliable alternative for 
evaluating the soft tissue structures in the unsta-
ble shoulder [30]. Plain radiographs can also aid 
in the evaluation of the unstable shoulder, partic-
ularly in patients with a dislocation event. In 
these patients, a complete radiographic set 
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including a true AP (Grashey), scapular Y, 
axillary lateral, and Bernageau view should be 
done. The Bernageau view in particular can help 
evaluate for anterior glenoid bone loss [32] 
(Fig. 8.6).

In summary, MRI/ MRA remains the gold 
standard for the evaluation of the athlete with 
shoulder instability and must be done prior to 
surgical intervention. CT arthrography can 
replace an MRI in patients with contraindications 
to MR imaging. If osseous lesions are suspected, 
a CT scan and plain radiographs should be 
included in the evaluation of a patient. Advanced 
imaging should be done immediately in patients 
with dislocation events, and after a period of 

nonoperative management in patients with sub-
jective instability complaints.

8.4.4	 �Nonoperative Management

Given that it is difficult to determine by physical 
examination and imaging how much laxity is 
too much for a given athlete, nonoperative man-
agement should always be attempted prior to 
surgical intervention in the absence of a trau-
matic dislocation [33]. Of note, there is little to 
no literature regarding operative and nonopera-
tive management of specific track and field 
events. In our professional opinion, instability 
in the track and field athlete can be managed 
analogously to how one would manage instabil-
ity in other athletes. Thus, initial management 
consists of a trail of 4–6 weeks of rest and reha-
bilitation. During this time, attention should be 
given to correcting any abnormalities in the 
kinetic chain for the athlete’s specific sport. 
Once pain has diminished, physical therapy 
should begin and focus on shoulder stretching 
with ER/IR balance, core strengthening, and 
shoulder/ scapular taping [26]. Following trau-
matic dislocation, acute surgical intervention 
can be done without a trial of nonoperative man-
agement if the patient’s shoulder is grossly 
unstable on physical examination [33].

8.5	 �Surgery

Surgery for the unstable shoulder should be 
undertaken with caution, as “instability” often 
represents the normal laxity required for throw-
ing in many field sports. For the athlete that has 
failed nonoperative management or suffered 
acute traumatic dislocation events, surgery is 
indicated. The ideal surgery should access sta-
bility of the glenohumeral joint in the context of 
anatomic structures involved, the type of fixa-
tion needed, and the potential for healing. The 
goals of surgery are to perform an anatomic 
repair of the pathologic tissues and to restore 
bony anatomy in the case of bone loss. Based on 

Fig. 8.5  Axillary CT scan image showing measurement 
of the glenoid to estimate bone loss

Fig. 8.6  Bernageau view of the shoulder
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imaging assessment and physical examination, 
a preoperative plan should be developed to 
address the relevant areas of instability. The key 
to obtaining excellent results is creating an ana-
tomic repair of all pathologic structures. 
Restoring the patient’s normal anatomy will 
yield the best results. The surgical procedure for 
the unstable shoulder should proceed in the fol-
lowing order: diagnostic arthroscopy, inferior 
repair, posterior repair, anterior repair, and 
superior repair. Only indicated procedures 
should be performed. As such, most unstable 
shoulders will not require every step described, 
but structures should be evaluated and repaired 
in this order, if necessary.

Of note, a dearth of literature currently exists 
regarding outcomes for track and field athletes 
following surgical treatment of the unstable 
shoulder [4]. Thus, studies presented here con-
tain results that are unfortunately not specific to 
the field events described.

8.5.1	 �Diagnostic Arthroscopy

With the patient place in the lateral decubitus 
position (beach chair can also be utilized), a 
posterior inferior portal is initiated between the 
infraspinatus and teres minor, roughly 2 cm infe-
rior to the posterolateral corner of the acromion. 
Under direct visualization, an anterior inferior 
portal is established adjacent to the subscapu-
laris tendon in the rotator interval. Examination 
begins with visualization of the glenoid and 
humeral head, taking note of any osteochondral 
lesions. The anterior, inferior, posterior, and 
superior labrum should be visualized and probed. 
The biceps tendon, middle glenohumeral liga-
ment, superior glenohumeral ligament, and ante-
rior and posterior bands of the inferior 
glenohumeral ligament should also be visualized 
and probed. The undersurface of the rotator cuff 
should be observed, followed by examination of 
the peel-back mechanism and internal impinge-
ment by placing the arm in an abducted and 
externally rotated position [34]. Following visu-
alization, an anterior superior portal should be 
developed between the coracoid and acromion, 

just anterior to but not through the supraspinatus, 
permitting a view from above to aid in balancing 
the shoulder [35]. A positive drive through sign, 
in which the arthroscope is easily passed into the 
joint at the level of the anterior band of the 
IGHL, may be a sign of pathologic capsular lax-
ity. Before repair is initiated, preparation for 
reconstruction begins with debridement of 
frayed or degenerative tissue from the labrum 
and undersurface of the rotator cuff, with care 
given to retain as much normal tissue as possi-
ble. The capsule should be released medially and 
inferiorly from the 1 o’clock to 6 o’clock posi-
tion, and the glenoid neck lightly abraded to cre-
ate a large healing bone surface [36].

8.5.2	 �Inferior Repair

Reconstruction begins by addressing the inferior 
structures. The goals of inferior repair include 
restoration of the IGHL complex and creating an 
inferior capsular shift, which involves superior 
lateral tensioning of the inferior capsule to recre-
ate a capsule fold to the glenoid neck [37]. This 
is best accomplished with an initial double-
loaded anchor placed at the 6 o’clock position, 
inferior to any bone lesions that may be present 
(Fig. 8.7). These sutures should be retrieved via 
the posterior portal to prepare for inferior repair 
and shift (Fig.  8.8). The inferior capsule and 
labrum are grasped below the level anchor and 
elevated superiorly toward the anchor’s inser-
tion, restoring normal capsulolabral complex 
tension. Multiple passages through the capsule 
are key to creating a strong and stable capsular 
shift. Oblique mattress stitches should be used to 
avoid suture contact with the articular cartilage 
(Fig. 8.9) [38, 39].

Neer originally published excellent results for 
open inferior capsular shift to treat capsular 
redundancy leading to instability [37]. Recently, 
arthroscopic variants of this technique have been 
successfully described. Fleega et al. published a 
minimum 7-year follow-up of 75 patients who 
received isolated inferior repair for capsular 
redundancy. Surgical intervention improved 
ASES and UCLA scores from 70.76 to 97.53 and 

8  Shoulder Instability in Track and Field Athletes

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548



82

21.97 to 33.84, respectively [40]. Uciyama et al. 
compared isolated Bankart repair to Bankart 
repair augmented with inferior capsular shift and 
found lower rates of recurrent instability in the 
augmented group (0% vs. 26.6%). [56] These 
studies help demonstrate the importance of 
addressing the inferior structures in an effort to 
correct all pathologic anatomy in the unstable 
shoulder.

8.5.3	 �Posterior Repair

Following inferior repair, attention should be 
turned to the posterior shoulder. At this stage, sta-

bility of the posterior shoulder should be assessed, 
including evaluation of the PIGHL and posterior 
labrum. The presence of any bony abnormalities 
including a Hill–Sachs lesion should also be 
assessed. Significant capsulolabral defects, 
including a deficient PIGHL or tears to the poste-
rior labrum, should be fixed using suture anchors 
in the glenoid neck. If a humeral avulsion of the 
glenohumeral ligament (HAGL) lesion is pres-
ent, it should be repaired with a suture anchor at 
the PIGHL insertion on the humeral neck [41]. 
For posterior repair, the glenoid should be 
prepared with gentle burring of the neck to create 
a healing face. Suture anchors are utilized as nec-
essary between the 6 and 12 o’clock positions, 

Fig. 8.7  Arthroscopic placement of 6 o’clock suture anchor

Fig. 8.8  Sutures being retrieved from posterior portal to prepare for inferior repair and shift

H. Bohlen and F. Savoie

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575



83

with care given to utilize mattress sutures or 
knotless fixation to prevent iatrogenic injury to 
glenoid or humeral cartilage. Suture plication of 
the posterior capsule can be used in addition to 
anchor fixation or on its own to tighten residual 
posterior laxity [38, 42]. Remplissage can be 
used as an alternative to suture plication and 
should be used if a concurrent Hill–Sachs lesion 
is present. Hill–Sachs lesions will be covered in 
more detail below. At this stage, the humeral 
head should be centered on the glenoid. In our 
experience, javelin throwers are particularly 
susceptible to posterior instability. Pole vaulters 
should also be carefully evaluated for damage to 
the posterior labrum.

Bradley et al. published a series of 297 shoul-
ders in athletes who required posterior capsulo-
labral repair. 6.4% of patients ended up requiring 
revision surgery. Those who did not require revi-
sion went on to return to sport at the same level 
64.3% of the time, with 78.6% returning to sport 
at some level. This study highlights the impor-
tance of a proper initial repair, as revision sur-
gery resulted in significantly diminished ability 
to return to sport and to return at a pre-injury 
level. [59].

8.5.4	 �Anterior Repair

Attention should next be turned to the anterior 
structures. Goals for anterior repair are to restore 
the anterior capsulolabral complex. An initial 
anchor should be placed in the 6 o’clock position 
if one was not placed during the inferior repair. 
Subsequent anchors should be placed in the 
glenoid neck moving superiorly from the 6 
o’clock position until adequate stabilization of 
the capsulolabral complex has been achieved. 
Special care should be given to any lesion in the 
3 o’clock position due to the importance of this 
area on shoulder biofeedback (Fig.  8.10). If 
small-to-moderate lesions of the glenoid are 
present, they can be incorporated into the repair 
by passing sutures below and through or around 
the fragments. Glenoid bone loss will be covered 
in more detail below. Mattress stitches should be 
used to ensure that the suture and knots do not 
contact the articular cartilage of the glenoid or 
humeral head [33].

Allen et  al. reported on fifty-eight athletes 
undergoing anterior capsulolabral repair and found 
a return to play rate of 87% at 27-month follow-up. 
70% of patients returned to pre-injury level of 
competition [43]. In a review of nine high-quality 
articles, Donohue et  al. found that a cumulative 
361 athletes achieved a 73% return to performance 
at prior level of competition following anterior 

Fig. 8.9  View from anterior superior portal demonstrating 
completed inferior repair with superior lateral capsular shift 
from a double-loaded anchor in the 6 o’clock position

Fig. 8.10  Posterior view of 3 o’clock suture anchor 
limbs to be used for capsulolabral repair
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repair, noting superior outcomes for surgical repair 
compared to nonoperative management in these 
patients [44]. In our experience, injuries to the 
anterior labrum are particularly common in discus 
and pole vaulters. Returning stability via anterior 
repair is critical in these athletes.

8.5.5	 �Superior Repair

Following posterior repair, the arthroscope 
should be moved to the posterior portal for visu-
alization of the superior structures, including the 
anterior superior labrum and the rotator interval. 
Anatomic structures to be addressed here include 
the middle glenohumeral ligament (MGHL), 
superior glenohumeral ligament (SGHL), cora-
cohumeral ligament (CHL), anterior superior 
labrum, and rotator interval [45]. Additional 
anterior superior stability can be achieved in 
most patients by tightening the MGHL and 
SGHL.  This is performed by placing a double- 
loaded suture anchor at the 1 o’clock position 
after glenoid preparation. Mattress sutures are 
passed through the MGHL first, followed by the 
SGHL. This typically provides adequate fixation; 
however, in high-risk patients, patients with 
significant intrinsic ligamentous laxity, and 
patients with observable defects of the rotator 
interval, proper closure of the rotator interval 

may be necessary [46]. Our preferred technique 
for closure of the rotator interval involves suture 
plication of the supraspinatus tendon to 
subscapularis (Fig. 8.11). Care should be given to 
keep sutures lateral on both tendons, with the 
goal of further tightening the SGHL and CHL. If 
a SLAP lesion is present, it can be repaired at this 
time. In shot putters, partial articular- sided 
supraspinatus avulsion (PASTA) lesions may be 
present. These can be repaired during this part of 
the procedure as well, if present.

After Harryman helped demonstrate the 
importance of the rotator interval in overall sta-
bility of the shoulder, several techniques have 
been developed to address the structures of the 
rotator interval. [57] A series by Field et al. of 
patients treated with isolated open rotator inter-
val closure found that all fifteen patients had 
achieved a good or excellent Rowe score by an 
average of 3.3-year follow-up. Arthroscopic 
techniques have since been developed, with our 
series of 92 shoulders reporting a 97% success 
rate by Neer–Foster score when rotator interval 
closure was included in repair for posterior 
instability. [58].

8.5.6	 �Bone Loss

Patients with recurrent anterior instability often 
have anterior glenoid deficiency and/ or a con-
comitant Hill–Sachs lesion that contributes to 
instability of the glenohumeral joint. A preopera-
tive evaluation using a CT scan and Bernageau 
radiograph should be performed to quantify size 
and shape of bone loss. This allows for strong 
preoperative decision-making regarding graft 
choice for repair, if necessary. The glenoid and 
humeral head should be further evaluated during 
diagnostic arthroscopy. With a bony Bankart 
lesion, the shape of the glenoid changes to an 
“inverted pear” appearance, in which it is wider 
superiorly. A good estimation of bone loss can be 
achieved by visualizing the bare spot on the gle-
noid, which should be equidistant between the 
anterior and posterior glenoid rims [47].

If a significant Hill–Sachs lesion is present, 
remplissage should be used to fill the defect and 

Fig. 8.11  Initial step in closure of the rotator interval 
showing suture plication of supraspinatus to subscapularis
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correct instability during the posterior repair part 
of the procedure. Small Hill–Sachs defects can 
be ignored, as a well-done posterior repair as 
described above will obscure it from view. The 
primary indication for remplissage is an engaging 
lesion, in which the humeral head lesion traverses 
the glenoid rim in less than 90 degrees of 
abduction and external rotation as visualized 
arthroscopically. [60] Patients are candidates for 
remplissage if the lesion occupies greater than 
10% but less than 50% of humeral articular 
surface, with associated anterior glenoid bone 
loss of less than 25% as determined by 
preoperative CT. The first step in remplissage is 
preparation of the defect with gentle burring to 
create a healing face, with care taken to minimize 
removal of bone. The technique is performed 
with the use of two suture anchors (one superior 
and one inferior) placed in the medial aspect of 
the Hill–Sachs defect. The sutures are then passed 
through the infraspinatus tendon and posterior 
capsule on a line straight back from the medial 
defect, effectively transferring the infraspinatus 
to fill the osseous defect. The inferior suture 
should be tied first followed by superior, with 
knots staying extra-articular [48] (Fig. 8.12). Our 
series of 30 patients who underwent remplissage 
with Bankart repair for anterior instability with 
mild glenoid bone loss demonstrated excellent 

results for primary repair, with no failures at an 
average follow-up for 41  months. Results were 
less satisfactory for this procedure in revision 
surgery. [61].

A number of techniques and graft choices 
exist for repairing the anterior glenoid. Sugaya 
et al. described a technique in which the glenoid 
fragments were repaired in conjunction with the 
damaged labrum with the use of suture anchors. 
In their study, 39/42 (93%) patients achieved 
good or excellent results by UCLA and Rowe 
scoring systems, with 32/38 (84%) of athletes 
returning to play at pre-injury level [49]. Abrams 
describes a technique in which clavicular 
autograft is harvested arthroscopically and 
secured to the anterior glenoid to bolster a 
Bankart repair with remplissage [50].

Of note, all arthroscopic glenoid reconstruc-
tion techniques are technically challenging and 
carry higher risk of iatrogenic injury to the axil-
lary and musculocutaneous nerves than do open 
techniques. We caution surgeons to stay within 
their surgical comfort zone when caring for these 
athletes.

In athletes with advanced bone loss or prior 
failed anterior repair, coracoid autograft can be 
utilized to stabilize the anterior glenoid via the 
Latarjet procedure (Fig. 8.13). Many variants of 
the original technique described by Latarjet exist; 

Fig. 8.12  (a) preparation of Hill–Sachs defect for anchor placement. (b) Tightening of infraspinatus and posterior 
capsule toward the humeral defect
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however, the preferred technique by the authors 
is the variant described by Walch and Boileau in 
which two screws are used to fixate the graft 
through a deltopectoral approach and subscapu-
laris split [51, 52]. Though no data are available 
for track and field athletes, return to play for 
other athletes following Latarjet reconstruction is 
less than ideal. A MOON study of 65 patients 
found that over 55% of athletes failed to achieve 
at least one return to play criteria [53]. 
Additionally, Higgins et al. reported a 22% recur-
rence dislocation rate with only a 50% return to 
play at pre-injury level in their series of contact 
athletes [54].

8.5.7	 �Postoperative Rehabilitation

Our preference for rehabilitation after surgical 
repair of the unstable shoulder is as follows. 
Immediately after surgery, the patient is immobi-
lized with an adduction brace. During the first 
week, the shoulder remains immobilized; how-
ever, scapular and core exercises can be initiated. 
During the second week, active and passive 
range of motion exercises can be initiated and 
should be limited by patient comfort. If the infra-
spinatus was transferred during remplissage, 
external rotation should be limited to protect the 
infraspinatus. Bracing should continue for at 
least 4 weeks, with slow weaning until 6 weeks, 

allowing proper time for the labrum to heal. 
From weeks 4 to 6, the affected extremity can be 
used for light activities of daily living as toler-
ated. From weeks 6 to 16, the athlete should 
begin integrated rehabilitation consisting of 
shoulder strengthening, core strengthening, and 
scapular strengthening and positioning. At 
approximately 3  months post operatively, the 
athlete should begin high-speed plyometric 
training in preparation for return to sport, with 
most track and field athletes returning between 4 
and 6 months after surgery.

8.6	 �Summary

•	 Shoulder instability in track and field athletes 
presents a complicated problem. It is critical 
to understand the different types of instability 
and the athlete’s history when developing a 
treatment plan.

•	 MR arthrogram is the best test to evaluate cap-
sulolabral pathology. CT imaging should be 
included if bone loss is suspected.

•	 Based on preoperative findings, a plan should 
be made to address all pathology in the unsta-
ble shoulder. The key to obtaining excellent 
results is anatomic restoration of the patient’s 
normal anatomy.

•	 Soft tissue repair must be sure to restore the 
capsulolabral complex, recreate a PIGHL, 
eliminate any Hill–Sachs lesion, and close the 
true rotator interval in high- risk patients.

•	 Surgery to address bone loss must include 
careful preoperative measurement of the bony 
defect to decide on graft choice, if necessary. 
A number of open and arthroscopic techniques 
exist to address bony deficiency of the gle-
noid, and it is important that the practicing 
surgeon stays within his or her surgical com-
fort zone for best results.

•	 A dearth of literature exists regarding the epi-
demiology and treatment outcomes for shoul-
der instability in track and field athletes. This 
presents an area of need in the sports medicine 
orthopedic literature.

Fig. 8.13  Harvesting of coracoid autograft for Latarjet 
procedure
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Rotator Cuff Injuries in Throwing 
Athletes

Umile Giuseppe Longo, Giovanna Stelitano, 
Vincenzo Candela, and Vincenzo Denaro

9.1	 �Introduction

Rotator cuff tears represent a widespread dis-
abling disease, which predominantly afflicts 
throwers. The exact incidence of cuff tears in 
overhead athletes remains still unclear and, prob-
ably, underappreciated, considering that several 
of them do not complain of symptoms [1]. 
However, cadaveric studies, imaging, and 
arthroscopic researches have attested the high 
prevalence of rotator cuff damages in young ath-
letes (about 40% involving the dominant shoul-
ders), which practice repetitive overhead 
activities [2]. Both partial- and full-thickness 
rotator cuff tears have seemed to show a signifi-
cant increase in the last period, maybe thanks to 
the improvement in radiographic and diagnostic 
techniques. At the same time, the progress in the 
arthroscopic field has brought new operative 
strategies of treatment [3]. However, despite the 
greater capacity to detect and quantify tear exten-
sions and the progress in surgical procedures, 
successful management of this pathology has not 
been reached. Arthroscopic repair and debride-
ment, and surgical repair of significant partial- 
and full-thickness tears do not allow athletes to 
have predictable recovery and return to preceding 

levels of sport. The main problem is represented 
by the coexistence of concomitant pathologies, 
such as shoulder impingement, SLAP lesions, 
and subacromial conflict that worse the final out-
comes and the patient’s management. For each of 
these reasons, it is essential to understand the 
pathogenic mechanism about the onset of the 
tears, their clinical presentation, diagnostic 
examination, and principles of treatment.

9.2	 �Pathophysiology

For the first time, Nee described rotator cuff 
tears as consequence of the outlet impingement. 
This theory is currently outdated thanks to the 
advances in basic science and imaging technol-
ogy, which have shown as the rotator cuff dis-
ease presupposes a multifactorial pathogenic 
mechanism [2]. In throwing athletes, the exact 
processes of the disease onset can be clearly 
explained: The repetitive loads of up to 108% of 
body weight and the humeral angular velocities 
upwards of 7000 degrees cause no indifferent 
stress on the shoulders, especially if pathologies 
anywhere else in the kinetic chain coexist. These 
strains and forces, more elevated in the accelera-
tion and deceleration steps of the throwing cycle, 
provoke repeated trauma to the tendons tissue, in 
particular in their insertion where the vascular 
network is weak [4]. Exacerbation of the capsu-
lar articular stress together with the compression 
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due to the internal impingement cause a progres-
sive cuff impairment, with intrinsic shear strains 
and undersurface fiber damage that bring to 
articular partial-thickness cuff tears [5]. The 
pathologic internal impingement can be induced 
by different latent factors such as recurrent 
microtrauma and intratendinous stress forces, in 
particular through the eccentric contraction of 
the rotator cuff in the deceleration state of throw-
ing [6]. Slight anterior instability, weakness of 
the anterior band of the inferior glenohumeral 
ligament, contracture of the posterior capsular, 
reduced humeral retroversion, bad throwing 
mechanics, and scapular imbalance have to be 
considered as supplementary factors able to 
unmask the disease [7]. Finally, patients affected 
by scapular dyskinesis seem to be a higher pre-
disposition to the development of rotator cuff 
tears. In essence, the protrusion of the scapula 
moves the posterior glenoid against the cuff, pro-
ducing a mechanism of injury [8].

9.3	 �Type of Tears

Rotator cuff disease in throwing athletes includes 
a wide spectrum of injuries that goes from tendi-
nosis to partial articular, bursal, intratendinous 
tears, until to full-thickness tears with presuppos-
ing the whole tendons detachment. The incidence 
of partial tears is almost twice higher than full-
thickness ones.

9.3.1	 �Articular Tears

Articular tears represent the most common inju-
ries in the rotator cuff of overhead athletes. They 
usually involve the posterior surface of the supra-
spinatus and the anterior fibers of the infraspina-
tus. The mechanism on the base of their onset is 
multifactorial. Potential risk conditions include 
weaker strain-to-failure ratio on the articular por-
tion, anatomical alterations such as a lower num-
ber of collagen fibers, randomly oriented, and 
with reduced power compared with the bursal 
surface. Further, the slight vascular network in 
the articular cuff could predispose to the pathol-

ogy. Within this category of injuries, the partial 
articular supraspinatus tendon avulsions, named 
“PASTA,” have been identified by Snyder as a 
separated clinical entity.

9.3.2	 �Intratendinous Tears

Sometimes, in throwing athletes, the articular 
lesions can show an intratendinous expansion. 
These types of injuries have been identified for 
the first time by Yamanaka, Fukuda, and Conway. 
In particular, the latter founded the acronymous 
“PAINT” to precisely define partial-thickness 
tears with intratendinous extension. The leading 
mechanism of PAINT injuries onset has to be 
searched into the rotator cuff’s five-layer histo-
logic composition, which seems to influence the 
onset of intrinsic shear strengths.

9.3.3	 �Bursal-Sided Tears

Bursal-sided tears occur with higher incidence in 
the middle- and older-aged athletes [9]. These 
lesions are strictly linked to the subacromial 
impingement [10]. Furthermore, bursal tears can 
arise both as primary or secondary lesion. In this 
last case, the association with intra-articular or 
intratendinous cuff disease is often observed.

9.4	 �Classification

Rotator cuff tear classification is essential in the 
preoperative decision making. Obviously, the 
employing of this classification consents to eval-
uate the postoperative outcomes. First, Ellman 
classified the lesions considering their depth. He 
identified three different grades of tears: grade 1: 
<3 mm deep or 25%; grade 2: 3 to 6 mm deep or 
50%; and grade 3: >6 mm deep or > 50% and tear 
area (in mm2). Subsequently, Snyder modified 
the classification system, including tear place-
ment and severity. He divided tears into articular, 
bursal, or full-thickness and coined a scale from 
0 to 4, ranging from normal to >3 cm severe cuff 
lesion.
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9.5	 �Clinical Findings

Rotator cuff tear clinical presentation in athletes 
is widely changeable. Patients affected usually 
complain about moderate discomfort, more rele-
vant during the throw, which implicates a reduc-
tion in throwing velocity. Not rarely, the 
pathology can have an abrupt onset, followed by 
a “pop” that indicates the potential tearing of the 
cuff or the labrum. This condition can develop 
without previous symptoms, or more frequently, 
as a worsening of prior painful symptoms [11]. 
Several other clinical findings include the reduc-
tion in upper arm strength, fatigue at the begin-
ning of the activity, limited pitch velocity, loss of 
pitch location, instability, and restricted range of 
motion.

9.6	 �Physical Examination

Clinical examination of overhead athletes 
affected from rotator cuff tears is essential to 
make a differential diagnosis with other patholo-
gies that commonly hit these patients, such as 
posterior capsular tightness, labral fraying or 
tearing, and SLAP tears. It is important to remem-
ber that in most cases, these clinical conditions 
coexist [12]. Physical evaluation of the rotator 
cuff is based on the research of Neer and Hawkins 
impingement signs, even if these are not exclu-
sively indicative of rotator cuff disease [13]. 
Tenderness at the level of the supraspinatus inser-
tion, the posterior glenohumeral joint capsule, 
the biceps tendon, and the acromioclavicular 
joint could be detectable through palpation. The 
examiner should assess every element of rotator 
cuff in terms of pain and force. The supraspina-
tus, the infraspinatus, and the subscapularis mus-
cles should be included in the evaluation, 
remembering that to realize a correct assessment 
of the supraspinatus strength test, scapula stabili-
zation is required. The glenohumeral internal 
rotation and external rotation are measured with 
the subject in the supine position. The examiner 
proceeds with scapular stabilization after that he 
kindly rotates the shoulder externally until the 
scapula starts to move, observing the range of 

rotation. In the same way, internal rotation is 
evaluated. A whole physical examination always 
supposes the comparison with the opposite shoul-
der. Usually, patients present an increased exter-
nal rotation accompanied by a simultaneous 
limited internal rotation. Usually, patients present 
an increased external rotation accompanied by a 
simultaneous limited internal rotation. The inter-
nal rotation deficit is defined when a loss higher 
than 25 degrees of rotation occurs. A substantial 
part of the clinical examination is given by the 
scapular rhythm assessment. Any asymmetry 
needs to be accurately evaluated. Other relevant 
tests that should be included in throwing athlete’s 
evaluation are the internal impingement sign 
modified relocation sign, and the internal rotation 
resistance test, useful to exclude the presence of a 
concomitant internal impingement condition. In 
any case, these tests result to be examiner depen-
dent, and for this reason, their sensitivity and 
accuracy remain unclear [14]. At last, the exam-
iner should pay attention on the AC joint, biceps 
tendon, labral complex (for SLAP injuries), and 
glenohumeral joint to exclude instability. The 
assessment of the cervical spine and the nervous 
and vascular structures surrounding completes 
the investigation of the upper limbs.

9.7	 �Radiological Evaluation

Imaging examinations are essential to confirm 
diagnosis. Plain radiographs are generally nor-
mal in patients affected by shoulder pain in which 
cuff lesions are not detectable. In case of blown 
rotator cuff tears, instead, different alterations 
have been described. Among these, the most fre-
quent are type II or type III acromial morphology, 
greater tuberosity sclerosis, and cystic alterations 
[15]. The greater tuberosity changes usually 
occur in partial-thickness articular surface lesions 
in overhead athletes. The outlet view is essential 
to evaluate the acromial anatomical structure, 
and it becomes obligatory for the preoperative 
planning. However, the gold standard radio-
graphic investigation for assessing rotator cuff 
tears is magnetic resonance imaging (MRI) even 
if the conventional MRI technology is not 
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sufficient to distingue partial cuff tears from ten-
dinosis and to evaluate the right extension of the 
injuries [16]. The introduction of the MR arthrog-
raphy (MRA) has given an enormous contribu-
tion in the diagnosis and management of partial 
undersurface and insubstance cuff tears. The 
first-choice examination for patients affected by 
potential partial-thickness tear or labral disease is 
the MRA performed with the arm first abducted 
and then in external rotation [17]. In any case, the 
MRI finding interpretation results are complex: 
Often, as widely shown in literature, rotator cuff 
of the overhead athletes can present abnormal 
signal anomalies, despite the absence of symp-
toms. Current researches have demonstrated as 
MRI abnormalities in players after throwing 
return to baseline after 1 week, normalizing the 
MRI signals. Although it has been considered for 
a long time a highly sensitive and precise exami-
nation to evaluate rotator cuff, ultrasonography 
has an unsurpassed limitation: its operator depen-
dence. Operator experience and abilities, in fact, 
can modify examination results. However, the 
current possibility to employ portable systems 
and to examine both shoulders dynamically has 
increased the interest in this radiological method 
as first choice to evaluate rotator cuff disease 
[18]. Ultrasound and MRI can be comparable in 
terms of specificity and sensitivity in the making 
diagnosis ability of full-thickness tears and the 
determination of muscle retraction and tear 
extensions. Anyway, MRI remains the more 
advantageous radiographic examination thanks 
to its specific ability to identify the labral tears.

9.8	 �Conservative Management

The choice of rotator cuff tear treatment is influ-
enced by several different factors, which depend 
on both kind of patient and type of injury. 
Symptom severity, onset way, functional disabil-
ity, response to treatment, and timing concerning 
season represent the athletes leading characteris-
tics to consider in the making operative decision. 
On the other hand, tear size and classification, as 
well as the presence of concurrent shoulder 
pathologies, have to be widely considered. 

Finally, outcomes of previous investigations, pro-
cedures, and responses to prior treatment have to 
be involved in any management planning. 
However, nonoperative treatment remains the 
primary choice for throwing athletes with cuff 
rotator tears. The conservative management pri-
ority finds explanation in the high asymptomatic 
incidence of cuff tears in athletes’ sample, the 
successful answer of athletes to nonoperative 
program, and the uncertain outcomes after surgi-
cal procedures. In several cases, in fact, athletes 
underwent surgery and do not manage to return 
to their prior level of physical functions. 
Conservative treatment in throwing athletes 
includes rest from throwing activity, use of non-
steroidal anti-inflammatory drugs, and rehabilita-
tion program [19]. In case of posterior capsular 
contractures, stretching with the arm adducted 
and internally rotated, the so-called sleeper 
stretch, is required. Occasionally, subacromial 
corticosteroid injection could be considered. The 
conservative treatment duration depends on the 
severity of symptoms, personal player necessi-
ties, and extension of tears. Three months is usu-
ally a sufficient period for a full program. 
Sometimes patients need a longer rehabilitation 
program, especially if affected by a full-thickness 
tear.

9.9	 �Operative Management

Operative treatment is reserved for those athletes 
affected by partial- or full-thickness cuff tears in 
which conservative management has shown 
unsuccessful results. Nevertheless, it is essential 
to underline the possibility of surgical treatment 
failure, especially in the case of cuff repair [20]. 
Athletes, in fact, could not return to the previous 
level activity. This has been confirmed in a cur-
rent study, which investigated high-level over-
head athletes underwent arthroscopic SLAP 
repairs. Only 57% of the patients enrolled were 
able to restart sport at high levels. Consequently, 
conservative management should be exhausted 
before passing to the operative one. The latter 
presents different opportunities for partial- or 
full-thickness rotator cuff injuries. The 
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arthroscopic cuff debridement and/or repair are 
the leading treatment options for partial cuff 
tears. Besides, a subacromial decompression and/
or labral debridement or repair could be required. 
Obviously, operative procedures can be decided 
before surgery but usually are defined during 
arthroscopy. The choice suffers from the influ-
ence of several factors such as the patient age, 
tissue condition, tear depth, concurrent patholo-
gies, and surgeon experience. Ordinarily, partial 
tears up to 75% are candidate for repairing [21].

9.10	 �Arthroscopic Debridement

Arthroscopic debridement is used to eliminate 
unstable flaps, smooth irregular borders, and 
allow evaluation of lesion profundity and length. 
Through the employing of a motorized shaver, 
pathologic tissue is removed from the side of 
articular cuff tears, recreating healthy margin 
[22]. The eventual presence of intratendinous 
tears (such as PAINT lesion) requires the elimi-
nation of unhealthy tissue to improve the healing 
process. After tissue debridement, cuff defect is 
repaired passing, with a spinal needle and a 
monofilament suture. At this point, the scope is 
retired from the glenohumeral joint. This kind of 
suture helps the assessment of the cuff on the cor-
responding bursal side. The subacromial space is 
evaluated to exclude the presence of subacromial 
impingement and bursal side damages [23]. 
Arthroscopic debridement of partial cuff tears 
has shown successful outcomes in nonthrowing 
athletes when lesion depth was up 50%. Current 
literature, however, lacks significant studies 
about arthroscopic debridement in throwers [24]. 
It was described that about 80% of high-level ath-
letes underwent this procedure reported satisfac-
tory outcome, while only 60% of them have 
returned to preinjury athletic activity.

9.11	 �Surgical Repair

Not always positive outcomes after arthroscopy 
debridement and the improvements in 
arthroscopic techniques have put on the founda-

tion to consider partial cuff tears repair more fre-
quently. Current guidelines suggest making 
debridement for tears <50% of the cuff’s thick-
ness and repairment for tears up 50%. This gen-
eral recommendation finds its reason in the 
biomechanical rationale for which cuff tissue in 
proximity to partial tears has shown augmented 
pathologic loading when the damage was over 
than 50%. The final decision between debride-
ment and repair should be essentially founded on 
the extension of partial tears, which would need 
an accurate system for depth evaluation. 
Unfortunately, a direct technique for this deter-
mination does not still exist. Furthermore, the 
presence of concurrent pathologies could influ-
ence the choice to make a repair. The athlete’s 
age and position represent other critical decision 
factors. Throwing athletes older than 30  years 
affected by important partial-thickness cuff tears 
should be undergone to debridement alone, while 
surgical repair should be performed in younger 
pitchers or position players, considering the 
implications that complete functional recovery 
could have in their sportive careers [25]. Concern 
partial cuff tears up 75% and full-thickness cuff 
tears, repair may be performed in case of conser-
vative treatment and/or debridement failure. The 
arthroscopic procedure rather than the open sur-
gical approach for rotator cuff repair is consid-
ered the first management option for some 
advantages in overhead athletes’ population. In 
essence, the lower risk of stiffness and the capac-
ity to reproduce a more anatomically cuff foot-
print are widely described [26]. Recent researches 
have shown as pitchers undergoing miniopen cuff 
repair using a transosseous technique have had 
only a 12% chance of coming back to previous 
activity level, a minimal percentage if compared 
with the clinical outcomes of arthroscopic repair 
in the throwers.

9.12	 �Repair Techniques

The repair of full-thickness cuff tears can be per-
formed employing both single and dual row 
methods, through arthroscopic or miniopen pro-
cedures. In case of partial tears, a transtendinous 
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approach can be used. Sometimes, it could be 
necessary to complete the partial- to full-
thickness tears repairing it subsequently. Many 
surgical procedures have been described for par-
tial rotator cuff tear repair. Tear location and/or 
surgeon experience are the main factors, which 
influence the choice of the procedure [27]. 
Current studies have shown arthroscopic tech-
nique repair for partial-thickness bursal tears, 
which are generally transformed into full-
thickness tears, and repaired utilizing suture 
anchors. The same procedure can be applied for 
articular-sided tears repair, even if they can be 
treated with a “transtendon” technique in which 
the articular-sided fibers are re-attached in their 
anatomic footprint. Intratendinous tears usually 
require suture plication of the delaminated layers, 
and subsequently a reattachment with suture 
anchors in their original footprint [28]. However, 
it is essential to consider the huge difficulty in 
recreating an attachment at the anatomic foot-
print in throwers’ population. The repair could 
constrain athletes’ shoulder, causing an obligate 
position of hyperabduction and external rotation, 
effectively altering their sportive ability. Anyway, 
although literature lacks a lot of studies in which 
high-level overhead athletes’ outcomes have 
been assessed, arthroscopic repair results for par-
tial and full-thickness tears in the common popu-
lation are promising. On the other hand, this 
surgical choice is strengthened by few researches 
in which partial and full-thickness cuff tears have 
been repaired in throwers.

9.13	 �Treatment Algorithm

Notwithstanding enthusiasm for rotator cuff 
tears repair [29], the doubts about the advantage 
for the high-level athletes persist. The major 
unsolved problem remains to understand to 
which anatomy should be reset to normal in 
high-demand athletes. In fact, while the repair of 
the intratendinous cuff tissue could be advanta-
geous, the progression of the articular tear 
toward the tuberosity could cause a joint over-
stress, reducing the muscle–tendon length of the 
cuff. On the other hand, nonanatomic repair 

using suture anchors risk made cuff insertion 
excessively medial, altering shoulder anatomy 
and biomechanics [30]. Throwing athletes’ man-
agement represents an isolated field for rotator 
cuff repair because of its considerably higher 
relevance compared to the general population. In 
the decisional operative program, it is necessary 
to consider both the depth of the tear, and the 
depth and condition of the intratendinous por-
tion. If the depth of the articular-sided tear is 
<75%, a debridement should be performed only. 
If the tear is >75%, transtendon repair should be 
made, considering addressing supraspinatus 
lesion first than infraspinatus ones. If the intra-
tendinous segment is thin or < 1 cm, the surgeon 
should opt for debridement of the articular sec-
tion only. If it is thick or exceeds 1 cm, a mat-
tress intratendinous repair with or without an 
anchor should represent the first choice. Finally, 
if the depth of the intratendinous segment is 1 to 
2  cm, arthroscopic repair should be the main 
option treatment. If it exceeds 2  cm, miniopen 
approach could be indicated, making repair with 
suture anchors.
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Elbow Injuries in Throwing 
Athletes

L. A. Pederzini, M. Bartoli, A. Cheli, 
and A. M. Alifano

10.1	 �Introduction: Anatomy 
and Biomechanics

The elbow is characterized by highly intrinsic 
congruity and stability. In normal conditions, 
elbow flexion in men ranges from 0° to 150°, 
whereas in women from hyperextension, 12–15° 
to 150°, and approximately 170° in pronation–
supination. The functional range of motion con-
sists of 30–130° in flexion–extension in order to 
perform activities of daily living and 20–130° for 
throwing patterns [1].

Elbow stability is strictly associated with 
static and dynamic constraints and could be com-
promised by repetitive exertion of the joint due to 
work or sport activities.

The elbow is the second most affected joint 
when considering the classification of major joint 
dislocation [2], and 15–35% of acute injuries 
may lead to degrees of instability [3, 4].

Static soft tissue stabilizers may involve the 
anterior and posterior joint capsule and the 
medial and LCL compounds.

Elbow stabilizing factor contribution to proper 
elbow kinematics and stability is strictly depen-

dent on the degree of flexion–extension and fore-
arm rotation.

In extension movements, the anterior capsule 
provides about 70% of the soft tissue restraint; in 
flexion, the main agent is the medial collateral 
ligament. In full extension, the ulnohumeral 
articulation, anterior joint capsule, and medial 
collateral ligament equally provide valgus stabil-
ity. In a 74% flexion, the medial collateral liga-
ment generates resistance. Essentially, the 
ulnohumeral articulation and the anterior joint 
capsule endure varus stress. In full extension, 
varus resistance is controlled equally by joint 
congruency (mainly the olecranon in olecranon 
fossa and lateral collateral ligament), which pro-
vides 55% of the stabilizing force, whereas 
increasing the flexion, its associated contribution 
increases to 75%. The radial collateral ligament 
provides minimal varus limitation, both in flex-
ion (9%) and in extension (14%). In extension, 
the anterior capsule provides 85% of the resis-
tance to dislocation. In flexion, the medial col-
lateral ligament provides nearly 80% of resistance 
to dislocation.

Athletes involved in repetitive high-speed 
overhead movements and other motions entailing 
significant valgus stress (ex tennis players or 
baseball pitchers or volleyball players), experi-
ence tensile forces on their medial structures, 
compression forces on their lateral structures, 
and impingement forces in their posteromedial 
compartment. The valgus intensity on the ath-

L. A. Pederzini · M. Bartoli (*) · A. Cheli 
Nuovo Ospedale Civile di Sassuolo, Orthopedics and 
Arthroscopic Surgery Unit, Sassuolo (MO), Italy 

A. M. Alifano 
Campus Biomedico University, Orthopedics and 
Traumatology Unit, Rome, Italy

101

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

https://doi.org/10.1007/978-3-030-60216-1_10#DOI


98

lete’s elbow can rise up to 68 N. In pitching, the 
maximum pitch speed may considerably imply 
the risk of elbow injury. Surgery for UCL injuries 
has been shown to be essential for the pitchers 
with the highest maximum ball velocity [5]. 
Reduced elbow valgus torque is correlated with 
delayed trunk rotation, reduced shoulder external 
rotation, increased elbow flexion, and overhand 
pitching (vs sidearm delivery) [6]. The overhead 
gestures bring the shoulder in a maximized grade 
of abduction, decreasing the valgus force trans-
mitted to the elbow compared with baseball 
pitching; this could explain the higher incidence 
of UCL injuries in baseball [7].

Baseball pitch can be divided into five main 
phases:

	1.	 Windup: Initial preparation as the elbow 
flexes and a slight pronation of the forearm 
take place.

	2.	 Early cocking: The ball is thrown with the 
hand covered with the glove and is complete 
when the forward foot comes in contact with 
the ground. Shoulder abduction and external 
rotation are initiated in this stage.

	3.	 Late cocking: Further shoulder abduction and 
maximal external rotation. Moreover, the 
elbow flexes between 90° and 120° and the 
forearm pronates to 90°.

	4.	 Rapid acceleration: It produces a large 
forward-directed force on the extremity, 
accompanied by rapid elbow extension.

	5.	 Ball release and Follow Through: Dissipation 
of all excess kinetic energy as the elbow 
reaches full extension and completes the 
movement.

Multiple biomechanical studies have shown 
that the elbow extends over 2300°/s during the 
throwing cycle. This generates a medial sheer 
force of approximately 300 N and a lateral com-
pressive force of nearly 900 N. Maximum valgus 
force along the elbow is generated during late 
cocking and acceleration. The elbow is flexed to 
95 degrees and undergoes valgus forces up to 
64 Nm. During ball release, the lateral part of the 
elbow undergoes greater than 500  N of force. 
These extreme medial and lateral forces can 

cause injuries that can endanger the career of the 
throwing athlete. Tremendous valgus stress is 
generated over the medial part of the elbow dur-
ing the acceleration phase, the majority of which 
is conducted to the anterior bundle of the 
UCL.  The remaining stress is scattered by the 
secondary supporting structures of the medial 
elbow, mainly the flexor–pronator musculature.

These extraordinary forces generated on the 
elbow joint by the overhead athlete result in 
elbow injury. The typical pattern of injury is 
either caused by repetitive microtrauma or 
chronic stress overload.

Chronic traction forces on the UCL may 
thicken the ligament and produce osteophytes at 
its proximal insertion. Repetitive valgus stress 
can strain the flexor–pronator muscle mass, as 
dynamic stabilizer to valgus stress, exposing the 
UCL to additional stress and potentially trigger-
ing UCL attenuation, stretching, or even rupture 
[8]. Conway in 1992 [9] studied a cohort of ath-
letes describing the incidence of different UCL 
injury tear patterns: 87% were torn at the mid-
substance, 10% were distal tears from the ulna, 
and 3% were torn proximally from the medial 
epicondyle. Stress on the medial elbow can also 
lead to medial epicondylitis in these athletes. 
Likewise, the medial dynamic stabilizers 
undergo further stress due to stretching or rup-
ture of the UCL exposes, causing injury of the 
structures. Several other elbow pathologies are 
associated with UCL traumas. Valgus forces 
may cause traction neuritis of the ulnar nerve, 
which can be exacerbated by an inadequate 
UCL [10]. Furthermore, many baseball players 
have increased cubitus valgus and flexion con-
tractures, placing greater strain on the 
UCL. Chronic UCL injuries also lead to thick-
ening and calcifications of the UCL, which is 
the base of the cubital tunnel. Traction on the 
UCL may give rise to marginal osteophytes at 
the medial joint. Posteromedial olecranon osteo-
phytes may develop due to valgus extension 
overload. All of these anatomic changes pro-
duce a restricted, irritable environment for the 
ulnar nerve. Valgus torque leads to lateral elbow 
compressive forces of approximately 500  N 
between the radial head and humeral capitellum 
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exacerbated by UCL laxity, potentially trigger-
ing avascular necrosis, osteochondritis disse-
cans, chondral wear, or osteochondral chip 
fractures [11]. The posteromedial elbow is com-
promised because traction osteophytes on the 
olecranon and hypertrophy of the distal humerus 
(which decreases the size of the olecranon fossa) 
cause repetitive posteromedial impingement, 
possibly causing osteophytes, chondromalacia, 
and/or loose bodies [12].

Young athletes with open physes differ from 
adult athletes because their medial epicondylar 
apophysis is the weakest link on the medial side 
of the elbow. Repetitive valgus stress and tension 
overload of medial structures may result in “Little 
League elbow,” a general term encompassing 
medial epicondylar tearing, medial epicondylar 
apophysitis, and increased apophyseal growth 
with delayed closure of the epicondylar growth 
plate. Furthermore, the M-UCL proximal inser-
tion is mildly attached to the humerus through the 
physis. Due to valgus stress, the flexibility of the 
physis causes increased elbow valgus, increasing 
the radiocapitellar load and potentially leading to 
osteochondritis dissecans. UCL injuries are 
uncommon in the skeletally immature athlete but 
seem to be more frequently detected in older ones 
[13, 14].

10.2	 �Diagnosis

UCL injuries can be divided into acute, chronic, 
or acute on chronic. It is worth outlining the his-
tory of acute traumatic events affecting the elbow. 
Subjects with an acute UCL tearing typically 
refer to sudden onset of pain, often accompanied 
by a popping sensation, during a particular 
moment of throw. Some report inability to throw 
following an injury. Overuse can cause chronic 
valgus instability due to attenuation or complete 
rupture of the UCL.  Athletes describe gradual 
onset of medial elbow pain or discomfort in 
throwing movements, particularly in the late 
cocking and acceleration phases. They may refer 
to decreased speed, distance, and accuracy of 
their pass or throw. They may complain of recur-
rent episodes of elbow pain treated with conser-

vative management. Patients with chronic valgus 
instability may also report a sudden episode of 
giving way or severe elbow pain, most likely due 
to the rupture of a previously attenuated 
UCL.  Athletes with chronic UCL injuries can 
often throw, but typically regain less than 60% to 
80% of their preinjury maximal velocity.

A history of associated elbow pathologies 
must also be investigated. For example, loose 
bodies may be accompanied by mechanical 
symptoms. Ulnar neuritis symptoms may 
include medial elbow pain radiating down the 
ulna to the hand and tingling in the ulnar two 
digits. Athletes in particular may experience 
clumsiness or heaviness of the hand and fingers 
associated with, and often exacerbated by, 
throwing or overhead activities. Ulnar neuritis 
can occur in both acute and chronic UCL inju-
ries. In acute injuries, the nerve may be irritated 
by hemorrhage and edema. In chronic injuries, 
valgus instability makes the ulnar nerve suscep-
tible to higher tensile stress, and UCL scarring 
may cause a decrease in the cubital tunnel 
space. Symptoms could occur at first only fol-
lowing (physical) activity but, in time, may per-
sist even with rest.

10.2.1	 �Physical Examination 
and Imaging

Inspection, palpation, and assessment of range of 
motion are the typical first passages to perform. 
The arm must be evaluated from the hand to the 
shoulder. It is essential to analyze the scapulotho-
racic area because a proximal alteration can alter 
the throwing motion. Local pain can be felt at the 
flexor–pronator epicondyle and subtle differ-
ences in the extent of pain may be detected 
between the medial epicondylitis and M-UCL 
lesion. The second one is 2  cm distal from the 
medial epicondyle. Both factors could be present. 
Many tests are performed to assess the valgus 
instability pattern; this examination produces a 
smaller difference than varus stress when lateral 
structures are injured. Even the most experienced 
surgeons may encounter difficulties to perfectly 
detect the lesion.
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Conventionally, in the elbow abduction stress 
test, the humerus is stabilized and the elbow 
undergoes a valgus stress at about a 20 to 30 
elbow flexion. In a positive test, there is no firm 
endpoint and the articular surfaces of the ulna 
and medial humeral condyle move apart and the 
forearm sways out laterally.

When testing the posterior band of the AOL, 
the milking maneuver involves producing a 
valgus force by pulling the patient’s thumb 
with forearm supination, shoulder extension, 
and elbow flexion beyond 90°. Patients with a 
UCL injury may refer to a feeling of anxiety, 
instability, and medial joint pain. A modified 
version of this test has been described by Marc 
Safran [7]: The patient abducts and externally 
rotates the arm to be examined. The examiner 
places a hand on the elbow to be investigated in 
order to stabilize the elbow and palpate the 
medial joint line for medial joint gapping and 
for the endpoint quality. The patient flexes the 
examined elbow to 70°, and the examiner exerts 
valgus stress by pulling the ipsilateral thumb 
down. The examiner assesses medial joint lax-
ity (gapping) and quality of endpoint and 
records pain following valgus stress. The test is 
repeated on the contralateral elbow for 
comparison.

In the moving valgus stress test as described 
by O’Driscoll and colleagues [15], the patient’s 
shoulder is held at 90° of abduction and external 
rotation. The examiner applies and maintains a 
constant moderate valgus torque to the fully 
flexed elbow and afterward quickly extends the 
elbow. In case of positivity, the patient complains 
of maximal medial elbow pain between 120 and 
70 of elbow flexion.

Magnetic resonance imaging (MRI) is 
57–79% sensitive and 100% specific for UCL 
tears [16]. A magnetic resonance (MR) arthro-
gram is 97% sensitive for UCL tears although 
occasionally difficult to obtain in acute phases. 
Ultrasound imaging can be a useful instrument to 
dynamically detect valgus instability compared 
to the opposite arm. To date, standard X-rays are 
the first imaging step in detecting heterotopic 
ossifications and articular degeneration.

10.3	 �Treatment of M-UCL Lesions 
in Athletes

Rettig and collegues [17] described a conserva-
tive approach allowing up to 42% of athletes to 
resume previous sports levels. The study did not 
elicit the prognostic factors influencing the 
success.

Acute proximal lesions in athletes may be 
handled successfully by M-UCL repair using a 
3.5 or 4.5 anchor or trans-osseous sutures at the 
medial epicondyle [9].

It is essential to perform surgery promptly and 
use effective techniques to accurately reach the 
physiological M-UCL insertion area at the 
humerus in order to avoid biomechanical impair-
ment. Recent literature suggests that using a fiber 
tape between two swive locks as an augmentation 
could allow athletes to resume their sports activ-
ity quicker on the field [18].

Reconstruction procedures seem to play a piv-
otal role in all other conditions, particularly in 
chronic or “acute on chronic” patterns.

Jobe and collegues [19] first described an 
M-UCL reconstruction technique using an autol-
ogous palmaris longus tendon transplantation. In 
the original technique, called “Tommy John,” the 
muscle mass of the flexor–pronator muscles was 
raised and the ulnar nerve was permanently 
placed underneath the muscle tissue. However, 
Conway and Jobe [9] have reported a high inci-
dence of ulnar neuropathies when using this tech-
nique (21%) requiring a subsequent ulnar nerve 
decompression in more than half of the affected 
subjects.

Smith and collegues [20] described a tech-
nique (“modified Jobe”) only splitting the flexor–
pronator mass, using a different positioning of 
the bone tunnels, and tensioning the neo-ligament 
with a supine forearm, flexed at 60 ° and in varus 
stress. The transposition of the nerve was not 
required. Andrews in 1995 [21] described a simi-
lar technique, by simply lifting the mass of the 
flexor–pronators, without incising it, thus reduc-
ing procedure invasiveness.

The “docking technique,” described by 
Althcheck and Rohrbough simplified the proce-
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dure, the tensioning and fixation of the ligament 
achieving outstanding results in 92% of the cases 
with a complication rate of 5.5% [22].

Ruland and collegues [23] compared three dif-
ferent surgical techniques employed in the recon-
struction of the collateral ulnar ligament. By 
investigating the resistance to torsion strength, in 
groups that use the palmaris longus, the torsion 
strength is statistically lower compared to the 
native ligament. On the other hand, in the group 
that uses the semitendinosus tendon, the score is 
significantly higher compared to the other two 
groups.

Thompson [24] found an 82% rate of excel-
lent results on 33 follow-up patients after recon-
structive surgery with the modified Jobe 
technique.

Dodson [25] found 90% excellent results (out 
of 100 patients operated with the same technique) 
with a 3% complication rate (out of 100 patients 
operated with the same technique). Similarly, on 
a sample of 12 patients operated with the “dock-
ing technique” and 8 patients with the modified 
technique, Koh and collegues [26] found 95% 
excellent results with a complication rate of 5%, 
without notable/relevant differences in the two 
groups.

Hechtman [27] proposed a hybrid technique 
by using anchors for the reconstruction of the 
UCL; through this study, performed on cadavers, 
the authors have reported that this technique 
allows a reliable anatomical reconstruction of the 
UCL. Long-term results [28] have shown remark-
able findings in 85% of the cases on 34 operated 
patients, with a complication rate of 3%.

Chang [29] published a bibliographic review 
on the various reconstruction procedures of the 
ulnar collateral ligament, comparing the Jobe 
technique (both traditional and modified), the 
“docking technique,” and alternative techniques, 
indicating the docking technique as the method 
reporting greater solidity and muscular split with 
the highest sparing of the ulnar nerve as the best 
surgical practice.

Another suggested technique is the DANE TJ 
hybrid technique [30] in which a single ulnar tun-
nel is shaped at the sublime tubercle in which the 

transplant is fixed with a screw, while, at the 
humeral level, it is fastened with the traditional 
“docking technique.” The advantage of this tech-
nique is the lower percentage of fractures of the 
ulnar tunnel using the interference screw. 
Through this procedure, Dines [31] reported, on 
a total of 22 patients, 86% excellent results and 
18% complications. Lastly, Savoie [32] described 
the results of a retrospective study on the short-
term results of 116 patients undergoing UCL 
reconstruction with semitendinosus allograft: 
The result was excellent in 80% of the patients, 
although the complication rate was 6%.

Most of the numerous reviews proposed in 
literature compare the several reconstructive 
techniques. Vitale and Ahmad [33] found that 
83% of the patients operated with the Jobe tech-
nique or the “docking technique” reached the 
same level of preoperative activities. 
Furthermore, a muscular split approach has led 
to a 17% rise in excellent results, also supported 
by the fact that ulnar nerve transposition is not 
required. Additionally, the same meta-analysis 
shows that the results of the “docking tech-
nique” are better compared to the outcomes 
reported by the Jobe technique. In another quite 
recent review of the literature, Watson [34] has 
compared the clinical and biomechanical results 
of all techniques, as well as the Jobe technique, 
the “docking technique,” the fixation with the 
interference screw and with Endobutton®. The 
authors observed a resuming of sports activities 
in 79% of the cases, while the “docking tech-
nique” presented the lowest percentage of com-
plications. From a biomechanical point of view, 
they also noted that, in the docking technique 
and Endobutton® procedure, the main cause of 
failure was associated with suture failure, 
whereas the tunnel fracture was the main cause 
of failure in the Jobe technique. Lastly, in the 
screw fixing procedure, the cause of the failure 
is mainly due to the graft itself.

Complications of M-UCL reconstruction 
surgery are rare. A serious injury, as in the case 
of palmaris longus tendon samples, may affect 
the median nerve, which has also been reported 
[35, 36].
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Our standard treatment in active patients, par-
ticularly in athletes, is the anatomical reconstruc-
tion of the M-UCL [37].

The autologous hamstring is harvested from 
the ipsilateral knee and prepared with a Krackow 
suture at the two ends. It has to fit in a 4.5-mm 
caliper.

A medial, muscle splitting approach is per-
formed. A 7-mm drill hole is made at the sub-
lime tubercle toward the lateral and posterior 
cortex of the ulna. The graft is folded over onto 
itself and fixed with a bio-absorbable 6-mm 
interference screw. An additional 7-mm tunnel 
is prepared at the humeral side. It is a blind 
tunnel and positioned from anterior to superior 
preserving the ulnar nerve. Two supplementary 
tunnels, 4.5 mm in diameter, are prepared inde-
pendently converging on the 7  mm tunnel 
(Fig. 10.1).

A soft suture passer is used to handle sepa-
rately the “two bundles” of the graft through the 
common tunnel and dividing them into smaller 
ones (Fig. 10.2).

The residual part of every bundle is sutured on 
itself after proper tensioning: The anterior bundle 
is tensioned at 30° of elbow flexion and the pos-
terior bundle at 80° of elbow flexion. A “cycling” 
of the elbow takes place before this phase to 
improve the settling of the tendons into the tun-
nels and provide pre-tensioning.

Isolation of the ulnar nerve is performed, but 
no anteposition is required.

10.3.1	 �Post-op Protocol

Rehabilitation following surgical reconstruction 
of the UCL begins with range of motion and ini-
tial protection of the reconstruction, along with 
resistive exercises to strengthen the shoulder and 
core. This is followed by progressive exercises 
for resistive exercise to fully restore strength and 
muscular endurance in order to ensure a safe 
resuming of sport and overhead functional 
activities.

The early phases of postoperative care for 
UCL reconstructions involve specific time 
frames, limitations, and preventive measures to 
protect healing tissues and the surgical fixation/
fastening.

The knee is maintained in full extension for 
2  weeks, and the patient is allowed to bear 
weights as tolerated with or without two crutches 
(pes anserinus donor site protection).

The later stages of rehabilitation are presented 
in a criterion-based progression, according to 
which progression to subsequent levels is based 
on strength and control.

The resuming of competitive sports will 
take 6–10  months. Patients should apply ice 
packs on the elbow for 10–15  min after each 
rehab session to decrease pain and post-op 
swelling.

Clinical good outcomes (Fig. 10.3) [37] indi-
cate that it is a reliable technique with a reduced 
incidence of complications. Resuming sports is 
reported as consistently successful.

Fig. 10.1  On the left, the ulnar blind tunnel, on the right, 
the humeral convergent passages (one is dark blue and 
one light blue); the red one is the isolated ulnar nerve

Fig. 10.2  Passage of the graft: on the right the two bun-
dles in their independent tunnels
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Wrist Injuries in Throwers

Margaret Woon Man Fok and Gregory I. Bain

11.1	 �Background

Among all injuries, wrist injuries are not com-
mon in throwers, as in shoulder and elbow. Yet 
for that reason, they are often overlooked as 
minor wrist sprains and are delayed in 
presentation.

The throwing motion involves a kinetic chain 
of events, which include the transfer of energy 
from the lower extremity, to the trunk, to the 
shoulder and elbow, and finally to the hand and 
wrist, before the release. Based on the size and 
weight of the object, e.g., a ball, a shot put, a jav-
elin, or a discus, which the athlete is holding, the 
gripping mechanism, and the biomechanisms of 
the throwing action, different injuries may be 
sustained at the wrist [1]. Moreover, these inju-
ries are not usually arisen from a single incident. 
Instead, they are often caused by repetitive 
motion. For example, a javelin is held with a cir-
cular grip with the primary load across the wrist 
being radial to ulnar. Athletes may complain of 
ulnar wrist pain after repetitive throws. A shot put 

is held deep in the hand leading to wrist and fin-
ger extension during cocking and acceleration 
phase. Athletes are susceptible to carpal tunnel 
syndrome due to repetitive gripping and wrist 
and hand sprains due to the weight of the shot and 
the wrist extension required to throw. A hammer 
and a discus create distraction loads across the 
wrist, but the fingers maintain a flexed position 
until release. As a result, athletes are prone to de 
Quervain’s tenosynovitis and wrist sprains 
involving either triangular fibrocartilage complex 
(TFCC) or extensor carpi ulnaris tendon (ECU).

11.2	 �De Quervain’s Disease

De Quervain’s disease (DQV) is stenosing teno-
synovitis involving the first extensor compart-
ment, namely abductor pollicis longus (APL) and 
extensor pollicis brevis (EDB). It is the conse-
quence of shear microtrauma from repetitive 
gliding of the two tendons beneath the sheath of 
the first compartment over the radial styloid. In 
throwers, it is caused by repeated gripping 
motion, e.g., in a discus throw when the wrist 
“snap” at the time of release or in a hammer 
throw.

Athletes present with radial wrist pain espe-
cially when the wrist is put in ulnar deviation 
(Fig.  11.1). Tenderness over the first extensor 
compartment is noted. Eichhoff test which is often 
mistaken as Finkelstein test is pathognomonic in 
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making the diagnosis [2, 3]. It involves putting the 
thumb into the palm while the examiner is putting 
the fisted wrist in ulnar deviation (Fig.  11.2). 
Significant pain is elicited over the first compart-
ment. The diagnosis is reinforced when no or min-
imal pain can be elicited when the thumb is not in 
the palm during the wrist movement. Imaging is 
only used to rule out other diagnoses, e.g., missed 
scaphoid fracture or nonunion.

The initial treatment is rest, nonsteroidal anti-
inflammatory medications (NSAIDs) and immo-
bilization with forearm-based splint [4, 5]. 
Physiotherapy including cryotherapy, ultrasound, 
and iontophoresis may be given. Kinesio taping 
with differential tensioning is popular in the man-
agement of DQV in recent years. In a prospective 
randomized control trial between physiotherapy 
and Kinesio taping, Kinesio taping showed a 
more favorable outcome than physiotherapy [6]. 
Yet, corticosteroid injection remains the most 
successful nonsurgical treatment modality with a 
62–100% success rate [7–9.

Surgical release is indicated for patients who 
failed conservative treatment. It can be done 
under local anesthesia and involves the release of 
sheath covering the first extensor compartment, 
together with the sub-sheath that separates the 
EPB and APL tendons when present (Fig. 11.3). 
It is important to note that multiple slips of APL 
can be present. Failure to release all sub-sheaths 
may lead to recurrence or residual symptoms.

11.3	 �Extensor Carpi Ulnaris 
Tendinitis

Extensor carpi ulnaris tendinitis is a chronic 
inflammation of the ECU tendon, which is 
located at the most ulnar extensor compartment 
of the wrist (i.e., sixth extensor compartment) 
(Fig. 11.4) It results from chronic loading of the 
tendon, due to repetitive flexion and extension of 
the wrist, particularly in supination. Patients 
complain of swelling and constant dull ache on 
the dorso-ulnar aspect of the wrist. Sudden sear-
ing pain can also be felt along the ECU tendon on 
active contraction of the muscle. The ECU syn-
ergy test is a sensitive and specific test for ECU 
tendinitis. This test is performed with the wrist in 
supination [10]. Pain is felt over the ECU tendon 
when the examiner grasps the patient’s extended 
thumb and middle finger while asking the patient 
to radially deviate his thumb against resistance 
(Fig. 11.5). ECU tendinitis is a clinical diagnosis. 
In case of uncertainty, patient may undergo ultra-
sound and magnetic resonance imaging (MRI) to 
look for thickened tendon with increased fluid in 
the surrounding sheath. Ultrasound can also con-

Fig. 11.1  De Quervain’s disease—the stenosis tenosyno-
vitis of the first extensor compartment—abductor pollicis 
longus and extensor pollicis brevis (copyright Dr. 
Margaret Fok)

Fig. 11.2  Eichhoff test (copyright Dr. Margaret Fok)

Fig. 11.3  Surgical release of first extensor compartment 
(copyright Dr. Margaret Fok)
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comitantly assess the stability of the ECU tendon 
(refer to ECU subluxation).

In suspected cases of ECU tendinitis, the sta-
tus of TFCC needs to be evaluated. ECU tendini-
tis and TFCC tear may present with ulnar wrist 
pain in a similar fashion. Moreover, the presence 
of TFCC tear can lead to ECU tendonitis. If 
TFCC tear is not diagnosed and addressed in the 
management plan, patient may have persisted 
symptoms (refer to the TFCC section).

Management of ECU tendonitis is usually 
conservative with rest, NSAID, and short-arm 
splint to maintain the wrist at 300 extension and 
ulnar deviation for 3 weeks [4]. Ultrasound, ion-
tophoresis, and Kinesio tape may also be used. 
Surgical debridement of the tendon and release of 
the compartment are usually not necessary and 
can be performed under local or regional anesthe-
sia (Fig. 11.6).

11.4	 �Extensor Carpi Ulnaris 
Subluxation

Unlike extensor carpi ulnaris tendinitis, ECU 
subluxation is usually a result of a traumatic 
event, with forced supination, palmar flexion, and 
ulnar deviation. Yet, it is often missed [5]. With 

subsequent repetitive stress on the wrist during 
the throwing motion, it may lead to symptomatic 
recurrent ECU subluxation, presented as painful 
snapping of the tendon during wrist rotation.

Anatomically, ECU tendon courses through 
the sixth extensor compartment in the wrist 
where it is held tightly to the ulnar groove by a 
sub-sheath, which is separated from the extensor 
retinaculum. In ECU tendon subluxation, it is the 
only sub-sheath that is torn. The extensor reti-
naculum remains intact.

Patient is presented with dorsal ulnar wrist 
pain and complains of clicking or snapping in 
pronation and supination. On physical examina-
tion, subluxation of the tendon can be elicited by 
active forearm supination and ulnar deviation 
(Fig. 11.7). The tendon is reduced with forearm 

Fig. 11.4  ECU tendonitis (copyright Dr. Margaret Fok)

Fig. 11.5  ECU synergy test (copyright Dr. Margaret 
Fok)
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in pronation. Tenderness and swelling may be 
presented with the ECU tendon at the ulnar head. 
Ultrasound can be used to evaluate the stability of 
the tendon during forearm rotation. MRI may 
show inflammation around the sheath and the 
malposition of the tendon. It is important to note 
that there are asymptomatic patients with ECU 
tendon displacement of up to 50% of the tendon 
width from the ulnar groove [11]. A comparison 
with the asymptomatic wrist may be beneficial.

In acute dislocation of the ECU tendon, reduc-
tion and immobilization in a long-arm splint with 
the forearm in pronation and the wrist in radial 
deviation from 6 weeks to up to 4 months can be 
successful [12]. Yet, most athletes are reluctant to 
undergo prolonged period of splinting. Surgical 
stabilization is indicated for patients with chronic 
symptomatic subluxation and for athletes who 
demand early mobilization. Numerous techniques 
(both anatomic [13] and nonanatomic [14]) have 
been described to reconstruct the ECU sub-sheath 
with satisfactory results noted. Our preferred 
method is using Burkhart technique, of which it 
uses part of the extensor retinaculum to stabilize 
ECU in the dorsal aspect of the wrist (Fig. 11.8). 
The tension of the repair must be checked by taking 
the wrist in full range of movement, to ensure 
smooth gliding of the newly stabilized tendon. 
Return to play depends on the healing of the sheath.

11.5	 �Triangular Fibrocartilage 
Complex Tear

The true incidence of triangular fibrocartilage 
complex tear in athletes is unknown, as a sig-
nificant percentage of patients are often treated 
as wrist sprain. It can be caused by a single 

Fig. 11.6  Release of ECU compartment (copyright Dr. 
Margaret Fok)

Fig. 11.7  ECU subluxation during forearm supination 
(copyright Dr. Margaret Fok)

Fig. 11.8  ECU sheath reconstruction (copyright Dr. 
Margaret Fok)
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traumatic incident or repetitive throwing 
motion, which involves gripping of the objects 
and moving wrist in ulnar deviation, e.g., ham-
mer throw. It may occur as an isolated tear 
(usually caused by repetitive movement) or it 
may be associated with ECU tendonitis and 
DRUJ instability.

Patients present with ulnar wrist pain espe-
cially in activities that require forceful wrist flex-
ion and rotation. Tenderness is elicited at the 
ulnar styloid, fovea, or distal radioulnar joint 
(DRUJ). DRUJ ballottement test, ulnocarpal 
stress test, and press test are some of the common 
maneuvers to elicit DRUJ joint instability [15]. 
These movements need to be compared with the 
unaffected side to differentiate normal from path-
ological laxity.

Radiographs are used to evaluate ulnar vari-
ance (as positive ulnar variance predisposes ulnar 
impaction syndrome and TFCC degenerative 
tear). MRI or magnetic resonance arthrogram 
(MRA) may be used to determine the status of 
TFCC, with the MRA being more superior in the 
diagnosis but is more uncomfortable investiga-
tion [16].

In acute traumatic event, TFCC tear with or 
without DRUJ dislocation can be treated conser-
vatively with splints. A minimum of 6 weeks of 
immobilization with forearm in supination (a 
position which the ulnar is usually reduced and is 
most stable) is recommended, followed by a 
period of graded strengthening. For subacute or 
chronic cases, rest, activity modification, NSAID, 
and soft splint may be used. Surgical intervention 
is indicated when conservative therapy fails. In 
these incidences, due to the prolonged period of 
rehabilitation, definitive management may be 
deferred until the athlete is out of season.

Wrist arthroscopy is the gold standard in 
evaluating TFCC tear. Central tear of the TFCC 
is debrided, while peripheral tear may be ame-
nable to open or arthroscopic repair. Many 
techniques in TFCC repair have been described 
with satisfactory results [17–19]. Our preferred 
method is the arthroscopic inside out technique 
using meniscal double-barrel cannula and dou-
ble-arm straight needles (Fig. 11.9) [20, 21]. At 
least 6 weeks of immobilization are recom-
mended postoperatively. Rehabilitation starts 

after this period, with the aim to return to sports 
after 3–6 months.

In the presence of positive ulnar variance, con-
comitant ulnar shortening osteotomy should be 
considered. In cases in which TFCC is not repair-
able and DRUJ is unstable, TFCC reconstruction 
with tendon graft should be performed.

11.6	 �Physeal Injury

In skeletally immature athletes, instead of sus-
taining injuries to their tendons around the wrist 
and TFCC, their physis may be more prone to 
injury, which may in turn result in growth arrest. 
De Smet et al. report a case of growth arrest of 
distal radial epiphysis, similar to a Madelung 
deformity, in a 14-year-old Javelin thrower [22]. 
In early cases, radiographs may not reveal the 
growth arrest and MRI and technetium bone scan 
may be needed for diagnosis. Rest is recom-
mended, in order to halt further injury. Return to 
sport should not be allowed until wrist pain has 
resolved and motion has been regained [23]. 
Depending on symptoms, functional status, and 
extent of the physeal involvement and existing 
deformity, surgical intervention may be consid-

Fig. 11.9  TFCC peripheral repair (copyright Dr. 
Margaret Fok)
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ered in order to cease further deformity and to 
correct the existing deformity. Prevention is the 
key. Restrictions on the number of hours of prac-
tice may be needed for young athletes.

11.7	 �Conclusion

Wrist injuries in throwers are not uncommon. 
Majority of these injuries involves soft tissues 
like tendons, tendon sheaths, and fibrocartilage. 
They are often dismissed as nonspecific wrist 
sprain. Delayed presentations are not unusual. 
Athletes and coaches should be alert of the poten-
tial wrist injuries. To seek medical advice in a 
timely manner can achieve good outcomes and 
can minimize downtime from sports.
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Acute and Long-Standing Groin 
Injuries

Per Hölmich and Lasse Ishøi

12.1	 �Introduction

During the last two decades, our understanding 
of groin pain in athletes has evolved substantially. 
The Doha agreement on terminology and defini-
tions of groin pain in athletes was published in 
2015 [1], as an attempt to keep terminology more 
clear to support both clinical and scientific pur-
poses. Based on the agreement, four clinical enti-
ties based on anatomical location of painful 
structures were defined for long-standing groin 
pain in athletes: adductor-related, iliopsoas-
related, inguinal-related, and pubic-related groin 
pain [1]. The definition of these terms also meant 
that the expert group advised against using terms 
such as adductor and iliopsoas tendinitis or tendi-
nopathy, athletic groin pain, athletic pubalgia, 
Gilmore’s groin, osteitis pubis, sportsman’s 
groin, and sportsman’s hernia [1, 2]. For acute 
groin injuries, no agreement on terminology 
exists; however, the abovementioned clinical 
entities can, however, be used to describe most 
acute groin injuries [1] supplemented with imag-
ing findings to describe a more specific injury 
location [3].

Although multidirectional field-based team 
sports such as soccer, football, and ice hockey are 
associated with the highest injury rate of sustain-
ing a groin injury, acute and long-standing groin 
pain is not an uncommon problem in athletics. In 
a descriptive epidemiology study [4], almost 
2000 hip and groin injuries across multiple col-
legiate sports were reported, with most of these 
being adductor- and or hip flexor-related injuries. 
Hip and groin injury rates per 100,000 athlete 
exposures for women’s and men’s outdoor/indoor 
track were an overall of 31–43 injuries, with an 
indication of higher injury rates during competi-
tion compared to practice, especially for men’s 
outdoor track [4]. Noteworthy, the most hip and 
groin injuries in indoor and outdoor track athletes 
are associated with only limited time loss, with 
up to 50% of injuries lasting less than 24 h [4]. 
However, this is a common phenomenon from 
the hip and groin pain literature, as these injuries 
often present with a gradual onset, and thus, 
many athletes continue to be involved in sport 
despite having pain [5]. Although no data exist on 
this in athletics, a similar pattern is expected, and 
the clinician should thus be aware of this, as 
gradual progressive groin pain, despite not being 
associated with time loss in the initial phases, 
may likely evolve into a long-standing condition 
affecting performance and athletic abilities.
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12.2	 �Diagnosis

Athletes presenting with groin pain should fol-
low a standardized sequence including subjective 
history taking, special diagnostic tests, and 
assessment of self-reported and objectively mea-
sured physical function. The clinician must be 
aware that groin pain is the main symptom in 
many diagnoses surrounding the hip and groin 
area, including also intra-articular hip joint con-
ditions. An extensive approach for the hip and 
groin examination is beyond the scope of this 
chapter; however, we advise that the clinician 
always attempts to rule out potential causes of 
groin pain such as intra-articular hip joint pain 
and/or referred lower back pain, prior to examin-
ing for specific muscle–tendon pain, especially 
when diagnosing long-standing groin pain. An 
excellent resource for a structured approach on 
hip joint examination can be found here [6].

12.2.1	 �Subjective History

The subjective history is a very important aspect 
of diagnosing groin pain in athletes, as it will 
typically narrow down the potential diagnoses 
into a few candidates. General questions should 
include type of injury being an acute or gradual 
onset; a direct or indirect trauma; and previous 
treatment and potential improvements or lack 
hereof. If an acute episode was the start of the 
injury, a precise description of the injury mecha-
nism can be very helpful. Was the traumatic inci-
dent of a violent nature involving high forces? Or 
was it a more subtle incident like a stumble, a 
fall, or perhaps a sudden twist or wrong move-
ment? Was any kind of contact involved? Was a 
snap, click, pop, or similar sensation felt or even 
heard? How was the function immediately after? 
Could the activity continue? When was the worst 
pain resolved and when could some activity be 
resumed? Furthermore, specific location of pain 
and pain characteristics may also provide to be 
useful in some cases, although this can some-
times be difficult for the athlete to describe. 
Sensation of deep-seated groin pain, pain mainly 
during excessive hip flexion, and intermittent 

sharp pain may point in the direction of an intra-
articular problem [7], whereas superficial pain 
anterior on the hip and/or pain on the medial 
aspect around the area of the pubic symphyses 
may point toward a muscle–tendon problem. 
Furthermore, although a sensation of hip joint 
clicking and/or catching has traditionally been 
associated with a acetabular labrum tear [8], 
many athletes without labral tears also report 
similar symptoms, and thus, a recent expert group 
found that such symptoms are not specific for 
intra-articular pain [7].

Even though the history and the present symp-
toms in some cases may leave very little doubt on 
the correct diagnosis, a direct examination of the 
hip and groin region and its structures is always 
warranted.

12.3	 �Diagnosis of Long-Standing 
Adductor-Related Groin Pain

The hip adductor muscle group comprises of pec-
tineus, gracilis, adductor brevis, adductor mag-
nus, and adductor longus, with the most frequent 
cause of long-standing adductor-related pain 
involving the adductor longus muscle [9]. 
Athletes with adductor-related groin pain typi-
cally present with pain medially in the groin at 
the proximal tendons and/or in the area around 
the origin of the adductor longus just lateral to 
the pubic symphysis and inferior to the pubic 
crest [10]. The etiology of long-standing 
adductor-related groin pain is currently unknown; 
however, it has been hypothesized that excessive 
repetitive loading of the hip adductors may lead 
to microtrauma at the proximal tendon and inser-
tion point at the pubic bone [11, 12]. This is sup-
ported by the fact that many cases of groin pain in 
indoor and outdoor track athletes have a gradual 
onset [4].

Long-standing adductor-related groin pain 
can be diagnosed as adductor tenderness and pain 
on resisted hip adduction [1]. Additionally, many 
athletes with current and/or previous long-
standing adductor-related groin pain often have 
low hip adduction strength and/or limited range 
of motion in passive abduction and bent knee 
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fallout [13, 14]. In relation to this, deficits in hip 
adduction strength, measured during the long-
lever squeeze test, seem to be associated with 
poorer sports function and higher pain [15].

The examination of adductor tenderness is 
performed with the patient lying supine with the 
hip flexed, abducted, and externally rotated, and 
the knee slightly flexed (Fig. 12.1). In this posi-
tion, the adductor longus tendon can be easily 
palpated, by using the right hand on the right leg 
and vice versa, by following the adductor longus 
tendon with two fingers from the muscle belly to 
the insertion at the pubic bone. The insertion 
area, including the bone, is tested with firm pres-
sure at a radius of about 1 cm. Pain on palpation 
suggests adductor-related groin pain [9, 16]. It is 
important to be aware that many athletes are sore 
on palpation in the area around the pubic bone, 
and thus, palpation should seek to reproduce the 
known pain and always be compared to the other 
side.

Pain on resisted hip adduction can be easily 
tested during the long-lever hip adduction 
squeeze test. The examiner stands at the end of 
the examination table with the lower arms 
between the feet placed just proximal to the 
medial malleolus (Fig. 12.2). By using the length 
of the lower arms between the legs, rather than a 
ball or a fist, the hips are placed in a slightly 
abducted position, which improves the force-
generating capacity of the adductors, hence 
stressing the muscle–tendon unit of the adductors 
the most [17, 18]. The feet should be pointing 

straight up, and the athlete is instructed to squeeze 
both legs together with maximal exertion without 
lifting the legs or pelvis. The test is positive if it 
reproduces known pain from the insertion site of 
the adductor longus where the patient also was 
tender at palpation [9, 16].

12.4	 �Diagnosis of Acute Adductor 
Injuries

Similar to long-standing adductor-related groin 
pain, the adductor longus accounts for the major-
ity of acute groin injuries [3]. The adductor bre-
vis and pectineus are often injured in combination 
with an adductor longus injury, while obturator 
externus, gracilis, and adductor magnus injuries 
are rare causes of acute groin pain [3]. Due to the 
origin of the adductor magnus muscle being 
partly at the ischial tuberosity, acute injuries in 
this muscle can be mistaken for a posterior thigh 
injury.

A recent review [19] identified a single study, 
with the purpose of investigating diagnostic 
accuracy of clinical tests for acute adductor inju-
ries [20]. The diagnosis of an acute adductor 
injury can be made with a clinical examination 
consisting of adductor palpation, adductor 
stretch, and adductor resistance tests [20]. The 
adductor palpation is performed as shown in 
Fig. 12.1; however, also the muscle belly should 
be palpated and the other adductor muscles even 
though they are more rarely injured. Palpation of 

Fig. 12.1  Palpation at the origin of the adductor longus Fig. 12.2  Resisted hip adduction
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the adductors (adductor longus, gracilis, and pec-
tineus) has a high sensitivity of 96% and a low 
specificity of 57% when compared to MRI [20]. 
This generally means that adductor palpation is 
best suitable to rule out an acute adductor injury 
when no pain is present during palpation. Thus, 
the clinician can have great confidence that 
patients with a negative palpation test do not have 
an MRI verifiable acute adductor injury. 
Conversely, there is uncertainty as to whether a 
positive test confirms an acute adductor injury 
[20].

Adductor resistance tests useful for the diag-
nosis are squeeze test with 0° hip flexion as 
shown in Fig. 12.2 and outer range hip adduction, 
and with a sensitivity and specificity of 80% and 
74% and 85% and 74%, respectively. Due to the 
relatively high specificity in both tests, these can 
be used to rule in an acute adductor injury when 
positive. Conversely, there is uncertainty as to 
whether a negative test can be used to rule out an 
acute adductor injury [20].

Passive stretching of the adductors is per-
formed with the athlete lying supine and the 
examiner standing at the edge of the examination 
table facing the athletes. The examiner gently 
moves the affected side in a passive abduction 
with one hand while holding the other leg with 
the other hand. Reproducible pain in the adduc-
tors during stretching indicates a positive test. 
This test has sensitivity and specificity of 61% 
and 80%, respectively, and is thus best at ruling 
in an acute adductor injury when positive [20].

The clinician should be aware that the clinical 
examination does not show perfect agreement 
with imaging findings, and thus if a specific diag-
nosis and/or location is warranted MRI must be 
considered. A detailed MRI study of acute adduc-
tor injuries has shown that there are three charac-
teristic locations of adductor longus injuries: (1) 
the proximal insertion, (2) the musculotendinous 
junction (MTJ) of the proximal tendon, and (3) 
the MTJ of the distal tendon. In the MTJ injuries 
at both the proximal insertion and distal inser-
tion, there is rarely any injury to the tendon struc-
ture itself, whereas at the proximal insertion most 
injuries are complete avulsions [21]. The specific 

injury location seems to have important implica-
tions for the time to return to sport. Thus, injury 
at the bone–tendon junction confirmed with MRI 
seems to result in delayed return to sport [22], 
and also pain when palpating the proximal adduc-
tor longus insertion point suggests that the athlete 
can expect a prolonged return to sport [22, 23].

12.5	 �Diagnosis of Long-Standing 
Iliopsoas-Related Groin Pain

Iliopsoas-related groin pain is the second most 
common source of groin pain in athletes [9]. The 
pain is typically present during activities that 
require a large hip flexor moment such as run-
ning, sprinting, and jumping, and is located pri-
marily in the anterior aspect of the thigh, lateral 
to the adductor-related pain. Iliopsoas-related 
pain is frequently observed in conjunction with 
adductor-related groin pain [24] and is also com-
mon in patients presenting with intra-articular 
hip joint pathology [25].

Long-standing iliopsoas-related pain is diag-
nosed as pain during palpation of the iliopsoas 
muscle belly and/or the iliopsoas tendon [1]. 
Some athletes may have pain during passive 
stretching of the iliopsoas during the Thomas test 
or when tested isometrically with 90° of hip 
flexion.

The iliopsoas palpation is done with the ath-
lete in supine. The iliopsoas is palpable (1) proxi-
mal to the inguinal ligament at the level of the 
ASIS and (2) distal to the inguinal ligament, 
medial to the sartorius muscle, and lateral to the 
femoral artery (Fig. 12.3a, b). Abdominal palpa-
tion is performed with the hands positioned on 
each side of the prominence of the anterior iliac 
spine and then palpating in the area lateral to the 
rectus abdominis using soft gentle fingers. The 
fingers are gently pressed posteriorly while push-
ing the abdominal structures away to reach the 
iliopsoas muscle. The patient is then asked to 
elevate the leg 5 cm, and the psoas can be felt and 
palpated for any pain. The palpation of the distal 
iliopsoas tendon is most easily performed by first 
locating the proximal part of the sartorius muscle 
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just distal to the inguinal ligament, and then 
moved the fingers slightly medially. The patient 
is then asked to elevate the examined leg 5 cm, 
and the finger position is adjusted until the ten-
don is clearly felt under the fingers. The tendon is 
then palpated again for any pain that reproduces 
the known symptoms [9, 16].

12.6	 �Diagnosis of Acute Iliopsoas 
Injuries

Around one third of acute groin injuries affect the 
hip flexor muscles, with the iliopsoas muscles 
being the primary site of injury in about half of 
these [3]. The clinical diagnosis of acute ilio-
psoas injuries can be a challenge as there is often 
widespread pain. As such, specific hip flexor tests 
(palpation, stretch, and resistance tests) are often 
positive without this being confirmed at MRI [3]. 
This results in overall poor accuracy of the clini-
cal examination tests [20], and imaging or a 
delayed clinical examination may therefore be 
helpful. When positive, an MRI can provide 
detailed information on the location and extent of 
the injury, which may be relevant as complete 
tears are possible, although rare [21]. A detailed 
MRI study has shown that the iliacus muscle is 
more frequently injured than the psoas major 
[21]; however, it is still unclear whether this dif-
ferentiation is clinically relevant for diagnosis or 
prognosis.

12.7	 �Diagnosis of Inguinal-
Related Groin Pain

Inguinal-related groin injury is a rare diagnosis in 
the groin region [24], yet if present, the condition 
can be very hard to treat and may require surgery. 
Inguinal-related groin pain is typically character-
ized as pain over the inguinal canal and at the 
pubic tubercle that may radiate to the medial 
groin and the scrotum. The condition is thought 
to result from accumulation of shear forces lead-
ing to lesions of the fascia transversalis and the 
conjoined tendon, or dilatation of the inguinal 
ring. Inguinal-related groin pain is diagnosed as 
tenderness at the insertion of the conjoined ten-
don at the pubic tubercle and pain when palpating 
the inguinal canal through the scrotum with the 
patient standing [1].

12.8	 �Diagnosis of Acute Rectus 
Femoris Injuries

Quadriceps muscle strains, and in particular the 
rectus femoris portion, are a common source of 
complaints in athletics. Injuries in the rectus femo-
ris muscle can be located in the distal and proximal 
muscle–tendon junction, the deep muscle–tendon 
junction at the central and/or indirect part of the 
tendon, and at the proximal muscle origin of the 
direct and indirect tendon. There are wide varia-
tions in the time to return to sport indicating that 

a b

Fig. 12.3  Palpation of the iliopsoas muscle (a) at proximal part through the lower abdominal wall and (b) at the distal 
part just distally to the inguinal ligament and medially to the sartorius muscle

12  Acute and Long-Standing Groin Injuries

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356



118

the injury location may have an impact on the reha-
bilitation period [26]. Athletes with rectus femoris 
injuries located in the deep muscle–tendon junc-
tion appear to experience a significant time of 
absence from sport compared with injuries located 
either in the proximal or distal muscle–tendon 
junction of the rectus femoris or in the vastus late-
ralis [26].

The diagnosis of an acute rectus femoris 
injury can be made through a clinical examina-
tion consisting of rectus femoris palpation and 
resistance testing in an elongated position [20]. 
There is evidence to suggest that a negative pal-
pation test for rectus femoris and a negative 
knee extension test for resistance in a modified 
Thomas Test position have high diagnostic abil-
ity to rule out a positive MRI finding, and these 
tests can thus be used to exclude an acute rectus 
femoris injury. Furthermore, a positive palpa-
tion test for rectus femoris has high diagnostic 
ability to confirm a positive MRI finding, and 
can therefore be used to confirm an acute rectus 
femoris injury [3].

12.9	 �Treatment

Treatment of both long-standing and acute 
groin injuries, and rectus femoris injuries is 
centered around exercise-based treatment to 
improve load-tissue capacity of the involved 
structure/structures while also targeting other 
muscles in the hip and groin area to improve 
overall muscular function and stability of the 
pelvic. As such, a basic understanding of mus-
cular function in relation to different activities 
is an important aspect of the treatment. For 
example, while many track and field activities, 
such as sprint running and various jumping, 
mainly occur in the sagittal plane, the clinician 
must be aware of the hip adductors’ role in 
these movements. Although the primary func-
tion of the hip adductors is to generate hip 
adduction torque, the moment arm of the 
adductor muscles (which changes with hip 
angle) makes them an important synergist to 
hip flexor and extensor muscles. In an extended 
hip position, such as during to-off in sprinting, 

the adductor muscles are important hip flexor 
synergists. Conversely, in a flexed femur posi-
tion, such as during the upward movement 
when jumping, the adductor muscles will have 
a line of force posterior to the rotational center 
and thus contribute to hip extension torque 
with the adductor magnus muscle considered 
as a substantial contributor to an effective hip 
extension movement [27]. Likewise in an 
adducted hip position, the iliopsoas muscle is 
considered not only as a hip flexor muscle, but 
also as an adductor muscle [28].

12.9.1	 �Long-Standing Adductor-
Related Groin Pain

The treatment of athletes with long-standing 
adductor-related groin pain is centered around an 
active exercise approach with the aim to restore 
optimal hip adductor muscle function and 
increase load capacity [29]. There is consistent 
evidence that athletes with long-standing 
adductor-related groin pain typically have 
reduced hip adduction strength [14, 30]. While 
this can easily be measured isometrically using a 
handheld dynamometer, some athletes only dem-
onstrate muscle deficits when measured eccentri-
cally. This is possibly due to the more stressful 
nature of maximal eccentric contractions, and 
thus, a systematic examination of hip adduction 
strength is warranted to get a clear picture of 
injury severity and muscular deficits [30]. Passive 
treatment modalities or wait and see as the sole 
treatment approach does not seem to resolve pain 
effectively [5, 29].

Only few high-quality studies on the treatment 
of long-standing adductor-related pain exist [2], 
with a randomized controlled trial showing exer-
cise therapy to be more effective in comparison 
with passive treatment modalities, such as mas-
sage or laser therapy [29]. Bony morphologies 
such as cam and pincer related to femoroacetabu-
lar impingement syndrome do not seem to pre-
vent a successful treatment outcome at long-term 
follow-up [31]; however, if the athlete does not 
respond adequately on treatment, potential bony 
morphologies should be considered as a contrib-
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uting factor to pain and may as well be a sign of 
intra-articular hip injuries [32] that may need sur-
gical treatment.

The treatment program for adductor-related 
groin pain is structured in two modules, with the 
first module lasting approximately 2 weeks; here, 
the goal is to gradually activate the adductor mus-
cles using isometric and low-load exercises. The 
second module includes more demanding 
exercises targeting both the adductor muscles 
specifically and the stability of the lumbo-pelvic 
region (Table 12.1).

The athlete and clinician should be aware 
that at least 8–12  weeks of focused exercise 
therapy may usually be needed to resolve all 
symptoms and allow full return to previous 
sporting activities [29]. During the treatment 
period, it is important to modify and/or restrict 
some aspect of athletic activity, such as high-
speed running and forceful jumping and landing 
activities as these may expose the hip and groin 
structure to excessive load. Such activities 
should be introduced gradually considering 
both intensity and volume, and the clinician 
should be cautious not to re-integrate maximal 
sprint running and jumping to soon to avoid 
recurrence. After return to athletic activities, 

maintenance and/or further improvement of 
eccentric hip adductor strength should be 
included in the general strength and condition-
ing program. This can be easily done using the 
Copenhagen adduction exercise [33] or hip 
adduction with an elastic band [34]. Both of 
these exercises target the adductor longus mus-
cle [35] and results in substantial strength gains 
following an 8-week period of progressive train-
ing [33, 34].

12.9.2	 �Treatment of Acute Adductor 
Injury

Management of acute groin injuries should fol-
low a progressive exercise approach starting 
with active flexibility, such as dynamic hip 
adduction and abduction leg swings, progress-
ing into low-load resistance training and hip-
load high-speed exercises [23]. Exercises may 
include hip standing adduction and flexion with 
elastic band or cable, combined hip flexion and 
contralateral arm flexion to create a tension arc 
across the core and pelvic area, and the 
Copenhagen adduction exercise [23, 33]. Load 
in exercises should be closely monitored and 
adjusted based on pain; that is, if pain is less 
than 3 out of 10 during a specific exercise, the 
clinician should be considered increasing the 
load and/or number of repetitions [23]. Besides 
specific groin exercises, training of other mus-
cles groups relevant for the athletes, as well as 
progressive running with increasing intensity, 
should be scheduled on alternate days to pre-
pare the athlete to return to sport.

12.9.3	 �Long-Standing and Acute 
Iliopsoas-Related Groin Pain

There is currently no evidence-based treatment of 
long-standing iliopsoas-related groin pain. As 
such, the clinician is recommended to adopt an 
active exercise program focusing on strengthen-
ing the iliopsoas muscle [36]. This can be done 
using a systematic and gradual strengthening 
program with a simple hip flexion exercise using 

Table 12.1  The Hölmich treatment program for long-
standing adductor-related groin pain

Module 1 (first 
2 weeks)

Adductor squeeze (ball between 
feet), 10 × 30 s
Adductor squeeze (ball between 
knees), 10 × 30 s
Abdominal sit-ups (straight and 
oblique), 5 × 10 reps
Folding knife (ball between knees), 
5 × 10 reps
Balance (wobble board), 5 min
One-foot sliding board, 5 × 1 min

Module 2 (from 
third week)

Side-lying hip adduction/
abduction, 5 × 10 reps
Hip extension, 5 × 10 reps
Standing hip adduction/abduction 
(elastic band), 5 × 10 reps
Abdominal sit-ups (straight and 
oblique), 5 × 10 reps
Cross-country skiing, 5 × 10 reps
Sideward motion on “fitter,” 5 min
Balance (wobble board), 5 min
Skating (sliding board), 5 × 1 min
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an elastic band as external resistance [36]. 
Preferable, exercises with the sole aim of target-
ing the iliopsoas muscle should be performed 
through full range of motion and above 90 
degrees of hip flexion to limit the contribution 
from the iliacus muscle and the rectus femoris 
[28, 37]. Running exercises should be planned 
cautiously in the initial treatment phase due to the 
large forces acting across the iliopsoas muscle, 
and it is recommended that the athlete gradually 
build up running volume and speed over a period 
of 8–12 weeks [38].

12.9.4	 �Long-Standing Inguinal-
Related Groin Injury

The management of inguinal-related groin pain 
follows similar principles as for long-standing 
adductor-related groin pain, with an exercise-
based approach superior to passive modalities 
such as massage and laser therapy [39]. The aim 
of the treatment is to strengthen the muscles of 
the inguinal canal, using exercises for the oblique 
abdominals and the rectus abdominis both in the 
outer and inner ranges (Table 12.2). If the exer-

Table 12.2  Treatment program for inguinal-related groin pain [39]

Module 1 (first 
2 weeks)

• � Static adduction against soccer ball placed between feet, 30 s × 10 reps.
• � Static adduction against soccer ball placed between knees, 30 s × 10 reps.
• � Bridging on the floor, 5 × 10 reps.
• � Sitting on ball, positioning knee and hips at 90° with hands on thighs while trying to maintain 

pelvic and trunk stability.
• � Abdominal sit-ups, both in straightforward direction and in oblique direction, 5 × 10 reps.
• Combined abdominal sit-up and hip flexion, starting from supine position and with soccer ball 
placed between knees (folding knife exercise), 5 × 10 reps.
• � Balance training on wobble board, 5 min.

Module 2 
(weeks 2–6)

• � Cardiovascular warm-up: Bike or elliptical.
• � Leg abduction and adduction exercises lying on side, 5 × 10 reps.
• � One-leg weight-pulling abduction/adduction standing, 5 × 10 reps.
• � Abdominal sit-ups, both in straightforward direction and in oblique direction, 5 × 10 reps.
• � Bridging on ball: Place a physioball under legs and apply downward pressure to the ball as the 

legs straighten allowing the pelvis to rise from the surface.
• � Hip conditioning and core stabilization exercises: Sitting on the ball with the opposite upper 

extremity placing opposing pressure on raised knee while the other upper extremity is raised in 
the air for additional stabilizing challenge.

• � Quadriped hip extension with neutral spine, 2 × 15 reps.
• � Quadriped alternating opposite arm and leg extension with neutral spine, 2 × 15 reps.
• � Forward/backward walking lunges with medicine ball lift. 2–3 × 10–15 reps.
• � Single leg balance on 360° balance board with knees and hips flexed.

Module 2 
(weeks 6–8)

• � Cardiovascular warm-up on bike or elliptical with higher speed and resistance.
• � Clam exercise: The patient in side-lying position with the target hip on top in 30° flexion, 

externally rotated and abducted. A resistance band is used to perform isometric contraction, 
5 × 10 reps.

• � Standing adduction with leg pulley: Attach cable to ankle, perform adduction movement standing 
next to machine, 5 × 10 reps.

• � Bridging coupled with lower extremity lift: The patient is on ball, lifts one leg into the air while 
keeping knee extended and trunk stabilized.

• � Front plank: Align shoulders with elbows and lift into forearm plank keeping pelvis in alignment 
and then progress to placing hands aligned with shoulders and fingers pressing into surface 
keeping pelvis aligned with plank position.

• � Side plank: Lying on side, align shoulder, elbow, hips, and ankles and raise up into plank 
position, maintaining alignment.

• � Pelvic stability on unstable surface: The patient sits on an air-filled balance disk, maintains 
balance while lifting one knee toward chest, and then lifts both knees. The same exercise was 
repeated with a ball toss.

• � Forward/backward walking lunges with medicine ball lift, 2–3 × 10–15 reps.
• � Single leg balance on 360° balance board with knees and hips flexed with ball toss.
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cise therapy is not sufficient, surgical treatment 
with various techniques often quite similar to 
those used for regular hernia treatment can be 
used.
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Femoral Neck Stress Fractures 
and Avascular Necrosis 
of the Femoral Head

W. Michael Pullen and Marc Safran

13.1	 �Introduction

Hip pain is a common complaint among training 
athletes. These symptoms may spawn from 
many different causes, ranging from muscular 
strains and tears, anatomic abnormalities such 
as femoroacetabular impingement, and intrinsic 
issues with the bone such as stress fractures or 
avascular necrosis. Though uncommon in the 
track and field athlete, early recognition, diag-
nosis, and treatment of femoral neck stress frac-
tures or avascular necrosis (AVN) are critical to 
reducing significant complications that may be 
the result of the untreated natural history of 

these problems, maximizing patient outcomes 
and increasing the chance that the athlete can 
return to sport. This chapter focuses on the 
pathology, risk factors, evaluation, and manage-
ment of femoral neck stress fractures and avas-
cular necrosis.

13.2	 �Femoral Neck Stress 
Fractures

Femoral neck stress fractures represent an 
uncommon, but potentially devastating injury 
affecting track and field athletes. Left unrecog-
nized and untreated, there is risk of propagation 
to a completed or displaced fracture and 
decreased ability to return to full activity [1]. 
Early recognition and treatment are paramount 
in returning athletes to prior sporting activities, 
with high rates of return to sport associated with 
early treatment [2]. In contrast, delayed diagno-
sis can lead fracture completion, displacement, 
and subsequent increase in the risk of avascular 
necrosis, resulting in a decreased chance of 
return to sport (even without AVN) [1–4]. While 
femoral neck stress fractures are commonly 
studied in the military personnel, an increasing 
body of evidence demonstrates that knowledge 
of this pathologic spectrum is critical to provid-
ers managing athletes [5, 6]. More importantly, 
through increased awareness and identification 
of prodromal symptoms, the incidence of dis-
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placed femoral neck stress fractures can be 
demonstrably decreased [7].

13.2.1	 �Epidemiology and Risk 
Factors

Femoral neck stress fractures account for 3% of 
stress fractures within athletes and account for 
50% of stress fractures within the femur [2]. While 
sports training in general can place an individual at 
risk for a femoral neck stress fracture, endurance 
training, specifically cross country and track ath-
letes, has been shown to be at high risk for devel-
oping stress fractures [8, 9]. An additional 
correlative risk factor for femoral neck stress frac-
ture is poor baseline physical fitness level [3, 10]. 
While this may not seem to apply directly to a con-
ditioned athlete, an alteration in intensity or dura-
tion of training, such as increasing mileage or 
transition from off-season to in-season, can place 
an athlete at increased risk [6, 8]. Additionally, 
change in training surface, from trail running or 
composite track to concrete surfaces, may also 
increase the risk of stress fractures.

There are anatomical considerations that may 
place an athlete at increased risk for development 
of femoral neck stress fractures. Acetabular 
abnormalities have been associated with femoral 
neck stress fractures, with studies finding higher 
rates of acetabular retroversion and coxa pro-
funda in femoral neck stress fracture patients 
when compared with normal controls [11, 12]. It 
has been proposed these acetabular variations 
create a levering or fulcrum effect, which, espe-
cially when combined with hip abductor weak-
ness or fatigue, can increase the mechanical 
stresses seen at the femoral neck [12]. The impact 
of femoral head–neck junction abnormalities, or 
CAM deformities, is unclear, with mixed results 
reported within the literature regarding risk and 
association with femoral neck stress fractures 
[11–13].

Female athletes are disproportionally at risk 
for femoral neck stress fractures, with studies 
demonstrating a 4–10 times increased risk in 
female athlete when contrasted to their same 
sport male counterparts [8, 14–16]. Specifically, 

female athletes are subject to increased risk due 
to higher association with relative energy defi-
ciency in sports (RED-S), formally referred to as 
the female athlete triad [14, 17]. Commonly seen 
in endurance athletes and runners, this low-
energy availability (LEA) state results in impaired 
physiologic function, leading to impaired meta-
bolic rate, menstrual function, bone health, 
immunity, protein synthesis, and cardiovascular 
health [17]. Specifically, studies of female endur-
ance athletes with clinical evidence of LEA have 
demonstrated abnormal bone remodeling poten-
tial, decreased bone mineral density, and 
increased risk for stress fractures compared with 
controls [14, 17, 18]. Men are also susceptible to 
RED-S, and those that have it are at increased 
risk for developing femoral neck stress injuries as 
well.

13.2.2	 �Pathogenesis

Femoral neck stress fractures occur as a result of 
high-frequency repetitive sub-maximal loads 
applied to the femoral neck [4, 7, 16, 19]. The 
femoral neck region is particularly susceptible as 
it is a region of high stress during activity. In fact, 
stresses of up to 3–5 times body weight can be 
seen across the femoral neck with activities such 
as jogging [2, 20]. These increased stresses are 
often the result of an increase in training regimen 
in terms of duration or intensity outside of the 
patient’s normal activity. Most commonly, these 
are seen as compressive forces across the neck on 
the inferior, or compressive portion of the neck 
[2, 16, 20]. Less commonly, tension or distraction 
forces can be seen on the superior portion of the 
neck. These less common tension sided fractures 
have been proposed to occur secondary to gluteus 
medius and minimus weakness or fatigue result-
ing in an inability to counterbalance the superi-
orly directed forces [2, 16, 20]. When these 
mechanical forces, either compression or tension, 
occur in the absence of rest, it can exceed the 
bone inherent metabolic repair rate, thus result-
ing in a stress reaction within the bone as it tries 
to repair [14]. If the stresses are allowed to con-
tinue, the rebuilding process is unable to outpace 
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osteoclast activity, ultimately resulting in a frac-
ture line within the femoral neck. This line can 
then propagate to the full length of the neck 
ultimately resulting in a completed, and poten-
tially displaced, femoral neck fracture [2, 7, 16]. 
As such, the majority of these fractures can be 
classified as fatigue fracture, as the normal bone 
is experiencing an abnormal stress which it is 
unable to overcome. The exception to this is ath-
letes with RED-S, which can be considered a 
combination of a fatigue fracture and, to varying 
degrees, an insufficiency fracture [14].

13.2.3	 �Classification

Multiple classification systems have been devel-
oped and modified since the 1960s (Table 13.1). 
Devas published some of the earliest work, utiliz-
ing plain radiographs to classifying fractures as 
either compression type, which he deemed 
required no treatment, and transverse type (dis-
traction type), which required treatment to pre-
vent the increased risk of fracture completion 
[21]. Blickenstaff and Morris utilized radio-
graphs to classify patients as those with endosteal 
or periosteal callus without fracture line (type 1), 
a non-displaced fracture line (type 2), or a dis-
placed fracture (type 3) [19]. Modifying the 
aforementioned work, Fullerton and Snowdy 
incorporated bone scintigraphy for earlier detec-
tion and created a three-type classification sys-
tem—compression, tension, and displaced [22]. 
Shin and Gillingham used MRI for the detection 
and classification of femoral neck fractures and 
subdivided compression injuries to those with a 
fracture line less than 50% of the neck width and 

those with fracture line greater than 50% neck 
width to the above classifications [16].

MRI classifications have also been developed 
to further subclassify fracture patterns in an 
attempt to predict for return to sport and help 
guide treatment recommendations [3, 23, 24]. 
Grade 1 injuries consist of MRI signal changes 
present only on short tau inversion recovery 
(STIR) imaging. Grade 2 injuries include STIR 
findings and T2 changes in MRI. Grade 3 injuries 
demonstrate signal changes in STIR, T2, and T1, 
but without a definitive fracture line. Grade 4 
injuries demonstrate changes in T1 and T2 with 
the presence of a fracture line. Rohena-Quinquilla 
and colleagues looked at femoral neck stress 
fractures suggesting a division into low grade, 
consisting of marrow edema only, and high grade, 
consisting of a macroscopic fracture line on 
imaging [3]. They subdivided high grade into 
those with a fracture line, which is less than 50% 
or greater than 50%, recommending surgical sta-
bilization for those greater than 50%.

13.2.4	 �Clinical Evaluation

Athletes with femoral neck stress fractures will 
often present with vague, insidious hip pain, 
which is worse with activities or training, and 
will decrease with rest [2, 3, 6, 16, 22]. The loca-
tion of pain may vary to include the anterior hip, 
proximal thigh, or groin. Additionally, patients 
often report increased pain with extremes of 
range of motion [2, 6, 22]. Regional tenderness 
can be a nonspecific and misleading finding when 
coupled with a low level of suspicion, as this can 
be misconstrued as a muscular or soft tissue 

Table 13.1  Classification systems for femoral neck stress fractures

Devas [21] Blickenstaff and Morris [19]
Fullerton and 
Snowdy [22]

Shin and 
Gillingham [16]

Imaging 
modality

Plan 
radiographs

Plain radiographs Plain radiographs
Bone scintigraphy

Plain radiographs
MRI

Classification Compression Type 1—Endosteal and/or periosteal 
callus, no fracture

Compression side Compression <50%

Transverse Type 2—Fracture without 
displacement

Tension side Compression >50%

Type 3—Fracture with displacement Displaced fracture Tension
Displaced fracture
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injury [25]. With a high level of suspicion, 
athletes at risk for femoral neck stress fractures 
should undergo diagnostic work-up.

Plain radiographs are often utilized as initial 
screening tool for patients with insidious groin 
pain. These initial imaging studies should include 
both an anteroposterior view of the pelvis and a 
lateral view of the proximal femur [16, 19, 20, 
22]. If present, plain radiographs can demon-

strate periosteal or endosteal callus formation, 
linear sclerotic changes along the femoral neck 
(Fig.  13.1), and/or a fracture line [3, 26]. Plain 
radiographs, however, may remain normal for 
several weeks after start of symptoms and have 
been found to be negative up to two-thirds of the 
time [2]. As track athletes are often at higher risk 
for femoral neck stress fractures, further diagnos-
tic work-up is required to ensure the diagnosis is 
not missed.

Bone scintigraphy has been used to aid in the 
identification of femoral neck stress fractures in 
the setting of benign radiographs [22]. While its 
use has decreased due to the ease, specificity, and 
accuracy of MRI, it can be utilized in institutions 
where MRI is not available or in cases where 
there are multiple body locations with suspicion 
for stress injuries [22, 26]. Findings on bone scin-
tigraphy include increased uptake at the femoral 
neck (Fig. 13.2). While it boasts a sensitivity of 
92% or greater, it is less specific and has a false-
positive rate as high as 32% [26, 27]. Coupling 
this with the required radiation exposure, bone 
scintigraphy has been supplanted by MRI in most 
situations.

MRI has become the gold standard imaging 
modality in the diagnostic work-up of femoral 
neck stress fractures [3, 16, 23, 24, 26, 28]. MRI 
has been shown to have up to a 100% specificity, 
sensitivity, and accuracy for the diagnosis of fem-
oral neck stress fracture [26, 27]. Moreover, rapid 
MRI sequences have been developed to include a 
coronal fast spin-echo T1 sequence and coronal 
STIR sequence to decrease imaging time without 
compromise of fracture detection [27]. Typical 
findings include diffuse hypo-intense signal on 
T1-weighted imaging and correlative hyperin-
tense signal on T2-weighted or STIR sequencing 
(Fig. 13.3).

13.2.5	 �Nonoperative Management

Nonoperative management is relegated for cases, 
which are deemed low risk for progression or 
completion. These typically consist of patients 
with compression sided (medial neck) lesions 
with MRI stress reaction only (Fig. 13.4) or MRI 

Fig. 13.1  Anteroposterior pelvis radiograph demonstrat-
ing left-sided femoral neck fracture. There is sclerosis 
along the compressive portion of the left femoral neck 
which is not the full width of the femoral neck

Fig. 13.2  Bone scintigraphy of a patient with bilateral 
hip pain which identifies bilaterally increased uptake at 
the femoral neck, greater on the left than the right, consis-
tent with bilateral femoral neck stress fractures
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demonstrated fracture line of less than 50% width 
of the femoral neck. This typically involves treat-
ment with limited weight-bearing until dissipa-
tion of symptoms followed by activity restriction 
[2, 6, 16]. Though a typical time frame is 
6–8 weeks, some studies have demonstrated up to 
14 weeks of treatment may be necessary [2, 22, 
29]. Moreover, it is imperative that these patients 
be followed by clinically and with possible repeat 
imaging as those with fracture lines are at risk for 
progression [28]. Should the patient have pro-
gression, then consideration would be given to a 
repeat weight-bearing restrictions or surgical sta-
bilization [2, 28].

Nutritional and biochemical evaluation should 
also be considered to aid in further understanding 
the etiology and to potentially prevent recurrent 
stress fractures [17, 30]. Nutritional evaluation 
should be performed to ensure adequate energy 
and micronutrient availability [30]. Importantly, 
this assessment needs to account for both short- 
and long-term dietary needs and should account 
not only for an athlete’s lean body mass, but also 
for a relative high exercise energy expenditure 
[30, 31]. Laboratory evaluation may be beneficial 
to identify markers of bone turnover, endocrine 
abnormalities, or micronutrient deficiencies, 

which can predispose continued risk. Of particu-
lar importance is evaluation for vitamin D defi-
ciency, as low circulating levels of vitamin D 
have been associated with increased risk of stress 
fractures in runners [30–33]. Moreover, micronu-
trient supplementation with calcium and vitamin 
D has demonstrated benefit in athletes, with stud-
ies demonstrating decreased stress fracture inci-
dence and reduced bone turnover markers [32, 
33]. These supplements serve to aid in bone 
health through directly supporting bone mineral-
ization and indirectly through suppression of 
parathyroid hormone axis activity [32, 33]. 
Finally, consultation with a bone endocrinologist 
should be performed in patients with recurrence 
or multiple stress fractures.

Biomechanical assessment can also be consid-
ered in the track and field athlete. This includes 
assessment for leg length inequality and other 
bony predisposition for stress fractures [5, 12, 
13]. Gait and/or running analysis can be per-
formed to identify asymmetry, muscular imbal-
ance, and/or muscle weakness, which can 
potentially be addressed with physical therapy, 
selective strengthening, or gait retraining [5, 34]. 
Specific to the femoral neck, this may include a 

Fig. 13.3  Coronal T1 and STIR sequences which dem-
onstrate characteristic findings of a femoral neck stress 
fracture. Hypo-intense signal is seen on T1 with the pres-

ence of a compression sided fracture line. Correlative 
hyperintense signal is seen on the STIR sequence
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core and peritrochanteric hip strengthening regi-
ment with a focus on gluteal strength [6].

13.2.6	 �Operative Management

Operative intervention is indicated for patients 
with an incomplete fracture line of >50% of the 
femoral neck width, complete compression sided 
fractures, all tension sided injuries, and displaced 
femoral neck fractures [2, 3, 6, 10, 16, 20, 22, 
28]. For non-displaced compression sided frac-
tures, most support the use of multiple cannu-
lated compression screws, most often placed in 
an inverted triangle configuration as seen in 
Fig. 13.5 [1, 2, 4, 16]. There is debate within the 
literature as to the proper treatment for tension 
sided fractures, as the more vertical nature of the 
fracture may require more robust fixation. As 
such, consideration should be given to dynamic 
hip screw fixation for patients with tension sided 
fractures [2, 7, 35, 36].

Displaced fractures should be managed with 
anatomic reduction and fixation. Both multiple 
cannulated screws and dynamic hip screws have 
been described in the management of displaced 

fractures [2, 3, 7, 22, 35, 36]. Controversy exists 
as to whether an open reduction is necessary; 
however, fractures treated with closed reductions 
have been associated with higher rates of avascu-
lar necrosis [37].

Following operative fixation, patients are typi-
cally treated with limited weight-bearing for 6 to 
12 weeks after which the patients progressed as 
tolerated. Full return to sport can often be 
achieved by 6 months, though there are reports of 
more prolonged postoperative courses [1, 2, 10, 
23, 37].

13.2.7	 �Outcomes and Complications

Functional outcomes following femoral neck 
stress fractures in athletes are primarily relegated 
to case reports and small case series. Overall, 
return to previous level of function has been 
shown to be greater in those patients who have 
non-displaced fractures when compared with dis-
placed fractures, further demonstrating the 
importance of early recognition and treatment [1, 
10, 37, 38]. Ramey and colleagues reported out-
comes from nonoperatively treated fractures in 
27 patients. They showed an average return to 
running of 14.1 weeks and found increased MRI 
grading was associated with prolonged return to 
running time [23]. In a cohort of 23 athletes, 
Johansson et  al. showed a 40% return to prior 
level of sport in displaced fractures and a 62% 
return with non-displaced fractures [39]. In the 
military population, studies have demonstrated 
approximately 50% return to previously level of 
duty, independent of self-reported post-injury 
pain scores [1, 10]. Recently, there have been 
multiple case reports, which, when aggregated, 
show a combined return rate of 9/11 for non-
displaced nonsurgically managed fractures, 3/3 
for surgically treated non-displaced fractures, 
and 11/11 for surgically treated displaced frac-
tures [2].

Complications following femoral neck stress 
fractures are often dependent on nature and treat-
ment of the fracture. For non-displaced, nonop-
eratively managed fractures, complications 
typically consist of progression or re-fracture 

Fig. 13.4  Left hip STIR sequence which demonstrates 
stress reaction without fracture line on the compression 
portion of the femoral neck. This was successfully treated 
with conservative treatment with an ultimate return to 
sport
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[10, 16, 28, 40]. Complications following surgi-
cal management include avascular necrosis, non-
union, delayed union, malunion, fixation failure, 
and osteoarthritis [1, 2, 6, 7, 16, 19–22, 36–40].

13.3	 �Avascular Necrosis 
of the Femoral Head

Avascular necrosis, or osteonecrosis, is another 
cause of insidious hip pain, which can present in 
the athlete. It most commonly presents within the 
third to fifth decades of life and can remain 
asymptomatic in early stages [41]. There has not 
been a clearly defined etiology, however, pro-
posed risk factors include trauma (to include 
femoral neck fractures and hip dislocations), cor-
ticosteroid use, alcohol consumption, blood dis-
orders (including sickle cell), autoimmune 
disorders, and lysosomal storage disorders [41, 
42]. These mechanisms can contribute to femoral 
head necrosis by way of ischemia, vascular dis-
ruption, occlusion, or constriction [41, 42]. 
Athletes would be at particular risk from trauma-
related causes, to include displaced femoral neck 
fracture, with avascular necrosis rates up to 50%, 
and hip dislocation, with rates up to 25% [1, 2, 7, 
29, 36, 37, 41]. While non-displaced traumatic 

hip fractures are at risk for avascular necrosis, 
non-displaced femoral neck stress fractures are at 
very low risk for avascular necrosis [2, 16].

13.3.1	 �Clinical Evaluation 
and Classification

Avascular necrosis may be asymptomatic in its 
early stages. Once symptoms develop, they typi-
cally consist of deep groin pain, but may also 
include back, buttock, or knee pain [41]. A high 
index of suspicion is key, as symptoms are often 
vague and early diagnosis is beneficial for long-
term outcomes. Initial evaluation is performed 
with plain radiographs; however, much like fem-
oral neck stress fractures, these may be negative 
in early cases [41, 43]. If there is concern due to 
persistent symptoms, advanced imaging is rec-
ommended with MRI. MRI is the primary diag-
nostic tool utilized both in early diseases where 
radiographs are normal, but also serves utility in 
later stage disease to identify the extent of the 
involvement [41, 43]. Importantly, in atraumatic 
cases the contralateral hip should be evaluated as 
bilateral disease can occur in up to 75% of cases 
[44]. MRI typically demonstrates subcortical 
changes to include hypo-intense T1 signal and 

Fig. 13.5  Anteroposterior and lateral view of a right hip stress fracture treated with three partially threaded cannulated 
screws in an inverted triangle formation
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hyperintense T2 signal (Fig. 13.6). There may be 
associated bone marrow edema and/or joint effu-
sions [45].

Multiple staging systems have been developed 
in an attempt to create a common language and to 
guide treatment. The most commonly cited clas-
sification system is that from Ficat and Arlet 
(Table 13.2). It has since been modified to include 
MRI, and other classification systems have 
emerged to address size, location, and articular 
involvement [46]. All of the systems have limita-
tions with no one classification system being 
used alone to guide treatment [43]. As such, four 
factors are often considered when guiding treat-
ment—pre-collapse vs post-collapse, lesion size, 
amount of depression, and acetabular involve-
ment or osteoarthritis [43, 47].

13.3.2	 �Nonoperative Treatment

There is a limited role for nonsurgical treatment 
for symptomatic osteonecrosis. For asymptom-
atic lesions, most commonly identified as inci-
dental findings on imaging, approximately 60% 
of cases will progress to become symptomatic 

[41, 43, 46, 48]. Size of the lesion is a predictor 
for progression to a symptomatic lesion, with 
lesions <30% of the femoral head progressing in 
5% of cases, whereas large lesions of >50% of 
the head progress in 83% of cases [48]. As such, 
initial observation and monitoring may be appro-
priate for small asymptomatic lesions, however, 
should be accompanied by appropriate counsel-
ing based on the extent of the lesion.

Pharmacologic treatments and biophysical 
modalities have been trialed, to include antico-
agulants, lipid-lowering medications, vasodila-
tors, bisphosphonates, extracorporeal shock 
waves, and electromagnetic fields [41, 43, 45]. 
These treatments, however, are mainly experi-
mental with short-term or inconclusive results 
[45]. Moreover, it is established that those 
patients with early-stage disease fair better with 
surgical management and head preservation than 
those with advanced-stage disease [41, 44–46, 
48, 49]. At this time, there is poor evidence to 
support that nonoperative treatment will prevent 
disease progression once symptomatic [49]. As 
such, the current recommendations would sup-
port early surgical intervention for patients with 
early, symptomatic disease.

Fig. 13.6  Axial T2 and coronal fat saturated images which demonstrate bilateral avascular necrosis, with the left side 
being more advanced and more symptomatic than the right side
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13.3.3	 �Operative Treatment

Surgical management can be broadly classified 
into femoral head preserving procedures and 
arthroplasty. Femoral head preserving proce-
dures typically include core decompression, non-
vascularized or vascularized bone grafting, and 
rotational osteotomies [41, 43, 50]. These tech-
niques are typically implored in lesions, which 
are pre-collapse lesions [41, 44, 51]. Patients 
who fail these techniques, or more advanced 
cases with collapse or acetabular changes, are 
managed with hip arthroplasty [43].

Core decompression has been widely cited as 
a treatment for pre-collapse lesions [44]. 
Multiple techniques have been utilized to 
include both small-caliber drilling and large-
caliber drilling [41]. Utilizing modern tech-
niques, 70% of patients do not require additional 
procedures, with radiographic success occurring 
in 63% of patients. [52]. Not surprisingly, core 
decompression is more successful in small, 
early-stage lesions [52]. Core decompression 
has more recently been augmented with the use 
of nonvascularized graft, stem cells, and other 
biologic adjuncts, which have shown promise in 
increasing the effectiveness of these techniques 
[45, 50, 52].

Vascularized bone grafts and proximal osteot-
omies are less commonly applied techniques, 
which have demonstrated success. Vascularized 
bone grafts serve to provide both structural sup-
port to the subchondral bone and aid in revascu-
larization of the necrotic segment [45, 50, 53]. 
Success rates have been reported as high as 88% 
in pre-collapse lesions (stages 1 and 2) and 78% 
in post-collapse lesions [54]. Moreover, return to 

athletic activity has been reported as high as 75% 
after postoperative recovery [55]. It is a techni-
cally complex operation, with higher volume 
centers reporting a 16.9% overall complication 
rate, with 4.3% being major complications [44, 
56]. An underreported complication is donor site 
morbidity, and return to high-level sporting activ-
ities is not reported.

Rotational osteotomies have been utilized 
with success in Japan; however, these results with 
this technically difficult procedure have not been 
replicated in Europe and the USA [44]. Angular 
osteotomies have reported success rates as high 
as 72–87%, but complications are common and 
most results are relegated to small, single-surgeon 
case series [44, 57]. Given these results, these 
procedures are reasonable when performed in 
pre-collapse lesions by a surgeon experienced 
with the procedure [41, 44, 53, 54, 56, 57].

In lesions that have failed joint preserving 
techniques or have progressed to later stages to 
include collapse, treatment is typically relegated 
to total hip arthroplasty or resurfacing, depending 
on the quality of the residual bone [41]. Certainly, 
most surgeons do not recommend return to 
impact sports activities, like track, after total joint 
arthroplasty, or resurfacing.

13.4	 �Summary

Femoral neck stress fractures and avascular 
necrosis of the femoral head are uncommon 
causes of hip pain in the athlete. A high index of 
suspicion is needed in the diagnosis as symptoms 
are often vague and initial radiographs may fail 
to demonstrate the pathology. Early recognition 
and treatment are critical to improve functional 
outcomes and decrease short- and long-term 
complications.
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Femoroacetabular Impingement 
Syndrome and Labral Injuries

Rintje Agricola, Michiel van Buuren, 
and Pim van Klij

14.1	 �Introduction

Over the past two decades, the hip joint has been 
increasingly recognised as a cause of pain in ath-
letes. Although the concept of femoroacetabular 
impingement (FAI) has been described in older 
literature, it was first popularised by Ganz et al. 
in 2003 [1]. Based on their clinical observations 
with open dislocations of the hip, they described 
two types of FAI, matching the acetabular chon-
drolabral damage pattern and osseous morphol-
ogy [2]. A typical pattern of chondral and labral 
damage at the anterosuperior acetabular portion 
was often observed together with an aspherical 

femoral head; this was referred to as cam-type 
impingement. A more circumferential acetabular 
damage pattern was observed together with a 
deep acetabular socket, acetabular retroversion or 
an overcoverage of the acetabulum; this was 
referred to as pincer-type impingement. Ganz 
et  al. proposed a motion-dependent mechanism 
in which the osseous morphology creates intra-
articular soft tissue injury by an abnormal contact 
between the proximal femur and acetabulum dur-
ing certain movements of the hip. This is differ-
ent from the pathomechanism of acetabular 
dysplasia—another cause of chondrolabral dam-
age—in which a more static axial loading of the 
hip is thought to create the damage.

The motion-dependent aspect of FAI is an 
important reason that FAI was suddenly increas-
ingly recognised as a cause of hip-related pain in 
athletes. Especially, athletes practising high-
impact sports and sports where a large range of 
hip motion is required are probably at risk of 
developing FAI. By the advances of hip arthros-
copy and hip joint imaging such as magnetic 
resonance imaging (MRI), a better understanding 
and definition of FAI have now been established. 
However, the exact mechanism of FAI is still not 
fully unravelled.

In 2016, an international multidisciplinary 
group published a consensus statement on FAI 
syndrome [3]. This consensus statement pro-
posed to use uniform terminology when refer-
ring to the bony characteristics underlying FAI, 
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namely ‘cam morphology’ in case of an aspher-
ical femoral head and ‘pincer morphology’ in 
case of acetabular overcoverage. These defini-
tions were agreed upon, rather than previously 
used terminology such as ‘cam deformity’, 
‘cam abnormality’ or ‘asymptomatic FAI’. It is 
important to realise that these types of bony 
morphology are frequently found—especially 
in athletes—and do not necessarily lead to FAI 
syndrome and/or pathology. That is also the 
reason that the term ‘FAI syndrome’ was agreed 
upon rather than ‘FAI’, as FAI syndrome 
reflects a triad of symptoms, positive clinical 
signs and imaging findings of cam and/or pin-
cer morphology.

In the past decade, the clinical and scientific 
interest in FAI syndrome and labral injuries has 
significantly increased. The aetiology, clinical 
presentation, treatment and prognosis have 
been studied in more detail, and high-quality 
studies, including large prospective cohorts and 
randomised controlled trials, have been pub-
lished or are underway. A large portion of 
recent literature has been focusing on athletes, 
including track and field athletes, as FAI syn-
drome and labral injuries are often seen in this 
population.

14.2	 �Aetiology

14.2.1	 �Femoroacetabular 
Impingement Syndrome

The aetiology of FAI syndrome is complex, as it 
is a motion-related disorder and therefore diffi-
cult to quantify on static imaging. The theoretical 
concept of FAI syndrome is that either cam or 
pincer morphology creates a premature abutment 
during hip motion and thereby damage to the 
labrum and cartilage (Fig. 14.1). This mechanism 
can be reproduced during surgery and the loca-
tion of the cam morphology corresponds with the 
site of acetabular cartilage damage [2, 4]. 
However, cam and pincer morphology are preva-
lent in up to 80% of the athletic population [5, 6], 

but the majority will not develop FAI syndrome 
[7, 8]. It is important to realise that other ana-
tomical factors such as femoral and acetabular 
version and orientation are also important to con-
sider in the mechanism of FAI syndrome. 
However, the reason why some athletes will 
develop FAI syndrome while others with similar 
bony morphology and similar exposure to ath-
letic activities will not develop FAI syndrome 
remains unclear. Although the mechanism of FAI 
syndrome is still a topic of research, there is evi-
dence on the aetiology of the underlying bony 
morphology, particularly on that of cam 
morphology.

14.2.2	 �Cam Morphology

The most important cause of cam morphology 
development is loading of the hip joint during 
growth [6, 9–11]. This can result in shear stresses 
on the anterolateral side of the head–neck junc-
tion of the femur, which can cause extra bone for-
mation in that area [8]. Finite element analysis 
suggests that specific repetitive movements, such 
as deep hip flexion and external rotation, might be 
the trigger for extra bone formation on the antero-
lateral head–neck junction [12]. Also, several 

Fig. 14.1  The mechanism of FAI syndrome. A hurdler 
with cam morphology of the left hip experiencing 
impingement during hip motion is shown
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other aspects of bony hip morphology are associ-
ated with cam morphology, such as a varus posi-
tion and an extended proximal femoral growth 
plate orientation towards the femoral neck. 
Changes in hip morphology mostly occur during 
adolescence as the first femoral chondral changes 
in athletes can be observed from the age of 
10 years [9] and the first bony changes from an 
age of 12 to 14 years [10, 11]. A prospective study 
with 5-year follow-up showed that cam morphol-
ogy gradually arises during growth and did not 
change after proximal femoral growth plate clo-
sure [6]. The prevalence of cam morphology var-
ies widely over several populations. It is more 
frequently observed in males [13–16] and in pro-
fessional athletes [17]. Specific for track and field 
athletes, a cam morphology prevalence of 27–34% 
is observed [18, 19]. Current literature is highly 
supportive of the fact that physical activity during 
adolescence is the main risk factor for developing 
cam morphology. However, it is likely that other 
factors might also play a role, such as metabolic 
factors (growth hormones) and genetic back-
ground. To date, only indirect evidence for genetic 
involvement in cam morphology development has 
been found [20, 21].

14.2.3	 �Pincer Morphology

Less is known about the aetiology of pincer mor-
phology and parameters related to its develop-
ment. Pincer morphology can theoretically result 
in impingement between the femoral head–neck 
junction and the acetabular rim during flexion of 
the hip. The prevalence of pincer morphology has 
a very wide spread, which is partly due to the cur-
rent heterogeneous definition of pincer morphol-
ogy. Most probably, there is no difference in 
pincer morphology prevalence between gender 
[22, 23] and ethnicity [20, 24]. A prevalence in 
athletes of around 50% is presented in two sys-
tematic reviews, which might be even higher in 
the general population [25, 26]. Participation in 
track and field is not associated with an increased 
pincer morphology prevalence [18, 19], while in 

other sports the reported prevalence is highly 
variable [14, 20, 27–29].

14.2.4	 �Labral Tears

FAI syndrome can cause increased shear forces 
on several soft tissues, such as the labrum. As the 
labrum is a fibrocartilaginous rim, which can 
increase the depth of the acetabulum and stabilise 
the hip, labral damage can have consequences for 
hip joint function. Labral tears are most often 
observed on the anterior side, as this is the usual 
location where the abnormal contact occurs [30, 
31]. In high-level running, labral damage is prob-
ably caused by traumatic twisting or by overuse/
repetitive impingement. The prevalence of labral 
tears in athletes is high. It might be equally preva-
lent for males and females and independent of 
symptomatology. A labral tear prevalence of up 
to around 70% is reported [32–35]. Specific for 
track and field athletes, only one study, with a 
limited amount of participants, reported a per hip 
prevalence of labral tears of 4.5% in asymptom-
atic athletes [19].

14.3	 �Diagnosis

When an athlete presents with pain in the groin 
area, the differential diagnosis can be broad. The 
groin area contains not only the hip joint, but also 
many muscles and connective tissues. This makes 
a diagnosis often challenging. The ‘Doha agree-
ment meeting on terminology and definitions in 
groin pain in athletes’ has shed some light on this 
complex problem in 2015 [36]. The consensus 
group has distinguished three categories of groin 
pain: defined clinical entities for groin pain, hip-
related groin pain, and other conditions causing 
groin pain. Clinical entities for groin pain com-
prise adductor-related, iliopsoas-related, 
inguinal-related and pubic-related groin pain. 
There are numerous examples of other causes in 
the third category. In this chapter, we focus on 
hip-related groin pain, specifically FAI syndrome 
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and labral tears, while some other causes of groin 
pain are described in Chaps. 12, 13 and 15. The 
Doha agreement has acknowledged that hip-
related groin pain may be hard to distinguish 
from the other causes of groin pain, because 
symptoms may overlap, and because most clini-
cal tests and signs are more sensitive than spe-
cific. This makes them more useful for ruling out 
certain hip-related pathologies than to diagnose 
them [36]. The Doha agreement did not aim to 
further classify the possible causes of hip-related 
groin pain. On the other hand, the Warwick 
agreement on FAI syndrome [3] has further elab-
orated on the terminology, diagnosis and treat-
ment options for FAI syndrome; the Zurich 
agreement [37] has elaborated on the definition 
and diagnostic criteria of hip-related pain.

14.3.1	 �Medical History

The primary complaint of an athlete with FAI 
syndrome is usually hip-related pain, aggravated 
with hip motion [3]. The presentation of this 
pain may vastly differ between athletes though. 
Most patients refer to the groin area, but pain 
may also be felt at the greater trochanter, in the 
lower back, buttock or posterior thigh, or in the 
anterior thigh, all the way to the knee. The pain 
in FAI syndrome is typically motion-related or 
position-related [38]. Various track and field 
activities may therefore trigger this pain, from 
vigorous activity within normal range of motion 
(ROM), to movements with supraphysiological 
ROM.  Examples of both could be the starting 
position of a sprint, the hurdling motion and var-
ious jumps including long, high and triple jumps 
(Fig. 14.1). Note that most of these movements 
require extreme flexion in the hip, sometimes 
combined with internal or external rotation. 
These are particularly ‘at risk’ types of motions 
as cam morphology is mostly located in the 
anterolateral head–neck junction. The character-
istics of the pain are often described as sharp or 
aching, with an insidious onset in two thirds of 
patients. Mechanical features can also be present 
in two thirds of patients, varying from popping, 

snapping, catching and locking, to giving way 
[38]. Symptoms in patients with a labral tear can 
be exactly the same as those in FAI syndrome, 
with an insidious onset in two thirds of patients, 
a sharp or dull pain in most cases, and activity-
related pain in almost all patients. Mechanical 
features may only be present in half of the 
patients though, slightly less than in FAI syn-
drome patients [39]. This makes differentiation 
between the two almost impossible from history 
alone. In FAI syndrome patients, there may also 
be gender-specific differences in symptomatol-
ogy, with females having more symptoms with 
milder morphological features [23].

Besides the present complaint, the past medi-
cal history can also be helpful. Sports practised 
during childhood and adolescence are worth not-
ing, especially sports that mechanically load the 
hip joint, like some track and field sports, running, 
football and basketball. High-impact loading of 
the hip has been connected to the development of 
cam morphology in adolescents who have prac-
tised these sports [6, 9–11]. History of trauma, 
childhood hip disease or previous surgery should 
also be noted, as well as risk factors for other 
causes of groin pain such as osteonecrosis, osteo-
penia, osteoporosis or stress fractures [40].

14.3.2	 �Clinical Signs

Physical examination is usually an important first 
step in the diagnosis of orthopaedic pathology. 
However, there used to be little consensus about 
its value in diagnosing hip-related groin pain. 
The International Hip-related Pain Research 
Network (IHiPRN) has recently made consensus 
recommendations on the classification, definition 
and diagnostic criteria of hip-related pain [37]. 
Physical examination alone is of limited value; a 
comprehensive examination of symptoms, signs 
and imaging is recommended.

In addition to a general physical examination, 
it is recommended to examine gait, single leg bal-
ance, muscle tenderness, hip strength and ROM, 
and to do specific impingement tests [41]. 
Muscles around the hip may be weaker in FAI 
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syndrome [42]. Hip ROM may also be decreased, 
especially in flexion and internal rotation, while 
adduction and extension are usually not impaired 
[42, 43]. Patients with FAI syndrome may 
develop an abnormal movement pattern in the 
sagittal and frontal plane, due to the impaired 
ROM [44, 45]. Impingement tests such as the 
flexion–adduction–internal rotation (FADIR) and 
flexion–abduction–external rotation (FABER) 
are considered positive if they reproduce the 
patient’s typical pain [3]. The FADIR test has 
good sensitivity, but poor specificity, making it 
useful for excluding FAI syndrome if the test is 
negative [37, 46]. There is very limited evidence 
for the clinical utility of other clinical tests, such 
as the Thomas test, prone instability test, liga-
mentum teres tear test and max squat test [37].

14.3.3	 �Imaging Findings

As with physical examination, the use of imaging 
alone is not recommended and imaging findings 
have to be evaluated in the light of the patient’s 
symptoms and clinical signs [37]. It is recom-
mended to start with a pelvic radiograph in 
anteroposterior (AP) direction, in conjunction 
with a lateral femoral head–neck view [3, 37]. 
The lateral view is needed because most cams are 
located anterolateral and can be missed on the AP 
view. The primary goal of imaging is morpho-
logical assessment of the hip, and identification 
of a cam or pincer morphology, which is a 
requirement for the diagnosis of FAI syndrome. 
Additionally, a plain radiograph is useful for 
excluding other causes of pain. Computed tomog-
raphy (CT) is recommended for better evaluation 
of 3D bony morphology, such as cam and pincer 
morphology, especially when surgery is being 
considered. When a labral tear or other soft tissue 
pathology is suspected, magnetic resonance 
imaging (MRI) with intra-articular contrast (MR 
arthrography) is recommended [3, 37].

Common measurements used to diagnose cam 
or pincer morphology are the α angle (cam) and 
the centre-edge angle (CEA) or cross-over sign 
(pincer). For the α angle, a cut-off of 60 degrees 

has been proposed as the preferred threshold 
[47]. Such a threshold may especially be valuable 
for research purposes, where comparing findings 
is important. In a clinical setting, a clear thresh-
old may be undesirable though, and focus should 
lie on the triad of symptoms, clinical signs and 
imaging findings [3]. A CEA of 40 degrees or 
higher is considered to be representative of a pin-
cer morphology [48].

14.4	 �Treatment

In the Warwick agreement on FAI syndrome, 
consensus was reached on three treatment 
options: conservative care, rehabilitation or sur-
gery [3]. Each of these may have a place depend-
ing on the type of patient. Conservative care 
includes education, watchful waiting and life-
style or activity modification. However, for 
young adult, active patients, rehabilitation or sur-
gery will be a more likely treatment option.

14.4.1	 �Rehabilitation

As physical activity is non-invasive and impor-
tant to maintain physical and mental health, a 
physiotherapist-led rehabilitation programme is 
advised for young adult patients with hip-related 
pain as their first treatment option. Patients with 
hip-related pain at first need to undergo optimal 
conservative therapy to strengthen hip, trunk and 
functional components. Advised is to perform 
resistance and strengthening exercises under 
physiotherapist guidance. Specific muscle target 
training can focus on the deep hip stabilisers and 
gluteus maximus muscle, but can also consist of 
more general exercises to improve balance and 
proprioception, and optimise gait biomechanics 
and functional task performance. This can finally 
result in improvement of pain, weight-bearing 
function and quality of life. Exercises could also 
include the careful, manual release of soft tissue, 
needling or stretching to try to increase the hip 
ROM [49]. It must be acknowledged that the 
optimal effective type, dose, loading and exercise 
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progression are yet unknown. To evaluate the 
results of this conservative therapy, exercises 
must be adequately fulfilled during at least 3 
months [50]. The response to any type of treat-
ment must be evaluated by the use of patient-
reported outcome measures (PROMs), such as 
the Hip and Groin Outcome Score (HAGOS) or 
the International Hip Outcome Tool (iHOT) 
questionnaires. These measures can be used to 
guide the clinician and patient in the process to 
return to psychical activity and eventually to 
sports and performance, where patient expecta-
tions must be quantified and guided properly. 
Sport-specific activities should be assessed to 
guide this return to sport. In a recent consensus 
meeting on hip-related pain, most of the afore-
mentioned recommendations are described in 
detail for the clinician [41, 51, 52].

14.4.2	 �Surgical Treatment

When a sufficient rehabilitation programme is 
unable to relieve the patient’s symptoms, hip 
surgery is a good option. In two recent ran-
domised controlled trials, it was shown that 
both a rehabilitation programme and surgical 
treatment could improve symptoms in patients 
with FAI syndrome. Hip surgery had signifi-
cantly better, and clinically meaningful, out-
comes than a rehabilitation programme [53, 
54]. Surgery aims to correct the bony morphol-
ogy in order to create an impingement-free 
ROM. Also, the labrum can be restored. Cam 
morphology can be addressed by removing the 
extra bone formation, thereby creating a spheri-
cal femoral head. In case of pincer morphology, 
the acetabular rim can be trimmed. In both 
types of FAI syndrome, the orientation of the 
proximal femur and acetabulum should be 
taken in mind and corrected if necessary. These 
procedures can be done by either open or 
arthroscopic surgery. Although there is limited 
evidence on the long-term outcomes of hip sur-
gery for FAI syndrome and/or labral tears, it is 
generally believed that patients without (severe) 
chondropathy and/or first signs of hip osteoar-

thritis (OA) have favourable outcomes [55]. 
Other predictors for a favourable outcome may 
include younger age, male sex, lower BMI and 
pain relief from preoperative intra-articular hip 
injections [55].

14.5	 �Prognosis

The short-term prognosis of FAI syndrome can 
be relatively good as long as it is treated. Most 
patients have improvement of symptoms after 
treatment and can return to previous activities 
including sports. However, after arthroscopic 
treatment only a little over half of the athletes 
returned to preinjury sports at a preinjury level, 
and only one third of those athletes reported 
optimal sports performance [56]. There are many 
more reports on the long-term outcomes of sur-
gical treatment [57–61] than on the outcomes of 
rehabilitation [62, 63]. The probability of return-
ing to preinjury sports level after rehabilitation is 
therefore still unknown, but studies are under-
way [50, 52]. When left untreated, patients may 
experience deteriorating symptoms on the short 
term [3].

The long-term prognosis of FAI syndrome is 
not entirely clear. Cam morphology has been 
associated with hip OA on the long term in 
numerous prospective cohort studies, whether 
patients had symptoms or not. This may be 
attributed to repetitive impingement motions, 
causing shear stress and impaction of labral tis-
sue and articular cartilage [64–68]. It is still 
unclear if treatment of FAI syndrome will actu-
ally prevent the development of hip OA, as 
comparative trials with long-term follow-up are 
lacking. For pincer morphology, epidemiologi-
cal studies have not proved an association with 
the development of hip OA [5, 69].

The symptom-related prognosis of labral 
tears is unclear. The prevalence of labral tears is 
highly variable in both symptomatic and 
asymptomatic persons, which indicates a dis-
cordant relationship between labral tears and 
hip-related pain [32, 33]. The relationship 
between labral tears and other intra-articular 

R. Agricola et al.

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460



141

damage such as cartilage damage is also not 
fully unravelled. In high-level runners, one 
study found that 6 out of 8 young athletes (75%) 
with a labral tear had underlying acetabular car-
tilage damage. However, this evidence is lim-
ited to case series with few participants and 
therefore difficult to generalise [70].
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15.1	 �Introduction

Hip injuries in the athletic population have gained 
more focus and attention in recent years. Track 
and field athletes—particularly, those involved in 
running, have been suggested to have an increased 
risk of a hip injury [1]. Therefore, it is important 
for clinicians to recognize, diagnose, and appro-
priately manage these injuries. Lateral hip pain 
and peritrochanteric pain have presented a sig-
nificant challenge to clinicians over the years. 
Lateral hip pain in athletes is more commonly 

caused by overuse and can often cause frustration 
to the athlete due to the longevity and persistence 
of symptoms. The term “trochanteric bursitis,” 
used for many years for the diagnosis of any focal 
tenderness over the greater trochanter or lateral 
hip, has been challenged in recent years by incon-
sistent or even lack of sufficient supportive find-
ings on imaging, histological, and surgical 
findings [2–4]. Therefore, the term “greater tro-
chanteric pain syndrome” (GTPS) has been 
coined to cover the spectrum of disorders causing 
lateral hip pain, including tendinopathies, strains, 
and tears of the hip abductor complex—mainly 
gluteus medius (GMed) and gluteus minimus 
(GMin)—as well as the tensor fascia latae, tro-
chanteric bursitis, external snapping hip syn-
drome, and proximal iliotibial band syndrome. 
Diagnosis of these conditions may be challeng-
ing due to variability and sometimes overlap in 
their clinical presentations [5–7]. Insertional ten-
dinopathy of the GMed and/or GMin is consid-
ered the main underlying pathology in GTPS and 
the main reason for lateral hip pain [8, 9]. 
Co-existence between more than one of these 
pathologies is not uncommon. Although GTPS is 
more common in sedentary individuals, it can be 
quite common in athletes as well, particularly in 
runners [10, 11].

This chapter aims to review the current evi-
dence for the underlying causes for peritrochan-
teric disorders in athletes, their pathomechanics, 
assessment, and management.
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15.2	 �Gluteal Tendinopathy

Gluteal tendinopathy, a condition that is a part of 
the GTPS spectrum, is now considered the most 
common cause for lateral hip pain. Over the 
years, this condition was mistaken with other 
conditions from the GTPS family, trochanteric 
bursitis in particular. However, as mentioned ear-
lier, noninflammatory insertional tendinopathy of 
the GMed and/or GMin is the underlying pathol-
ogy in most cases of lateral hip pain [2, 8, 9, 12–
14]. Gluteal tendinopathy has been reported to be 
the most prevalent of all lower limb tendinopa-
thies [15]. This condition often occurs in middle-
aged sedentary people, but it can also affect 
athletes. Middle-aged females are more suscep-
tible with reports of up to 23.5% being diagnosed 
with it compared to 8.5% of males [16]. GTPS 
interferes with common weight-bearing tasks and 
sleep, having negative impact on one’s health, 
employment, and well-being, thus making it an 
extremely debilitating condition [17–19].

15.2.1	 �Pathomechanics

Tendon injuries often result from disrupted 
homeostasis due to excessive mechanical loading 
or lack thereof, which in turn impairs the normal 
function of the local tendon cell population [20, 
21]. It is thought that the combination of high 
tensile and compression loads is the most damag-
ing [22]. It has been long understood that 
mechanical loading is the main factor influencing 
the biological processes occurring within tendons 
and is responsible for changes in the balance 
between the catabolic and anabolic processes 
within the tendon. Changes in loading type, fre-
quency, and intensity may disturb this balance.

Several bony and muscle factors and their 
interactions are relevant for understanding the 
pathomechanics of this disorder and provide bet-
ter tools for optimal management of GTPS.

The GMin and GMed tendons are inserted in 
the anterior and posterolateral aspects of the 
greater trochanter (GT), respectively, overlaid 
by the iliotibial band (ITB), thus making them 
and the associated bursae vulnerable to mechan-

ical compression (Fig.  15.1) [23]. During hip 
adduction, the GMin and the GMed tendons are 
placed under increased tensile load as they move 
further away from their respective origins in the 
ilium [24]. Additionally, the ITB applies higher 
compression loads at GT as the hip adducts, 
resulting in increased compressive loads at the 
GMin and the GMed tendons [25]. The accumu-
lation of these forces may be the result of exces-
sive hip adduction during static tasks (“hanging 
hip” when standing leaning on one hip during 
standing) and/or dynamic and sports tasks (such 
as running or landing from repetitive jumping 
with midline or cross-midline foot–ground con-
tact pattern) [22, 26, 27]. Other aggravating 
dynamic patterns may include over-striding 
when running or fast walking, as it thought to 
increase impact forces on the hip; running with 
a narrow support base (feet close together), as 
this pattern exacerbates hip adduction angles, 
leading to increased compressive and tensile 
loads on the abductors; running on a camber 
may also increase hip adduction angles, espe-
cially on the higher side; and uphill running is 
another potential mechanism, as it combines 
additional hip flexion to the adduction pattern, 
therefore requiring more pelvic control, which 
may be compromised in subjects with gluteal 
tendinopathy and lateral hip pain.

Another suggested mechanism originates 
from muscle weakness of the hip abductor mus-
cles (GMin, GMed, and tensor fascia lata) [28]. 
The hip abductor mechanism includes the tro-
chanteric abductors (GMin and GMed) and the 
ITB-tensing muscles (vastus lateralis, TFL, and 
the upper portion of the gluteus maximus—
GMax) [25, 29–31]. Recent studies have shown 
that the most common pathology seen on MRI in 
individuals with lateral hip pain is fatty atrophy 
in the GMed and/or GMin muscles and defects in 
their corresponding tendons [13], resulting in hip 
abductor muscles weakness in symptomatic 
patients. Moreover, the TFL has been shown to 
hypertrophy in individuals with tendon patholo-
gies [32]. It is unclear whether these changes in 
balance between the trochanteric abductors and 
the ITB tensors precede or result from tendinopa-
thy; however, unbalanced activity of the ITB ten-
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Trochanteric
abductors

lliotibial band
tensioners

Gluteus minimus

Gluteus medius

Tensor fascia late

Gluteus maximus

Vastus lateralis

lliotibial band

Fig. 15.1  Anatomic relationship between the hip abductors and iliotibial band tensioners

Table 15.1  Description of commonly used diagnostic clinical test for peri-trochanteric pain

Clinical test Method Positive test result
Single-leg stance/
Trendelenburg rest 
(Fig. 15.3)

This test should be performed bilaterally as part of 
the standing evaluation, with the non-affected side 
examined first to establish a baseline.
The patient needs to elevate the nonbearing side 
for 30 s

Pelvic drop toward the nonbearing side 
and/or shift of more than 2 cm toward the 
bearing side—All within 30 s

FABER (Fig. 15.4) While the patient is in the supine position, the hip 
is flexed and externally rotated. The lateral 
malleolus of the evaluated leg is placed over the 
patella of the opposite leg in a “figure of 4” 
position.

Reproduction of pain—Anterior pain is 
suggestive of hip joint pathology, while 
posterior pain is suggestive of sacroiliac 
pathology. Lateral pain over the greater 
trochanter may suggest for GTPS.

Hip lag sign 
(Fig. 15.5a,b)

The patient lies in the lateral position with the 
affected leg on top. With one hand, the examiner 
stabilizes the hip while he passively extends (10°) 
and abducts (20°) the hip with the other. The 
patient’s knee must always be kept flexed at 45°.

Failure to keep the leg in the 
aforementioned position and/or the foot 
drops for more than 10 cm

Ober’s rest 
(Fig. 15.6)

The patient lies in the lateral position with the 
affected leg on top. The examiner stabilizes the 
pelvis from behind with one hand, while the other 
hand slightly abducts the hip and extends it to the 
end of the range. The examiner then slowly 
releases the support from the upper leg.

This test is considered positive if the upper 
leg remains in abduction/does not go into 
adduction past midline after the examiner 
stops supporting the weight of the leg. The 
patient may also report lateral knee pain in 
a positive test. It is important to note there 
is no compensatory internal rotation at the 
hip, which may result in a false-negative 
result. A positive test suggests ITB and 
TFL tightness
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t1.1

t1.2

t1.3

t1.4

t1.5

t1.6

t1.7

t1.8

t1.9

t1.10

t1.11

t1.12

t1.13

t1.14

t1.15

t1.16

t1.17

t1.18

t1.19

t1.20

t1.21

t1.22

t1.23

t1.24

t1.25

t1.26

t1.27



148

128°
Normal

115°
Coxa
vara

ITBITB

Fig. 15.2  Effect of 
femoral neck angles on 
compressive loads at the 
greater trochanter. 
Lower neck angles (coxa 
vara) result in higher 
compressive forces than 
normal neck angles [25]

sioners could potentially exert higher compressive 
forces over the GT during hip abduction.

Bony morphology may also affect the com-
pressive forces transmitted at the hip by the 
ITB. At the typical physiological femoral neck 
angle of 128°, the ITB has been shown to exert 
a compressive force of 656 N at the GT, while 
at 115° (coxa vara), the compressive force 
exerted was 997  N (Fig.  15.2) [25, 33]. The 
neck–shaft angle might also affect the offset 
between the iliac wings and GTs as an 
increased offset, may further increase the 
compression subjected by the ITB against the 
gluteals [34].

Lastly, there is growing evidence that hip dys-
plasia may cause tendon-related pain and their 
prevalence in the population may be higher than 
perceived, especially for borderline hip dysplasia 
[35, 36]. Resulting biomechanical changes can 
elicit higher loads on the lateral hip muscles and 
tendons, which may lead to overuse-related inju-
ries [35].

15.2.1.1	 �Diagnosis
Patients usually present with pain and tenderness 
localized to the greater trochanter (GT). Radiation 
of pain down the lateral thigh toward the knee is 
also a common complaint. The onset of pain is 
gradual and usually worsens over time and is 
triggered by exercise, overuse of sport activities, 
falls, and prolonged weight-bearing activities. 
Pain usually worsens at night, and those affected 
have trouble sleeping on the affected side, which 
could negatively impact their sleep quality.

Other common complaints include lateral hip 
pain during single-leg loading tasks such as 
climbing stairs and walking and running uphill, 
as well as lateral hip pain and stiffness on extend-
ing the hip when rising to stand.

Clinical hip tests generally possess weak diag-
nostic properties but may provide useful infor-
mation in the differential diagnosis of lateral hip 
pain. Direct palpation is considered as the main 
clinical sign and the most important sign, reported 
by Grimaldi et al. to have a 83% PPV for positive 

Y. Sourugeon et al.
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MRI findings [12]. If there is no pain on palpa-
tion, it is unlikely that the patient has 
GTPS.  Another test is the single-leg stance 
(100% PPV for positive MRI findings) [12]; 
however, a negative test does not exclude the pos-
sibility of GTPS.  The FABER (flexion, abduc-
tion, and external rotation) test is considered 
positive if it reproduces pain in the lateral hip 
without limited range of motion (ROM). Patients 
with limited ROM with or without pain during 
the FABER test should be suspected of 
intra-articular hip joint-based pathologies rather 
than GTPS.  Finally, a positive hip lag sign has 
been reported to yield sensitivity and specificity 
for abductor tendon damage as high as 89% and 
96%, respectively [37].

In GMed and GMin tears, in addition to the 
above mentioned, the patient may present with 
visible symptoms of hip abductor weakness, 
including Trendelenburg gait and sign [14].

GTPS is generally acknowledged as being a 
clinical diagnosis [38]; however, imaging can be 
used if the differential diagnosis is unclear. Hip 
X-ray is a useful tool to exclude common differ-

entials such as osteoarthritis of the hip and frac-
tures [39].

Ultrasound (US) and MRI scans are the domi-
nant imaging tools for radiological investigation 
in GTPS.  Generally, MRI is more sensitive in 
detecting gluteal tendon pathologies, and it can 
also exclude other etiologies for lateral hip pain 
and is considered the golden standard for gluteal 
tendon assessment [2, 9]. While US scans are 
easily available are substantially more afford-
able, and allow for a dynamic evaluation, they are 
very much “operator dependent.” The sensitivity 
of standard US to surgically confirmed GMed 
tendon tears has been reported to be as low as 
61%, with lacking evidence regarding GMin 
tears [4]. Newer sonographic techniques such as 
ultrasound tissue characterization (UTC) [40] 
and elastography [41] have been suggested to 
offer improved tendon structural characterization 
and assessment; however, further research is nec-
essary to establish their clinical utility. MRI can 
detect direct signs of gluteal tendinopathy such as 
focal tendon discontinuity, soft tissue edema, ten-
don thickening, and intrasubstance abnormal-
ity—as well as associated indirect signs such as 
gluteal fatty atrophy and bursal inflammation [9].

15.2.1.2	 �Other Related Conditions
Primary trochanteric bursitis is rare, and it may 
coexist as a secondary process [9, 42]. Diagnostic 
features are not specific and are similar to those 
discussed above. MRI and US may reveal evi-
dence of bursal inflammation. Treatment is usu-
ally conservative and consists of physical therapy 
that is focused on core strengthening and stretch-
ing [43, 44] and injections (CSI, PRP). Surgical 
intervention with bursal debridement should be 
considered in refractory cases who failed conser-
vative treatment.

Proximal ITB syndrome is a proximal IT band 
strain that is commonly mistaken for hip-related 
pathology and may be confused with other GTPS 
conditions. This overuse injury is predominant in 
women and is relatively common in triathletes 
[45–47]. Pathophysiology of this condition is 
based on thickening of the proximal portion of the 
ITB [48]. Patients will present with symptoms of 

Abnormal
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Normal
A

Fig. 15.3  Single-leg stance/Trendelenburg test
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Table 15.2  Description of common clinical tests used in the diagnosis of Piroformis Syndrome

Clinical test Method Positive test result
Seated piriformis stretch test 
(Fig. 15.8)

The patient is in the seated position, with 90 
degrees of hip flexion. The examiner extends the 
knee (engaging the sciatic nerve) and passively 
adducts the flexed hip with internal rotation 
while palpating about 1 cm lateral to the ischium 
and proximally toward the sciatic notch

Reproduction of buttock or 
sciatic pain

Pace abduction test 
(Fig. 15.9)

The patient is seated with the knees adducted in a 
normal position, flexed at 90°. The patient is 
asked to abduct the hips against the examiner’s 
resistance placed on the lateral aspect of each 
knee

Pain in the piriformis area and 
weakness with resisted 
abduction in the seated position

Freiberg test (Fig. 15.10) While the patient is in the prone position and the 
knee of the affected side is flexed to 90°, the 
examiner moves the affected leg into internal 
rotation and so stretches the piriformis muscle

Reproduction of buttock or 
sciatic pain, as well as internal 
rotation tightness on the affected 
side when comparing sides

Beatty test (Fig. 15.11a) The patient is in the lateral position with the 
affected leg on top and the affected side knee 
flexed and resting on the examination bed. The 
patient is then asked to lift and hold the knee 
approximately 10 cm above the table

Reproduction of buttock or 
sciatic pain

Modified Beatty test 
(Fig. 15.11b)

Adding resistance to the Beatty test and asking 
the patient to abduct against resistance.

Reproduction of buttock or 
sciatic pain

Active piriformis test 
(Fig. 15.12)

The patient lies in the lateral position on the 
unaffected hip. The patient is asked to flex the 
affected side knee and to push the heel down into 
the table while actively abducting the hip with 
external rotation against resistance

Reproduction of buttock or 
sciatic pain

FAIR test (flexion, adduction, 
and internal rotation) test 
(Fig. 15.13)

The patient lies in lateral position with the 
affected leg on top. With one hand the examiner 
stabilizes the hip while he passively internally 
rotates and adducts the hip. The patient’s knee 
must always be kept flexed at 90°.

Reproduction of buttock or 
sciatic pain

pain and tenderness around lateral hip with or 
without associated knee stiffness, and sometimes 
will be diagnosed with GTPS refractory to hip 
injections and physical therapy. This condition 
may also be confused with intra-articular patholo-
gies. The primary imaging modality is the MRI 
scan, which can detect strain injury at the iliac 
tubercle enthesis of the ITB and its thickening 
[48]. However, one might consider using US to 
detect structural changes and signs of inflamma-
tion in this area [49]. This condition is unique and 
thus far has little to no literature about it. Treatment 
is limited and includes rest and physical therapy 
for stretching and strengthening the muscles of the 
ITB [50]. In patients that fail conservative treat-
ment, surgical ITB release should be considered.

TFL strain is an injury that usually affects 
runners and athletes, and it may or may not 
involve the ITB. The TFL rises from the ASIS, 
extends posteriorly along the iliac crest, and 
inserts to the ITB and the lateral condyle of the 
tibia. The TFL consists of two heads—anterome-
dial (AM) and posterolateral (PL) [51]. Strain of 
the PL head of the TFL can mimic the sympto-
mology of GTPS and should be considered when 
discussing lateral hip pain. Strain of the AL head 
will present with pain in the groin area. Patient 
history may include running recently on a banked 
surface. Physical examination can detect focal 
tenderness over the TFL and a positive Ober’s 
test [52]. Treatment should consist of rest and 
physical therapy.
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TFL tears pose a unique challenge for the cli-
nician since reports on this condition are scarce. 
Patients that were diagnosed with this condition 
were usually asymptomatic but sometimes suf-
fered from pain in the buttock and groin area that 
was exacerbated by standing or walking. Patient 
history is unspecific and may or may not include 
an account of trauma or overuse. Physical exami-
nation is unspecific as well and may include pain 
during hip extension and a palpable soft tissue 
mass on the anterolateral region of the hip. MRI 
scan is the imaging modality of choice as it can 
detect TFL tears with ease [53]. TFL tears are 
almost always located close to the proximal 
insertion to the anterior aspect of the iliac crest. 
Treatment is conservative and consists of physi-
cal therapy. US-guided PRP injections may 
enhance healing in acute tears and persistent TFL 
injuries, which do not resolve by physical ther-
apy alone.

15.2.1.3	 �Management
Clear evidence-based guidelines and protocols 
for the management of GTPS are yet to be estab-
lished [10]. So far, conservative treatment is con-
sidered the gold standard with over 90% success 
rate [54]. Treatments include anti-inflammation 
medication, exercise, and strategies to manage 
tendon load, shockwave therapy, and surgical 
interventions [22, 55].

.In the acute phase, pain can be managed with 
ice, taping, and anti-inflammatory medication. 
Topical and oral nonsteroidal anti-inflammatory 
drugs (NSAIDs) have equal benefits [56].

ITB and piriformis stretch exercises proved to 
be largely unhelpful [57]. For athletes, control-
ling load management is key in the process of 
rehabilitation. Complete rest may prove to be 
catabolic for tendons, but reducing high-intensity 
activities such as higher speed and longer dis-
tance running may be helpful [23]. Alteration of 
the running technique, specifically reducing peak 
hip adduction, might be required and can be 
achieved using biofeedback [58]. Stretching 
exercises for lower limb tendinopathies are not 
recommended due to high compressive and ten-
sile loads on gluteal tendon insertions [22, 23].

Radial shockwave therapy (SWT) emits shock 
waves that can penetrate soft tissue to a depth of 
40 mm [59], inducing a mechanobiological effect 
that has been suggested to promote healing and 
an analgesic reaction on painful tendons [57, 60, 
61]. However, no high-quality randomized trials 
have proved superior therapeutic capabilities of 
SWT over other methods of treatment [62], nor 
have they taken into consideration the effect that 
difference in adiposity between patients can have 
on SWT [22]. Thus, the net outcomes of this 
treatment remain unclear.

Corticosteroid injection (CSI) has been shown 
to be very useful in short-term pain relief, with up 
to 75% response in the first 4  weeks [63, 64]. 
Alas, CSI does not always alleviate the pain com-
pletely, and in the medium and longer term, the 
positive response drops to 41–55% [57, 65, 66]. 
Pain recurrence following CSI suggests that this 
treatment does not target and treat the underlying 
pathology associated with longer-term tendon 
pain as seen in other tendinopathies [67]. 
Furthermore, studies suggest that CSI might limit 
the tendon ability to respond to loads, especially 
around the enthesis, by downregulating the pro-
duction of collagen by fibroblasts [68]. CSI 
should be used to reduce pain in a manner that 
would allow a return to a moderate physical 
activity and physical therapy [60, 69].

PRP (platelet-rich plasma) injections contain 
various endogenous growth factors that have 
been shown to possess the potential to accelerate 
the natural process of healing and alleviate pain. 
Recent high-level studies suggest that patients 
who failed conservative treatment might benefit 
from PRP, and in the long term proved to be more 
effective than CSI [70–72]. Fitzpatrick et  al. 
reported that a single intra-tendinous leukocyte-
rich PRP (LR-PRP) injection performed under 
ultrasound guidance results in greater improve-
ment in pain and function compared to a single 
CSI.  The improvement after LR-PRP injection 
was sustained at 2 years, whereas the improve-
ment from a CSI was maximal at 6  weeks and 
was not maintained beyond 24  weeks [70]. 
However, one should keep in mind that different 
PRP preparation protocols might have different 
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ingredients and may thus have an impact on effi-
cacy [73].

Surgical intervention should be considered for 
individuals who failed to rehabilitate following 
appropriate conservative treatment [10]. Surgical 
solutions include bursectomy, ITB release, and 
gluteal tendon repair. Often, a combination of 
interventions is incorporated during surgery.

When evaluating the effectiveness of surgical 
management for gluteal tendinopathy, one of the 
main limitations lies in the relatively low meth-
odological quality of the relevant studies. 
Therefore, a level of caution is required when 
assessing the various surgical techniques. 
Additionally, studies that were made on athletes 
were scarce and the vast majority of results were 
reported on surgical interventions in the general 
population.

Gluteal Tendon Repair
Tears can be partial, full thickness, or intrasu-
bstance, most commonly involving the lateral 
portion of the GMed tendon [74, 75]. Both endo-
scopic and open techniques show good results 
[74–79]. Not many comparisons between the two 
techniques regarding outcome superiority have 
been done so far, and no technique has been 
shown superior over the other [79]. Endoscopic 
surgery benefits over open surgery include small 
incisions, quicker healing time, less postoperative 
pain, and shorter theater and hospitalization time 
[80]. The main drawbacks of the endoscopic 
technique are the greater surgical skill required 
and the limited use in cases of larger tears or ten-
don detachments, where better visualization and 
exposure are required [81]. Postoperative com-
plications have been reported to be relatively 
high with rates reaching up to 19%, most com-
monly including deep vein thrombosis (DVT) 
and tendon re-tears [76, 77].

ITB Release/Lengthening
As previously discussed, the ITB exerts anatomi-
cal pressure onto the soft tissue structures it 
envelops and therefore ITB surgical lengthening 
could potentially reduce this pressure. However, 
no study has shown that this population suffered 
from primary ITB tightness [22]. It is possible 

that the excessive ITB pressure applied on the 
gluteal tendons is secondary to a combination of 
weakened hip abductor muscles and excessive 
adduction. In this case, lengthening of the ITB 
will provide pain relief through immediate reduc-
tion in pressure, but it will not treat the underly-
ing pathology and may cause additional 
complications: (1) This procedure does not solve 
the underlying pathomechanics of weak hip 
abductors and poor hip control; (2) herniation of 
underlying soft tissue and painful external snap-
ping may occur due to excessive ITB resection; 
and (3) further worsening the abductor muscles 
function due to reduced ITB control potential 
affecting the muscles attached to it (TFL and 
GMax) [82].

With that in mind, studies have shown that this 
technique provides good long-term outcomes, 
with low postoperative complications [55, 80].

Trochanteric Bursectomy
Endoscopic trochanteric bursectomy has been 
reported to provide good long-term outcomes 
[83, 84] and is often performed in conjunction 
with ITB lengthening. Pain relief is explained by 
the removal of the inflamed bursa, but this proce-
dure does not address the underlying pathome-
chanics discussed earlier.

15.3	 �“Hip Pointer” Injuries

Hip pointer injuries refer to a contusion of the 
iliac crest and/or the GT area following a direct 
impact or collision [85]. This term has also been 
used to describe fractures or favulsions around 
the lateral hip area. A hematoma often develops 
following the direct impact to the iliac crest and 
GT, and consequently, varying degrees of bleed-
ing may occur into the hip abductor musculature 
(Fig. 15.7). While these injuries are more com-
mon in contact and collision sports, they are 
probably more common than reported in track 
and field athletes as falls during various hurdle 
running is not uncommon, In addition, track and 
field athletes are usually very lean and the iliac 
crest and GT area in this population are less pad-
ded by natural tissue and are less protected dur-
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ing falls. The iliac crest is the origin of several 
muscles that can be affected: the sartorius, TFL, 
GMed, and even the adjacent abdominal muscu-
lature—specifically the transverse or oblique 
muscles. Radiographs are often necessary to rule 
out fractures. A resultant subperiosteal hema-
toma can develop in these cases and may lead to 
myositis ossificans (MO), leading to significant 
disability and pain. Additional radiographs and 
ultrasound (can detect MO formation in its early 
stages) should be performed if MO formation is 
suspected. A high degree of attention is required 
in high school and college athletes since the ante-
rior superior iliac spine (ASIS) may fuse as late 
as the third decade of life. This population should 
be evaluated to rule out potential avulsion inju-
ries in the area, including ASIS avulsion injuries 
(sartorius and/or TFL avulsion), Iliac crest avul-
sion injuries secondary to abdominal muscula-
ture avulsions, and less common in this 
mechanism—anterior inferior iliac spine (AIIS) 
avulsion injuries (rectus femoris avulsion). A CT 
scan or an MRI should be considered if the 
patient has continued pain or pain, which exceeds 
that expected from examination findings. 
Treatment is often symptomatic, including ice, 
compression, rest, and potentially protected 
ambulation. Avoiding vigorous activity for 48 h 
may reduce recurrent bleeding. Surgical inter-
vention is uncommon for these injuries and is 
only considered in avulsion cases with large 
retraction (>2 cm). In very rare cases, persistent 
significant swelling may develop in the peritro-
chanteric area, and in these occasions, a Morel-
Lavallée lesion should be suspected. This is a 
closed degloving soft tissue injury, as a result of 
abrupt separation of skin and subcutaneous tissue 
from the underlying fascia, which disrupts perfo-
rating vessels and lymphatics, thus creating a 
potential space filled with serosanguinous fluid, 
blood, and necrotic fat. If persistent bone edema 
is present on MRI, hyperbaric oxygen therapy 
has been suggested as a potential therapy to 
enhance healing [86]. Ultrasound-guided PRP 
injections and in specific persistent cases a local 

anesthetic injection combined with CSI may 
facilitate return to activity (however require a 
gradual return to activity, especially following a 
CSI) [85, 87].

15.4	 �Painful Snapping Hip 
Syndrome

Snapping hip syndrome (SHS), also known as 
coxa saltans (or dancer’s hip), is a clinical condi-
tion characterized by an audible or palpable snap 
of the hip. The prevalence among the general 
population is up to 10% [88]. However, in 
selected populations, especially those who 
require higher hip ROM like ballet dancers, prev-
alence can reach up to 90% [89]. SHS has multi-
ple etiologies that can be classified into two main 
subcategories based on the anatomic origins of 
the snapping sensation—extra-articular (ESHS) 
and intra-articular (ISHS). ISHS is usually caused 
by loose bodies and labrum tears and will not be 
discussed in this chapter.

Fig. 15.4  FABER test
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ba

Fig. 15.6  (a, b) Ober’s test

a b

Fig. 15.5  (a) Hip lag sign, (b) Hip lag sign

a bFig. 15.7  Hip pointer 
injuries with hematomas 
around the iliac crest (a) 
and greater trochanter 
(b)
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Fig. 15.8  Seated piriformis stretch test

Fig. 15.9  Pace abduction test

Fig. 15.10  (a) Freiberg test. (b) Freiberg test

a b

a b

Fig. 15.11  (a) Beatty test. (b) Modified Beatty test
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15.4.1	 �Pathomechanics

There are two forms of ESHS that are generally 
accepted—internal and external, with the exter-
nal form being more prevalent [90].

Most commonly, the external form of ESHS is 
caused by the sliding of the ITB over the greater 
trochanter during hip movements such as flexion 
and extension [90, 91], but it can also be caused 
by the snapping of the gluteus maximus itself 
[92]. The GMax and the TFL attach to the ITB 
posteriorly and anteriorly, respectively. 
Thickening of the posterior insertion of the GMax 
or its anterior aspect of the GMax may further 
accentuate the sound and the clicking sensation 
[93]. Pain is usually absent in ESHS, but it may 
be provoked due to the compression of the tro-
chanteric bursae between the ITB and the GT, 
thus making it one of the causes for GTPS.

In the internal form of ESHS, the snap is gen-
erally attributed to the movement of the iliopsoas 
tendon passing anterior to the hip joint [88]. It is 
believed that the most common mechanism 
involves the iliopsoas tendon snapping over the 
iliopectineal eminence and the femoral head [88, 
94]. It can also be caused by the iliacus muscle 
itself, snapping between the iliopsoas tendon and 
the pubic bone [89, 95].

15.4.1.1	 �Diagnosis
Careful history should be taken. Patients will 
describe a sensation as snapping or cracking and 
will often direct the physician to the region of 
interest and the underlying pathomechanism. The 
external form of ESHS is often described as a 
feeling that the hip dislocates. The internal form 
of ESHS is described as a deep snapping or “get-
ting stuck” and is usually localized to the anterior 
aspect of the hip [90, 93]. It is generally accepted 
the external form of ESHS produces an audible 
snap, while the internal form only produces a 
snapping sensation.

Tests to determine ESHS are provocative tests, 
aiming to reproduce the characteristic audible 
snap [96]. Such tests typically include femoral 
rotation and/or flexion, flexion, and/or extension 
of the hip [91, 92, 97, 98]. For the internal form 
of ESHS, the test generally requires iliopsoas 
contraction [99, 100]. To reproduce the internal 
snap, the patient’s leg is moved from the FABER 
(flexion, abduction, and external rotation) posi-
tion to EAdIR (extension, adduction, internal 
rotation) [90]. Patients should be evaluated for 
ROM and hip stability tests. Assessment should 
include the FADIR test (flexion, adduction, and 
internal rotation or anterior impingement test) to 
examine the possibility of intra-articular patholo-
gies as internal ESHS can often be secondary to 
an intra-articular pathology leading to secondary 
iliopsoas tightness and snapping. Visible muscle 
weakness of the GMed is often common with 
SHS [101].

ESHS diagnosis is clinical, and while plain 
radiographs will usually have no meaningful 
findings, they may sometimes reveal anatomical 
conditions that can perpetuate this condition, i.e., 
coxa vara [101]. MRI may show ITB and GMax 

Fig. 15.12  Active piriformis test

Fig. 15.13  FAIR test
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thickening alongside unspecific signs of inflam-
mation [102]. Iliopsoas bursography can be used 
to diagnose internal ESHS by filling the bursa 
with contrast, and under fluoroscopy, the tendon 
can be visualized flipping back and forth. 
Ultrasound can be used to visualize the dynamic 
motion of the iliopsoas tendon, the ITB, or the 
GMax as the hip moves and can also detect signs 
of inflammation [91, 95, 103]. Finally, if the 
patient is in pain, an US-guided anesthetic injec-
tion into the iliopsoas bursa can be diagnostic of 
internal ESHS when this procedure provides 
temporary pain relief [104, 105].

15.4.1.2	 �Management
Most patients are not symptomatic and do not 
require treatment. If the snapping becomes symp-
tomatic, conservative management is attempted 
first. Conservative management includes rest, icing, 
avoidance of aggressive activities, anti-inflammation 
medication, and physical therapy [88].

A combined injection of CSI and anesthetic to 
bursal tissue or around the tendon sheath can give 
symptomatic relief [104–106].

Physical therapy can help regain normal func-
tion within 6–12 months, focusing on the under-
lying cause for SHS. If the muscles are too short, 
stretching exercises should be done combined 
with correction of habitual movement patterns. If 
excessive muscular activation exists, intervention 
should be directed at the neuromuscular control 
over movement [90].

Surgery is done on patients with painful snap-
ping refractory to conservative treatment. The 
main goal, both in the internal and external forms, 
is to relax the involved tendon to eliminate snap-
ping. This is accomplished by various types of 
lengthening procedures and can be done both 
open and arthroscopically. These procedures are 
rather rare, and the research on the subject is even 
rarer.

In the external form of ESHS, the goal is to 
relax the ITB, and the predominant procedures 
are Z-shape release, formal Z-lengthening, a 
cross-shaped release, and release of the gluteus 
maximus tendon femoral insertion. The only 
study conducted on physically active patients 
evaluated the Z-lengthening procedure, with 8 
patients being active-duty soldiers [97, 107–109]. 

Complications include mild-to-moderate 
Trendelenburg gait, which could be disastrous to 
athlete [97].

In the internal form of ESHS, the goal is to 
relax the iliopsoas tendon through various tech-
niques of fractional lengthening or by complete 
release-based. Current literature favors 
arthroscopic procedures, with some studies con-
ducted on athletes [100, 106, 110].

15.5	 �Piriformis Syndrome

The concept behind this somewhat controversial 
syndrome focuses on the piriformis muscle as a 
potential reason for sciatica and unilateral gluteal 
pain [111]. The pathomechanics of this syndrome 
are still poorly understood, with theories span-
ning from piriformis anatomical variations to 
repetitive trauma to the buttocks area [112–115]. 
At the core of this condition, there is an irritation 
of the sciatic nerve by the piriformis muscle. It 
has been reported that this syndrome is responsi-
ble for at least 6% of all cases of lower back pain 
with/without sciatica [116, 117].

Pain emergence is usually insidious and grad-
ually worsens. Common symptoms include lower 
back pain, tenderness around the buttocks area, 
difficulty with activities that strain the gluteal 
region like prolonged sitting, and sciatica-like 
symptoms. It is important to note that this condi-
tion might mimic GTPS symptomology, thus 
carefully examining the patient’s history is 
paramount.

Piriformis syndrome is often a diagnosis of 
exclusion. Physical examination is quite incon-
clusive as many tests elicit local buttock pain and 
shooting leg pain, but none can rebut other 
sources of pain from the lumbosacral region for 
example. Commonly used tests are described in 
Table  2. Imaging and EMG studies are used to 
exclude other conditions.

15.5.1	 �Treatment

Conservative therapy is the most effective treat-
ment and includes administration of muscle 
relaxants, NSAIDs, rest, and physical therapy. 
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Physical therapy, based on stretching exercises, 
can help alleviate symptoms [118–120]. For sci-
atica symptoms, a local CSI with or without 
anesthetics [114, 121], or a botulinum type A 
injection might help [122]. The idea behind the 
injections is also diagnostic, as well as to provide 
pain relief and relaxation (in the case of botuli-
num injections) in order to better engage in 
stretching protocols for the structures surround-
ing the sciatic nerve.

Surgical treatment should be reserved for 
patients who have failed conservative treatment. 
Techniques include nerve decompression if nerve 
impingement is present, removal of adhesions, 
and scars from the nerve and piriformis release. 
Results of these procedures are unpredictable, 
and some patients continue to feel pain [123].

15.6	 �Summary

Various reasons exist for lateral hip and peritro-
chanteric pain in athletes. It is important to 
understand the differential diagnosis and poten-
tial conditions causing lateral hip and peritro-
chanteric pain in this population, as well as the 
underlying mechanisms for each condition to 
optimize management strategies. While most 
conditions and cases respond to conservative 
treatments, refractory cases may sometimes 
require surgical intervention. The underlying 
mechanisms for the various conditions described 
in this chapter are not fully understood and a 
better understanding of the pathomechanics in 
each condition could aid in devising more con-
cise and efficient treatment strategies, with a 
faster and uncomplicated return to sport.
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16.1	 �Introduction

It was supposed to be Usain Bolt’s fabled fare-
well in 2017. The world’s fastest sprinter partici-
pated in the last event of his last ever World 
Championships: the 4 × 100 m relay. Instead of a 
legendary gold medal, the world witnessed an all 
too common occurrence in track and field ath-
letes. He sustained an acute hamstring injury.

Acute hamstring muscle injury is the most 
common injury seen at outdoor and indoor athlet-
ics championships [1, 2]. These injuries account 
for 17.1% of all injuries with an overall incidence 
of 22.4 and 11.5 injuries per 1000 athletes for 
men and women, respectively [2]. They predomi-
nantly affect athletes in the sprinting, jumping 

and hurdle disciplines [2]. These injuries impose 
a high burden on the athlete and their medical 
team because of a high prevalence and a high re-
injury rate (up to 63%) [3].

Far less common is the proximal hamstring 
tendinopathy. Proximal hamstring tendinopathy 
is a chronic type injury that can occur in the same 
athletics disciplines as acute hamstring injuries. 
Although less common, this injury typically has a 
prolonged convalescence period and poor 
response to treatment.

This chapter focuses on the diagnosis and 
treatment of acute and chronic hamstring inju-
ries. To better understand these injuries, it is 
important to first understand the anatomy and 
the injury distribution. Diagnosis and treatment 
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are more easily understood once an understand-
ing of the anatomy and injury distributions is 
established.

16.1.1	 �Anatomy and Injury 
Distribution

The hamstrings group consists of four muscles 
and is divided into a lateral and a medial com-
plex. The lateral complex consists of the biceps 
femoris (long head and short head). The medial 
complex consists of the semitendinosus and 
semimembranosus muscles (see Fig. 16.1). Acute 
hamstring injuries occur mostly at the level of the 
proximal musculotendinous junction (MTJ) [4]. 
The chronic injuries mostly concern the proximal 
free tendons [5] (Table 16.1).

16.1.1.1	 �Biceps Femoris Long Head 
and Short Head

For the acute injuries, the biceps femoris long 
head is the most commonly injured hamstring 
muscle. It is involved in up to 80% of acute inju-
ries [6]. The most common mechanism of injury 
is high-speed running [4]. The biceps femoris 
originates from the medial facet of the upper 
region of the ischial tuberosity as the conjoint 
tendon (that it shares with the ST, hence ‘con-
joint’). It courses laterally until it terminates in 
the muscle belly as the intramuscular tendon. The 
common distal tendon of the biceps femoris over-
laps with the proximal tendon. This distal tendon 
has a bifurcated insertion. A direct arm inserts 
into the posterolateral aspect of the head of the 
fibula and an anterior arm inserts into the lateral 
edge of the head of the fibula [7]. The short head 

a b

Fig. 16.1  Proximal anatomy of the hamstring muscles. 
(a) Normal proximal anatomy. (b) The semitendinosus 
and biceps femoris long head muscle have been reflected 
laterally to expose the proximal semimembranosus mus-
cle. 1 Semitendinosus muscle. 2 Raphe of semitendino-

sus. 3 Semimembranosus muscle. 4 Biceps femoris long 
head muscle. 5 Ischial tuberosity. 6 Sacrotuberous liga-
ment. 7 Greater trochanter. 8 Sciatic nerve. 9 Gluteus 
maximus (cut and reflected). (Reproduced from van der 
Made et al. [10] with permission of copyright owner)
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of the biceps femoris originates from the linea 
aspera midway on the femur. It has no proximal 
tendon as the muscle fibres directly originate 
from the bone. As mentioned, it shares its distal 
tendon with the long head. The short head is a 
uni-articular and flat muscle that fans out. It is the 
least injured (in isolation) of the hamstring mus-
cle group and accounts for only 7% of all acute 
hamstring injuries [8].

16.1.1.2	 �Semitendinosus
For acute injuries, the semitendinosus is equally 
injured in isolation or in conjunction with the 
biceps in sprinting type injuries. It is involved in 
14–15% of these injuries [9]. Its tendinous origin 
is shared with the biceps femoris long head, but a 
portion of its muscle fibres originate directly 
from the ischial tuberosity. The proximal part of 
the conjoint tendon is occupied mostly by the 
semitendinosus. Muscle fibres from the biceps 
femoris long head start attaching onto it around 
five centimetres from the ischial tuberosity [10]. 
Further distally, there is a tendinous inscription 
called the ‘raphe’. The function of the raphe is 
currently unclear, but it might function as a strut 
that divides the semitendinosus into two regions. 
This is reflected by the fact that these separate 
regions are innervated by two different motor 
branches of the sciatic nerve [11]. The distal ten-
don of the semitendinosus inserts on the antero-
medial side of the proximal tibia as part of the pes 
anserinus. This distal tendon is the longest of the 
hamstring group [10]. Due to its length, it is com-
monly harvested for use in ACL autografts.

16.1.1.3	 �Semimembranosus
The semimembranosus muscle originates from 
the lateral facet of the upper region of the ischial 

tuberosity. It starts out as an asymmetrical and 
long free tendon. This free tendon courses antero-
medially to the conjoint tendon, and muscle 
fibres start attaching around 11  cm from the 
ischial tuberosity [12]. A varied and complex dis-
tal insertion pattern has been described. The main 
insertions of the distal tendon are onto the poste-
rior aspect of the medial tibial condyle and the 
fascia of the popliteus muscle [10, 11, 13]. The 
proximal and distal MTJ of the semimembrano-
sus overlap, and most acute injuries occur in the 
proximal MTJ. Proximal free tendon injuries are 
also common and occur during slow-speed 
stretching situations [14].

16.1.1.4	 �The Proximal Hamstring 
Tendon Complex

The anatomy of the proximal hamstring free ten-
dons is of special interest for the acute full-
thickness tendon injuries and chronic proximal 
hamstring tendinopathy. In acute injuries, the 
proximal hamstring tendon complex can sustain 
a partial-thickness or full-thickness free tendon 
injury. The most common injury mechanism is a 
combination of forced hip flexion and knee 
extension [15]. This is a relatively rare (3–11% of 
acute hamstring injuries [15]), but potentially 
career threatening injury due to residual func-
tional impairment if not treated properly [15].

The development of proximal hamstring ten-
dinopathy is not fully understood. One of the cur-
rent theories is based on compressive forces [16]. 
It supposes that the proximal tendons are com-
pressed during hip flexion due to their position on 
the ischial tuberosity. This compressive loading 
might be a key factor in the pathogenesis of 
chronic injury. Its progression could be due to its 
self-reinforcing nature; as the tendon thickens, 

Table 16.1  Injury locations, types and incidence in acute and chronic hamstring injuries

Onset Location Type Incidencea

Acute Free tendon Partial- or full-thickness avulsion/
rupture

Rare (3–11%)

Intramuscular tendon Partial- or full-thickness rupture Common (15–24%)
Musculotendinous 
junction

Generally partial thickness injury Very common (up to 
80%)

Insidious/
chronic

Free tendon Tendinopathy Unknown

aAll hamstring injuries, collated from current best available evidence
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compression increases [16]. Direct clinical evi-
dence for this theory is currently lacking.

16.1.1.5	 �The Intramuscular Tendon
The clinical relevance of the intramuscular ten-
don is a recent addition to the hamstring injury 
literature [3, 17–20]. The intramuscular tendon 
(sometimes referred to as the central tendon) is 
defined as ‘the part of the tendon to which the 
muscle fibres attach’ [18]. An injury involving 
the intramuscular tendon delayed return to sport 
times and increased re-injury rates drastically in 
elite track and field athletes, up to an average of 
84 (±49.4) days and 63% recurrence [3]. It must 
be noted that this is a retrospective study based 
on 15 athletes. Other recent studies in other sports 
demonstrated only a moderate increase of 1 week 
in return to sport times. There was an average 
return of 31.6 ± 10.9 days with a full-thickness 
tendon discontinuity and no difference in re-
injury rates in soccer players [18, 19]. A possible 
explanation for the difference in return to sports 
period is the biomechanical demand placed on 
the intramuscular tendon in different types of 
sports. Increasing speed seems to be the most 
contributing factor to a higher biomechanical 
load for the (lateral) knee flexors [21, 22]. Track 
and field sprint events typically require a short 
but maximal output for the athlete, whereas soc-
cer athletes can pick and choose their efforts 
more tactically during a game.

It has been suggested that the intramuscular 
tendon is not susceptible to overuse injuries in the 
same way as the proximal free tendons. This might 
be due to its higher vascular perfusion as com-
pared to a free tendon. However, direct evidence to 
confirm this hypothesis is still lacking [23].

16.1.2	 �Diagnosis

A quick and accurate diagnosis of an acute or 
chronic hamstring injury is paramount for profes-
sional athletes to ensure appropriate prognosis 
and treatment. The cornerstone of the diagnosis 
lies in the combination of a comprehensive his-
tory and clinical examination, often supple-
mented by imaging.

16.1.2.1	 �History: Acute Versus 
Chronic

Most acute hamstring injuries have a typical his-
tory and injury situation. The athlete is engaged 
in their sport and during a sprint or (forced) 
stretch they suddenly feel a sharp pain in their 
posterior thigh [4, 14]. This is occasionally 
accompanied by an audible pop or popping/tear-
ing sensation. Usually, the athlete cannot con-
tinue their sporting activity and there is loss of 
function. The partial- or full-thickness proximal 
free tendon injuries usually present with even 
more dramatic pain and loss of function [24]. 
They often report a mechanism with forced hip 
flexion and knee extension such as a slip or fall. 
Walking is often difficult, sitting is painful and 
athletes report extensive bruising that appears 
within days after injury. This is in contrast with a 
chronic injury such as a proximal hamstring ten-
dinopathy, which resembles the general history 
of a tendinopathy. Patients mainly report pain in 
the region of the ischial tuberosity with or with-
out radiating pain towards (but not below) the 
knee. Stiffness in the morning or after a pro-
longed period of resting can be present. Symptom 
onset is gradual and provoked by/or worsened 
when commencing exercise. The symptoms usu-
ally reduce or even resolve after warming up. The 
symptoms are usually worse again after cessation 
of exercise and can last for several days.

Nerve-related symptoms such as a burning 
sensation, numbness and tingling with or without 
radiation to the leg or foot can occur in both con-
ditions. It is more frequent and well understood 
in acute full-thickness free tendon injuries [25]. 
This is due to the proximity of the proximal ten-
dons to the sciatic nerve. This proximity can 
make the distinction between proximal hamstring 
tendinopathy and other causes of nerve-related 
symptoms challenging.

16.1.2.2	 �Physical Examination
Physical examination of the hamstrings is rela-
tively straightforward and overlaps for both the 
acute and chronic injuries. Diagnostic effective-
ness of the physical examination of acute ham-
string injuries is low with imaging as a reference 
standard [26–28]. However, commonly used tests 
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are reliable [29, 30]. Scientific evidence for the 
value of physical examination for proximal ham-
string tendinopathy is lacking compared to the 
evidence for acute injuries [31, 32]. The aim of 
the examination is to reproduce the injury pain 
through either compressive or tensile loads and to 
assess the degree of functional limitation(s).

The order of examination is not set in stone. 
It typically starts with assessment of the gait 
pattern and functional examination of the lum-
bar spine, hips and knees. Inspection of the 
injured hamstring focuses on identifying (subtle 
or more extensive) bruising. In the case of a 
proximal full-thickness free tendon injury, a 
loss of muscle contour compared to the unin-
jured leg can be seen. The hamstring is palpated 
to determine the location of the injury (proximal 
versus distal, medial vs. lateral). Special care is 
taken to palpate and assess the proximal bone–
tendon continuity during resisted knee flexion to 
avoid missing a full-thickness free tendon injury 
[24]. Palpation of the ischial tuberosity and the 
proximal hamstring tendons can provoke the 
pain of proximal hamstring tendinopathy. 
Assessment of the range of motion of the ham-
strings is done through active and passive flexi-
bility tests of the hip and knee joint. Common 
range of motion tests for acute hamstring inju-
ries is the active/passive straight leg raise and 
the active/passive knee extension test [27, 29, 
33–35]. Basic strength testing includes isomet-
ric knee flexion and hip extension against resis-
tance. Both ranges of motion and strength 
testing are compared to the uninjured side. Pain 
during testing can be assessed with a simple 
numeric rating scale (NRS) question on the 
scale of 1–10 [33]. Tools such as a goniometer 
or a handheld dynamometer can be used to 
assess side-to-side differences with more accu-
racy [33].

For proximal hamstring tendinopathy, only 
three tests have been identified as useful (moder-
ate to high validity). These are the bent knee 
stretch test, the modified bent knee stretch test 
and the Puranen-Orava test [31]. Pain during 
range of motion or strength testing in positions 
with hip flexion is suggestive for proximal tendi-

nopathy, but also fit in the wider differential diag-
nosis. The differential diagnosis of buttock pain 
includes sciatic nerve irritation, ischiofemoral 
impingement, partial- or full-thickness injury of 
the proximal hamstring tendon(s) and other diag-
noses [36].

16.1.2.3	 �Imaging
The clinical diagnosis of a hamstring injury is 
relatively straightforward. Imaging should be 
seen as an adjunct to the diagnostic arsenal. It is 
only necessary if it is expected to change clinical 
management, for example in case of a suspected 
full-thickness free tendon injury.

In elite athlete settings, other factors such as 
external pressures on the medical team can play a 
role in the decision for the use of imaging. When 
imaging is considered, magnetic resonance imag-
ing (MRI) is the gold standard for acute ham-
string injuries [37].

The role of imaging as a diagnostic aid for 
proximal hamstring tendinopathy is more com-
plex. MRI and ultrasound are both capable of 
visualizing tendinopathic changes in the proxi-
mal tendons. Ultrasound is a cheaper alternative 
but heavily dependent on operator skill. If alter-
native diagnoses are considered, ultrasound is 
also less sensitive in detecting other changes such 
as bone marrow oedema, partial-thickness free 
tendon injuries and peritendinous fluid [38]. The 
problem with the use of MRI for proximal ham-
string tendinopathy lies in the fact that the com-
mon MRI findings are non-specific and/or false 
positive. These findings are commonly seen in 
asymptomatic patients and are also increasingly 
common with advancing age [39–41]. It is our 
opinion that imaging in proximal hamstring ten-
dinopathy is best used to exclude other condi-
tions in the differential diagnosis [36]. The use of 
MRI as a prognostic tool to predict return to sport 
is of limited value [28, 42]. For acute injuries, 
there is moderate evidence for MRI-negative 
injuries (faster return to sport) and the presence 
of free tendon injury (longer return to sport) [42]. 
For proximal hamstring tendinopathy, there is 
currently no evidence for MRI findings and asso-
ciation with return to sport.
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16.1.3	 �Treatment

The treatment for these two types of hamstring 
injuries is different on many levels. For the 
partial-thickness MTJ acute hamstring injuries, 
there are 14 RCTs to guide our evidence-based 
rehabilitation. For both proximal full-thickness 
tendon injury and chronic proximal tendinopa-
thy, we are left in the dark with no RCTs. In-depth 
protocols for treatment of these injuries are 
beyond the scope of this chapter, but general 
principles are described.

16.1.3.1	 �Physiotherapy
Acute hamstring injuries—physiotherapy has 
received a lot of research attention and is the 
mainstay treatment for acute hamstring injuries. 
A delay in starting physiotherapy can signifi-
cantly lengthen the time to return to sports [43]. 
Programmes with multifactorial, criteria-based 
progression [44] and an eccentric overload com-
ponent (e.g. Askling lengthening exercises [9] or 
Nordic hamstring exercise) are effective for treat-
ing partial-thickness MTJ injuries with or with-
out intramuscular tendon involvement [45].

Proximal hamstring tendinopathy—due to its 
stubborn and drawn out nature, managing expec-
tations of the athlete (and other stakeholders) is 
key. It is important to emphasize that the road to 
recovery may take a long time and will have (un)
expected setbacks. The cornerstone of treatment 
is activity modification and progressive loading 
as tolerated [36]. The aim is to reduce pain and 
increase energy storage capacity [36]. Activity 
modification can be done by modifying or avoid-
ing activities/positions with increased hip flexion 
[36]. General tendinopathy and specific proximal 
hamstring tendinopathy treatments have been 
described in the literature [36, 46].

16.1.3.2	 �Surgery
Acute hamstring injuries—surgery is only advo-
cated for full-thickness injuries of the hamstring 
tendons. Surgery seems to lead to good func-
tional (strength) and good satisfaction scores 
[15]. Evidence comparing outcomes of operative 
versus non-operative treatments is lacking. In the 
scientific literature, for every 27 hamstrings that 

are operated, one is treated non-operatively (pos-
sibly indicating publication bias) [47].

Proximal hamstring tendinopathy—surgery 
has been advocated for patients that ‘fail’ non-
operative treatment. Only one retrospective case 
series on the outcomes of surgery exists [48]. 
Surgery is not recommended as a first-line treat-
ment with the current knowledge of the convales-
cence period of this injury and the paucity of 
evidence.

16.1.3.3	 �Extracorporeal Shockwave 
Therapy

It is unsure what the role of extracorporeal shock-
wave therapy (ESWT) is in acute hamstring inju-
ries and proximal hamstring tendinopathy. It is 
unknown if it can be considered as an adjunct or 
even replacement to exercise therapy. For proxi-
mal hamstring tendinopathy, ESWT has been 
shown to decrease pain significantly more than 
conventional exercise therapy in an RCT [49]. 
However, this study was at a substantial risk of 
bias due to the lack of blinding. There is currently 
no evidence for the use of ESWT in acute ham-
string injuries.

16.1.3.4	 �Platelet-Rich Plasma
Platelet-rich plasma (PRP) injections are a popu-
lar type of medical treatment since the results of 
animal studies showed increased muscle regen-
eration and a lack of adverse effects. 
Unfortunately, this effect is not seen in human 
subjects, with evidence against its effectiveness 
for partial-thickness MTJ acute hamstring inju-
ries [50]. There is little to no evidence for its 
effectiveness in proximal hamstring tendinopa-
thy [51] or acute full-thickness free tendon injury.

16.1.3.5	 �Non-steroidal Anti-
Inflammatory Drugs 
and Corticosteroids

Non-steroidal anti-inflammatory drugs (NSAIDs) 
are commonly used in the inflammatory stages of 
the muscle healing response. There is no additive 
effect of NSAIDs on the healing of acute partial-
thickness MTJ hamstring injuries [52]. 
Detrimental effects were seen in animal models 
(oral use; increased fibrosis [53]) and human 
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subjects (injections; myotoxicity [54]). This 
combination of data makes it difficult to recom-
mend it as a treatment modality.

Corticosteroid injections are used as an anti-
inflammatory therapy in the inflammatory stages 
of muscle healing and generally in various tendi-
nopathies. Side effects of corticosteroids include 
increased necrotic tissue, decreased regeneration 
and (local) atrophy. There is only one retrospec-
tive study looking at intramuscular corticosteroid 
injections for partial-thickness MTJ acute ham-
string injuries in elite (American football) ath-
letes. There were no side effects or re-injuries 
reported for the 58 athletes in this study [55]. 
Interpretation of this study result is limited due to 
its design. For tendinopathies, there is increasing 
evidence for the short-term benefits but mid-to-
long-term detrimental effects [48, 56]. This 
short-term gain for long-term detriment is best 
avoided.

16.1.4	 �Conclusion

Acute and chronic hamstring injuries are com-
mon, but heterogeneous conditions in athletics. 
Between them, they are vastly different in their 
incidences, approaches to management and out-
comes. Both are primarily clinical diagnoses with 
imaging as an adjunct if necessary. History and 
patient presentation are key differentiators: acute 
injuries are a sudden occurrence that happens 
during high-speed running or stretching situa-
tions. The onset proximal hamstring tendinopa-
thy is more gradual, possibly due to excessive 
compressive loads.

For the partial-thickness MTJ acute hamstring 
injuries, there are 14 RCTs to guide our therapy. 
Prospective case series and consensus reports 
suggest that surgery might be indicated for full-
thickness free tendon acute hamstring injuries in 
elite athletes.

For the chronic hamstring tendinopathy, there 
is little scientific evidence to guide treatment. 
The cornerstones of treatment are physiotherapy-
based interventions with progressive (eccentric) 
loading and activity modification, combined 
with expectation management. Extra-corporeal 

shockwave therapy could be considered as an 
adjunct to exercise treatment. Other treatments 
such as injections (PRP, corticosteroids) and non-
steroidal anti-inflammatory medication have no 
strong evidence for use in both acute and chronic 
hamstring injuries and are not recommended.
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17.1	 �Introduction

Muscle injuries are the most common injuries in 
professional athletes forced to high-intensity 
sprinting efforts [1, 2]. In international track and 
field competitions between 2007 and 2015, 
muscle injuries accounted for 41% of all inju-
ries. The hamstrings were the most commonly 
affected muscle group [3–5]. Muscle injuries 
lead to absence from training and competition 
and to loss of performance, with financial and 
potentially lasting athletic consequences. Due to 
a high rate of recurrence of muscle injuries, it is 
one of the most challenging tasks for a sports 
medicine team to prepare a professional athlete 
for a return to competition and ultimately per-
formance [4]. A recurrent injury leads to 30% 
longer absence, before athletes can return to 
competitive matches [6].

In the literature, a variety of treatments for 
muscle injuries is described and yet the search for 
new treatments to improve and stimulate muscle 
healing is an ongoing process. In this chapter, we 
describe the basics of muscle healing and we dis-
cuss biological therapies and the scientific evi-
dence on their efficacy.

17.2	 �Muscle Structure

Skeletal muscle is composed of two main compo-
nents, muscle fibers, and the connective tissue. 
Muscle contraction is induced by the muscle 
fibers and the innervating nerves of these muscle 
fibers. The connective tissue is responsible for 
interconnecting all muscle cells and to shield the 
capillaries and nerves during a muscle contrac-
tion [7].

Muscle fibers originate from numerous 
myoblasts or (mononucleated) myogenic pro-
genitor cells that are fused to build multinucle-
ated myotubes. These myotubes will mature 
into the muscle fibers [8, 9]. For muscle con-
tractions, contractile units (sarcomeres) con-
tract by interaction (“sliding mechanism”) of 
the filamentary proteins (actin and myosin). 
These sarcomeres are the fundamentals of a 
myofibril, and myofibrils are the main ele-
ments of a muscle fiber [9, 10].

Now that the composition of muscle fibers is 
delineated, we can describe the organization of 

K. Lauf (*) · A. D. van der Made · G. Reurink  
J. L. Tol · Gino M. M. J.  Kerkhoffs 
Department of Orthopaedic Surgery, Amsterdam 
UMC, University of Amsterdam, Amsterdam 
Movement Sciences, Amsterdam, The Netherlands 

Academic Center for Evidence-based Sports 
medicine (ACES), Amsterdam UMC,  
Amsterdam, The Netherlands 

Amsterdam Collaboration for Health and Safety in 
Sports (ACHSS), AMC/VUmc IOC Research Center, 
Amsterdam, The Netherlands
e-mail: k.lauf@amsterdamumc.nl

171

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

https://doi.org/10.1007/978-3-030-60216-1_17#DOI
mailto:k.lauf@amsterdamumc.nl


178

the connective tissue. The connective tissue orga-
nizes the muscle fibers on three levels: the endo-
mysium, the perimysium, and the epimysium. 
The endomysium (basement membrane) envel-
ops an individual muscle fiber and includes 
arteries and veins. The perimysium is a sheath of 
connective tissue that surrounds a group of mus-
cle fibers (fascicles), and the epimysium is the 
outer layer of connective tissue that envelops the 
entire muscle. The connective tissue is not only a 
supportive skeleton for the muscle fibers. It unites 
the contractions of all muscle fibers into a joint 
effort and thus converts all individual contrac-
tions into efficient locomotion [7, 11]. 
Musculotendinous junctions (MTJs) are respon-
sible for the transmission of forces generated by 
contracting the muscle fibers to the tendon and 
eventually to the bone. The MTJs are located at 
both ends of the muscle fibers [12].

Motor neurons are responsible for initiation of 
muscle contraction. The motor point is the loca-
tion where the motor neuron enters the muscle. 
Neuromuscular junctions connect muscle fibers 
with axon terminals. The muscle fibers inner-
vated by a nerve axon and the axon itself are 
referred to as a “motor unit.” The amount of 
motor units per muscle and the amount of muscle 
fibers per motor unit differ between skeletal mus-
cles [9, 12] (Fig. 17.1).

17.3	 �Muscle Healing

Skeletal muscle injury will heal with scar tissue, 
which is different from normal skeletal muscle 
tissue. Different causes of muscle injuries are 
described in the literature. For a contusion type of 
muscle injury, the rupture of muscle fibers occurs 
at or adjacent to the location of impact. In the 
muscle strain type of injury, the rupture of mus-
cle fibers is located close to the MTJ [7]. The 
healing process is similar for muscle injuries 
resulting from different mechanisms of injury. 
The healing process is divided into the following 
phases: degeneration, inflammation, regenera-
tion, and remodeling [7, 14].

17.3.1	 �Degeneration 
and Inflammation

Following injury, the resulting gap between the 
ruptured muscle fibers is filled with hematoma, 
due to hemorrhage from the torn blood vessels 
surrounding the muscle fibers [15].

Necrosis of the muscle fibers is initiated due 
to disruption of the plasma membrane. Cell per-
meability is increased and will result in a higher 
influx of calcium and an increase in activation of 
calcium-dependent proteases [16–18].

Muscle
fiber

Endomysium
Fascicle

Perimysium
Epimysium

Muscle

Myofibril

Fig. 17.1  Schematic 
overview of skeletal 
muscle structure. 
Reprinted from 
“Emerging Biological 
Approaches to Muscle 
Injuries” in Bio-
orthopaedics (p 228), by 
van der Made A.D., 
Reurink G., Tol J.L., 
Marotta M., Rodas G., 
Kerkhoffs G.M., 2017, 
Berlin: Springer. 
Copyright ISAKOS 
2017. Reprinted with 
permission [13]
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The inflammatory cells in blood from the torn 
blood vessels have direct access to the injured 
site. This, in combination with the released sub-
stances of the necrotized parts of the muscle 
fibers that serve as chemoattractants, results in an 
extravasation of inflammatory cells [7, 15]. In the 
early acute phase after a muscle injury, 
polymorphonuclear leukocytes are the most 
abundant cells at the injury site. These leukocytes 
are replaced by monocytes within a day. The 
monocytes differentiate into macrophages that 
actively engage in the proteolysis and phagocyto-
sis of the necrotic material by release of lyso-
somal enzymes [7, 19]. Because of the ability to 
adapt to the microenvironment and the multiple 
states of activation, macrophages have been asso-
ciated with different (in vitro) phenotypes and 
functions [19, 20]. After several days in the heal-
ing process of muscle injuries, the macrophages 
switch to an anti-inflammatory profile and will 
contribute further in the cascade of muscle heal-
ing [17, 19–21].

17.3.2	 �Regeneration 
and Remodeling

After the destructive phases (degeneration and 
inflammation), the repair of the muscle injury 
starts with new processes: the healing process of 
the disrupted muscle fibers and the formation of 
the connective scar tissue [7].

Satellite cells are a divergent group of cells 
adjacent to the muscle fibers and consist of tissue-
resident myogenic precursor cells. The satellite 
cells are located between the basal lamina and the 
plasma membrane (sarcolemma) and are essen-
tial cells in the cascade of the healing process of 
the muscles [7–10, 16, 22–24].

During the healing process of the muscles, 
satellite cells become activated through multi-
ple stimuli and will migrate to the location of 
injury. Normally, satellite cells are in a quies-
cent state, which means that there is no cell 
cycling. At the site of injury, the satellite cells 
will re-enter the cell cycle to form myogenic 

precursor cells (myoblasts) that will differenti-
ate into multinucleated myotubes that will 
adhere to the existing damaged muscle fibers 
[7, 10, 25]. Revascularization of the injured site 
is also an essential process of muscle healing. 
The formation of new capillaries from sur-
rounding blood vessels is one of the first signs 
of muscle healing [7].

Simultaneously with the regeneration phase, 
the remodeling phase will start. Due to the 
inflammatory process, the hematoma at the 
injured site will form a blood clot. The blood-
derived fibrin and fibronectin will form early 
granulation tissue, which functions as an anchor-
age site for fibroblasts to invade [7, 24]. 
Fibroblasts are activated by the release of pro-
fibrotic factors. One of these pro-fibrotic factors 
is transforming growth factor-β (TGF-β). These 
pro-fibrotic factors can be released by anti-
inflammatory macrophages [19, 26]. Activated 
fibroblasts produce remodeling factors and extra-
cellular matrix components (EMCs) such as col-
lagen [26]. This gives the scar tissue its initial 
strength to cope with the forces that will be 
applied during the muscle healing [7, 24].

The new muscle fibers will form mini-MTJs 
between the regenerated muscle fibers and the 
scar tissue. Gradually, the scar tissue decreases in 
size and will bring the ends of the damaged mus-
cle fibers at the injury site closer to each other 
[23, 24]. The muscle fibers will mature, and the 
rise of newly formed axons will stimulate the for-
mation of new neuromuscular junctions (NMJs). 
The formation of new NMJs and thus re-
innervation plays a key role in muscle healing 
and the recovery of muscle function [22, 24, 27].

17.4	 �Biological Treatments

In this paragraph, we will discuss the most impor-
tant biological treatments used for acute muscle 
injuries. We will provide a summary of the com-
position, the working mechanism, and the results 
based on the evidence available for each biologi-
cal treatment.
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17.4.1	 �Platelet-Rich Plasma (PRP)

In the media, products with autologous blood 
concentrates have received increasing attention 
over the years. Platelet-derived products like 
platelet-rich plasma (PRP) have gained popular-
ity among professional and recreational athletes 
[28, 29]. PRP is defined as a suspension of 
platelets in plasma with a higher concentration in 
comparison with the physiological concentration 
in blood. When platelets are activated, they 
release growth factors (GFs) that play a role in 
regenerative processes [30].

PRP is obtained from autologous peripheral 
blood out of patients. A centrifuge is used to 
separate the platelet-rich plasma from other 
blood components, which result in a higher con-
centration of platelets in a smaller volume of 
plasma [29]. The platelet levels in autologous 
concentrated plasma could increase up to eight-
fold [31]. Multiple PRP products are used in dif-
ferent studies. Various autologous platelet-rich 
products are available. These products differ in 
preparation methods, biomolecular characteris-
tics, and composition of cellular components, 
such as platelets, growth factors, cytokines, red 
blood cells, and leukocytes. Due to the sample 
variability, the interpretation of the effect of 
PRP is difficult [30, 32].

The rationale for the use of PRP for muscle 
injuries is that growth factors such as transform-
ing growth factor-β (TGF-β), platelet-derived 
growth factor (PDGF), insulin-like growth factor 
(IGF-I, IGF-II), fibroblast growth factor (FGF), 
epidermal growth factor, vascular endothelial 
growth factor (VEGF), and endothelial cell 
growth factor may improve tissue recovery. 
These growth factors may enhance the healing of 
tissue and improve angiogenesis, which could 
stimulate the healing process [29].

Multiple randomized controlled trials (RCTs) 
have been conducted to examine the effect of 
PRP on muscle injuries. The hamstrings are the 
most frequently studied muscle group for the 
effect of PRP.  One RCT studied the effect of 
PRP for gastrocnemius and rectus femoris inju-
ries [33]. Most studies showed no superiority of 
PRP in treating muscle injuries on the time to 

return to pre-injury activities [34]. One RCT 
found a shortened time (4 days) to return to play 
for patients treated with PRP in hamstring mus-
cle injuries in comparison with the control 
group with patients that did not receive an injec-
tion [35]. This study is at risk of bias due to the 
lack of presence of a placebo group, and no 
effect was found on the re-injury rate. In the 
placebo-controlled studies, no significant effect 
was found. A meta-analysis showed no superi-
ority of PRP over placebo injections in ham-
string injuries [34]. In one study with rats, the 
muscle force and the size of regenerating mus-
cle fibers were adversely affected by the use of 
PRP injections as an addition to active rehabili-
tation [36].

In conclusion, given the lack of high-level evi-
dence to support the efficacy of the use of PRP 
injections and the potential negative effect in an 
animal study, we do not recommend the use of 
PRP injections as a treatment for acute muscle 
injuries.

17.4.2	 �Actovegin

Actovegin is a drug that is used as an injection 
therapy for muscle injuries. Actovegin is a depro-
teinized hemodialysate of ultrafiltered calf serum 
from animals under 8  months of age. A recent 
in  vitro study suggested that Actovegin could 
improve the intrinsic mitochondrial respiratory 
capacity in injured human skeletal muscle fibers 
[37]. Still, the exact working mechanism of 
Actovegin is unknown.

One pilot study with 11 football players diag-
nosed with hamstring injuries described a reduc-
tion of 8  days in return to playtime after 
intramuscular injections with Actovegin. These 
injections were an addition to a specific rehabili-
tation protocol for hamstring injuries. The con-
trol group consisted of patients following the 
specific rehabilitation protocol [38]. However, 
there is a high risk of bias, as there was no ran-
domization, no blinding, and no placebo control 
group. Currently, there is insufficient evidence 
regarding its efficacy and safety profile to support 
the use of Actovegin for (acute) muscle injuries.
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17.4.3	 �Traumeel

Traumeel is a fixed combination of diluted plant 
and mineral extracts that are currently used to 
treat acute muscle injuries. Traumeel has an 
anti-inflammatory effect because of the activity 
of various components that seize on different 
phases of the inflammatory response [39]. In 
vitro studies found that the systemic interleu-
kin-6 production decreases and edema reduces, 
off-setting an unregulated inflammatory 
response. Furthermore, Traumeel inhibited the 
secretion of the pro-inflammatory mediators 
interleukin-1β (IL-1β), tumor necrosis factor-α 
(TNF-α), and interleukin-8 (IL-8). This sug-
gests that Traumeel may have the potential to 
stabilize immune cells [39, 40].

Until now, no clinical trials are performed to 
examine the efficacy of the use of Traumeel in 
treating acute muscle injuries. Therefore, the 
level of scientific evidence is considered as low 
[39]. In conclusion, there is no scientific evidence 
that supports the use of Traumeel as treatment for 
acute muscle injuries.

17.4.4	 �Stem Cell Therapy

Stem cells are undifferentiated cells that can 
divide, under activation of specific stimuli, into an 
identical stem cell and a cell that can contribute to 
growth or regeneration. This ability of stem cells is 
an interesting characteristic regarding the use of 
stem cells as treatment for muscle injuries [41].

Research has shown the presence of several 
stem cell populations in skeletal muscles. 
Muscle-derived stem cells (MDSCs), which pos-
sibly represent satellite cell predecessors, have 
the ability to differentiate into cells of the myo-
genic lineage. The MDSCs are relatively easy to 
harvest and can express growth factors or anti-
fibrotic molecules, like decorin, by genetic modi-
fication [42–44]. As mentioned before, these 
cells can theoretically contribute in the regenera-
tion phase in muscle healing.

The therapeutic use of stem cells for muscle 
injury could be an interesting approach, but for 
now the literature to support use of stem cells is 

mainly focused on degenerative muscle disor-
ders. The effect of MDSC transplantation on 
acute muscle injuries is studied in two studies uti-
lizing murine contusion injury models [45, 46]. 
The use of intramuscular transplantation of 
MDSCs in mice yielded better angiogenesis and 
a significantly higher number of regenerative 
muscle fibers with a larger diameter at the fourth 
day post-injury in comparison with the control 
group or transplantations at other points in time. 
The MDSCs also significantly decreased fibrosis 
compared to the control group. When the MDSCs 
were transplanted during the inflammatory phase 
in muscle healing, a stimulation of fibrosis devel-
opment occurs due to the differentiation of 
MDSCs in fibroblasts by the high expression of 
TGF-β1 [45]. These results from animal studies 
cannot directly be translated to humans. Thus, 
research in humans should be conducted.

Due to the potential tumorigenicity, there are 
concerns on the application of stem cell trans-
plantation. Therefore, it is necessary to evaluate 
the safety of the use of stem cell transplantation 
as treatment for acute muscle injuries in humans.

Tissue engineering is a concept with potential 
for treating muscle injuries in the future. The goal 
of tissue engineering is to design a matrix where 
stem cells, such as MDSCs, will differentiate into 
the required tissue through the activation of sig-
naling molecules [47].

In conclusion, in murine studies the use of 
stem cells provided interesting findings, but the 
evidence advocating the use of stem cells as treat-
ment for muscle injuries in humans is not avail-
able. Further development and evaluation of the 
potential concepts are needed to provide a delib-
erate advice on the (intramuscular) use of stem 
cells in humans. Accordingly, we do not advocate 
the use of stem cells in muscle injuries, because 
of the unidentified (long-term) efficacy and safety 
of its use in humans.

17.4.5	 �Anti-Fibrotic Therapy

As mentioned before, the formation of scar tissue 
in muscle injuries leads to fibrosis in the affected 
muscle and is part of healing process in muscles. 

17  Regenerative Medicine (Biological) Therapies for Acute Muscle Injury

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373



182

An overstimulation of scar tissue development 
may lead to disproportionate accumulation of 
fibrosis. Fibrosis can restrict the formation and 
re-innervation of new muscle fibers at the injured 
site because it may function as a mechanical bar-
rier [7]. This could inhibit the recovery of the 
injured muscle tissue and muscle function [26, 
48, 49].

TGF-β1 plays a key role in formation of scar 
tissue by the activation of the fibrotic cascades 
[26, 49, 50]. With this in mind, anti-fibrotic thera-
pies are mainly focused on the pathway of TGF-
β1 to enhance muscle healing [49].

The most pro-fibrotic growth factor identi-
fied in the literature is TGF-β1. In the pathway 
of TGF-β1, ligand binding activates the phos-
phorylation of receptor-regulated SMADs 
(R-SMADs), such as SMAD2 and SMAD3. 
Subsequently, the R-SMADs bind to the com-
mon mediator SMAD (SMAD 4). This activates 
the transcription of collagen by the transloca-
tion of the nucleus. SMAD7 suppresses the col-
lagen transcription [51]. To inhibit to working 
mechanism of TGF-β1, the anti-fibrotic thera-
pies will aim on one of the upper mentioned 
steps in its pathway.

The various anti-fibrotic therapies described 
in the literature will be discussed.

17.4.5.1	 �Decorin
Decorin is a human proteoglycan serving as an 
anti-fibrotic agent and prevents TGF-β1 action by 
binding on its receptor [48, 52]. In one murine 
study, which used direct injections of decorin 
into skeletal muscle, a significant decrease in 
fibrosis and a significant increase in the amount 
of regenerating muscle fibers were described. 
The comparison was made with skeletal muscle 
of mice treated with a direct injection with saline 
[48]. Although a significant improvement in mus-
cle healing was observed, a large amount of 
decorin was required to enhance healing process 
in a very small mouse muscle. This, in combina-
tion with the unknown safety of the use of deco-
rin agents on human beings, may limit the use of 
direct injections with decorin as treatment for 
muscle injuries in the future.

17.4.5.2	 �Suramin
Suramin was originally designed as an anti-
parasitic drug, but suramin also has an anti-fibrotic 
function by competitively binding the receptor of 
TGF-β1. Therefore, it inhibits the TGF-β1 path-
way [50]. The anti-proliferative effect on fibro-
blasts is described in in vitro studies, and in murine 
models, it is shown that suramin enhances muscle 
healing and reduces the formation of connective 
scar tissue [50, 53]. Comparable to the use of 
decorin, the effects and the safety of the use of 
suramin in human beings are unknown. Therefore, 
more research should be done to provide a clear 
recommendation for the use of suramin.

17.4.5.3	 �Losartan
Losartan is an antihypertensive medication and 
has a well-tolerated profile of side effects. It 
works as an angiotensin-II receptor blocker. 
Angiotensin-II induces the formation of collagen 
type I via the TGF-β pathway that is mediated by 
the angiotensin-II type 1 (AT1) receptor. Losartan 
reduces fibrosis through upregulation of SMAD7, 
which inhibits the activation of the earlier men-
tioned R-SMADs [46]. Another effect of the use 
of losartan is the increase in follistatin at the site 
of injury. Follistatin is a secreted protein and is 
able to neutralize the actions of the TGF-β super-
family proteins and stimulates the satellite cell 
proliferation [46]. These effects of losartan are 
shown in murine models, where oral use of losar-
tan reduced the amount of fibrosis and enhanced 
muscle healing [54, 55]. The dosage of losartan 
used in mice was an equivalent of the dosage 
used for hypertension in human beings and was 
proven to be effective [55]. These results were 
also found in studies in which losartan was used 
as an additional therapy to PRP [56] and the use 
of stem cells [46, 57].

Losartan tablets are generally used as antihy-
pertensive therapy in human beings. With the 
positive effects on muscle healing in mice, the 
use of losartan could be a promising therapy in 
muscle healing in human beings. However, the 
use of losartan should be examined in human 
skeletal muscle before incorporating losartan as a 
treatment for muscle injury.
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17.4.5.4	 �Interferon-ƴ
The working mechanism of interferon-ƴ on mus-
cle healing is supposedly through inducing the 
expression of SMAD7. This inhibits the TGF-β1 
pathway and thus the formation of fibrosis. A 
murine study found a decrease in the amount of 
fibrosis, an increase in muscle fibers, and an 
improved muscle strength [58].

Despite the proven effect of the use of 
interferon-ƴ as treatment for acute muscle heal-
ing by blocking the TGF-β1 pathway in murine 
models, the effects on human beings are 
unknown. Therefore, the efficacy and safety of 
interferon-ƴ should be evaluated in human 
beings before it can be integrated as treatment for 
acute muscle injury.

17.4.6	 �Safety of Intramuscular 
Injections

Intramuscular injection may have side effects 
that should be considered before it is applied in 
clinical practice. The myotoxic effects are evalu-
ated in a systematic review that was performed in 
2014 [59]. Evidence was found for myotoxicity 
of corticosteroids, local anesthetics, and nonste-
roidal anti-inflammatory drugs (NSAIDs). For 
PRP, the evidence found for myotoxicity was 
ambiguous. One study found necrosis, edema, 
increase in inflammatory cells, and fibrosis after 
intramuscular injections of PRP, which were not 
reported in the control group. Other studies 
reported increased formation of muscle fibers, 
decrease in necrosis, and granulomatous tissue in 
muscle injected with PRP when compared to the 
control group.

For the intramuscular injections of Actovegin 
or Traumeel as treatment for acute muscle inju-
ries, there is no evidence available on the myo-
toxicity. Due to the lack of high-level evidence on 
the efficacy of the use of these potential treat-
ments in muscle injuries, more evidence is 
required to consider these therapies as a useful 
therapy in human beings.

17.4.7	 �Conclusion

In conclusion, multiple biological treatments for 
acute muscle injury are discussed. The knowl-
edge on mechanisms of accelerating muscle tis-
sue healing is described in the present chapter. To 
improve the standard of treating athletes with 
muscle injuries to achieve their full potential, 
high-quality evidence on the efficacy and the 
safety of these treatments should be assembled 
before incorporating these options into the stan-
dard of care for acute muscle injury.

As various treatments are promising, addi-
tional studies should be performed to provide this 
evidence. For now, the use of PRP, Actovegin, 
Traumeel, stem cell therapy, or anti-fibrotic 
agents are not advised as treatment for acute 
muscle injury.
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Compartment Syndrome and Shin 
Splints

Matteo Maria Tei, Giacomo Placella, 
Marta Sbaraglia, Pierluigi Antinolfi, 
and Giuliano Cerulli

18.1	 �Introduction

Compartment syndrome (CS) represents an 
emergency involving both muscles and tendons, 
and their clinical diagnosis is not always easy. CS 
occurs when interstitial pressure increases in a 
fascial space, resulting in the impairment of 
microcirculation, thereby causing tissue isch-
emia. If it is not recognized and treated early, it 
can lead to muscle necrosis, rhabdomyolysis, and 

systemic disease in severe cases. The most com-
mon causes of compartment syndrome are as 
follows:

•	 Fractures caused by high-energy trauma;
•	 Crush injuries;
•	 Severe bruising,
•	 Snakebites;
•	 Dressings that are too tight;
•	 Plaster casts.

Pain is the earliest and most sensitive symp-
tom, and it appears out of proportion compared to 
the severity of the injury. Circulatory stasis 
around the nerves may cause paresthesia, which 
may lead to progressive muscle paralysis and 
death. When intracompartmental pressure 
exceeds the blood pressure, the limb becomes 
pale and it is impossible to feel peripheral pulses. 
For its diagnosis, there is the “5P rule” as reported 
in the English literature: [1–7].

•	 Pain;
•	 Paresthesias;
•	 Pallor;
•	 Paralysis;
•	 Pulselessness.

The patient complains of severe and increas-
ing pain and requires frequent doses of analgesic 
drugs. The pain increases during passive stretch-
ing of the limb; moreover, patients report tingling 

M. M. Tei · G. Cerulli (*) 
Istituto di Ricerca Traslazionale per l’Apparato 
Locomotore Nicola Cerulli – LPMRI,  
Perugia/Arezzo, Italy 

G. Placella 
Istituto di Ricerca Traslazionale per l’Apparato 
Locomotore Nicola Cerulli – LPMRI,  
Perugia/Arezzo, Italy 

Department of Orthopaedic Surgery, Ospedale San 
Raffaele, Milan, Italy 

M. Sbaraglia 
Istituto di Ricerca Traslazionale per l’Apparato 
Locomotore Nicola Cerulli – LPMRI,  
Perugia/Arezzo, Italy 

Department of Pathology, Azienda Ospedaliera di 
Padova, Padua, Italy 

P. Antinolfi 
Istituto di Ricerca Traslazionale per l’Apparato 
Locomotore Nicola Cerulli – LPMRI,  
Perugia/Arezzo, Italy 

Department of Orthopaedic Surgery, Ospedale Santa 
Maria della Misericordia, Perugia, Italy

181

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

https://doi.org/10.1007/978-3-030-60216-1_18#DOI


188

along the nerve distribution passing through the 
affected compartment. A key point is that CS is a 
progressively developing condition. Maximum 
swelling occurs at about 30–36 h after the trau-
matic event; therefore, it is essential to pay care-
ful attention to high-risk limbs during the early 
period post-trauma. In patients with altered sensi-
tivity, clinical signs and symptoms are less use-
ful. These patients must be closely monitored; if 
there is a suspicion of compartment syndrome, it 
is necessary to measure intracompartmental pres-
sure. The measurements must be taken in all 
compartments using specific instruments and it 
should be measured as closely as possible to the 
fracture, as in this anatomical area the pressure is 
highest.

Normal intracompartmental pressure is about 
5–8  mmHg. When intracompartmental pressure 
reaches 20 mmHg, tissue perfusion can decrease. 
Tissue perfusion is based on the local perfusion 
pressure (diastolic pressure—compartmental 
pressure), and if the difference between these 
pressures (delta P) is less than 30 mmHg, a fasci-
otomy is indicated. Early treatment of CS should 
include the removal of circumferential dressings, 
loosening tight bandages, and raising the limb 
above chest level, which decreases the perfusion 
pressure on the muscle. If these procedures 
reduce symptoms, the patient should then be 
carefully monitored and re-evaluated frequently. 
If these precautions are not beneficial, the patient 
should be taken to the operating room for 
fasciotomy.

18.2	 �Compartment Syndrome 
of the Upper Limbs

Upper limb compartment syndrome may develop 
as a result of:

•	 Fractures of the distal radius;
•	 Forearm shaft fractures;
•	 Crush injuries of soft tissues.
•	 Several less common causes include the 

following:
–– Snakebite;
–– Gunshot wounds;

–– Toxic shock syndrome;
–– Leukemic infiltration;
–– Viral myositis;
–– Arthroscopic infusion fluid;
–– Nephrotic syndrome.

Patients classically experience constant and 
oppressive pain. For low-energy injuries, the pain 
may seem to be out of proportion. Nerve dys-
function in the compartment involved can lead to 
paresthesia: burning, numbness, and tingling. In 
patients with fractures, the pain persists and 
worsens despite reduction and immobilization. In 
CS of the forearm, patients experience excruciat-
ing pain during flexion and extension of the fin-
gers. The patient suffers from a state of discomfort 
secondary to muscle compartment tension. In 
addition, there is a reduction in sensitivity in the 
distribution of the peripheral nerves and wide-
spread edema. Later, there is numbness, loss of 
peripheral pulses, and pallor of the limb. Even if 
the pain is the best clinical indicator of CS, some 
patients are unable to report it. If the patient is a 
child or the patient has received large amount of 
analgesics, is unconscious, inhibited, or sedated, 
he or she may not be able to refer clearly about 
the pain.

In these situations, it is recommended to mea-
sure the intracompartmental pressure. Elliott 
et al. [8] reported that 23% of the cases with fore-
arm compartmental syndrome are caused by soft 
tissue injuries without fractures and 18% are 
caused by fractures. In our experience, there is 
limited amount of available evidence regarding 
causes, treatment, suture wound methods, func-
tional result, and complications of forearm CS. It 
has been associated with various etiologies; how-
ever, fractures of the distal radius are reported as 
the most common cause of forearm CS. This is 
contrary to what has been reported in the past by 
Grottkau et al. [1], and the authors suggested that 
supracondylar fractures were the predominant 
cause of forearm CS in children. In a study by the 
National Pediatric Trauma Registry evaluating 
131 cases of pediatric CS, it was found that 74% 
of the cases of upper limb CS were caused by 
forearm fractures and only 15% were secondary 
to supracondylar fractures [9]. Bae et  al. [10], 
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studying 33 consecutive pediatric patients with 
36 cases of acute compartmental syndrome, sug-
gested that a possible reason for this decrease in 
CS after supracondylar fracture could be due to 
the changes in fracture management, such as per-
cutaneous pin osteosynthesis.

Patients under 35 years of age involved in a 
high-energy trauma and polytrauma have an 
increased risk of developing forearm CS. Hwang 
et  al. [11] noted that patients with distal radius 
fractures and ipsilateral elbow fractures devel-
oped CS in 15% of the cases, much higher than 
the risk (0.25%) to develop CS after an isolated 
fracture of the distal radius. Upper limb CS is 
generally diagnosed with a careful clinical exam-
ination. The removal of any tight dressings is a 
critical step to enable an accurate assessment of 
the limb. Regarding intracompartmental pressure 
measuring, there is almost an equal distribution 
between the number of patients diagnosed by 
clinical examination as those diagnosed by intra-
compartmental pressure measure [10].

Many authors consider the measurement of 
intracompartmental pressure unnecessary for 
diagnostic purposes [5, 6, 12–17]. Others recom-
mend its use only in patients with impaired com-
munication capabilities or in patients whose 
clinical findings have an ambiguous interpreta-
tion [17–21]. With regard to the treatment of 
forearm CS, different skin incisions have been 
proposed. The typical ventral incision begins 
1 cm proximal and 2 cm laterally at the forearm, 
and then obliquely across the antecubital fossa on 
the volar forearm. Incision starts just radial to 
flexor carpi ulnaris (FCU) at wrist and extends 
proximally to medial epicondyle extended dis-
tally to release carpal tunnel; in the medial direc-
tion, the incision reaches the middle line at the 
average distal third of the forearm. Here, the inci-
sion is continued only to the ulnar side of the long 
handheld tendon to avoid the palmar skin cord of 
the median nerve. The incision then passes 
through the wrist and extends into the medial 
portion of the palm for the concurrent release of 
the carpal tunnel (Fig. 18.1). The overall rate of 
complications of forearm CS is about 42%. Many 
studies report neurological deficits as the most 
common complication [5, 12, 22, 23]. Without 

treatment, CS results in contractures, neurologi-
cal deficits, and severe cases of complete loss of 
function in the forearm and hand. Therefore, 
emergency treatment is necessary to prevent seri-
ous consequences.

18.3	 �Compartment Syndrome 
of the Lower Limbs

Acute compartment syndrome of the lower limb 
is a complication of fractures, soft tissue trauma, 
and reperfusion after acute arterial occlusion. It 
can be caused by bleeding or swelling in a mus-
cle compartment. The long-term consequences of 
CS have already been described by Richard von 
Volkmann [9] in the late nineteenth century as a 
result of a too tight plaster cast, but only after a 
few years was a connection made with high intra-
compartmental pressure. The incidence of foot 
CS is about 6% in patients with foot injuries 
caused by motorcycle accidents. However, the 
incidence of leg CS seems lower (1.2% after 
closed diaphyseal fractures of the tibia) [8]. The 
lower limb compartment syndrome (excluding 
the foot) and its treatment were already described 
in 1958 [9], whereas, until a few years ago, com-
partment syndrome of the foot was largely 
unknown and was described only in some case 
reports. Myerson first described this clinical 
entity in 1988 and presented surgical 
decompression as a therapeutic intervention [24]. 
The leg is composed of four compartments: ante-
rior, lateral, surface, and deep posterior. However, 

Fig. 18.1  The typical ventral incision at the forearm that 
starts just radial to flexor carpi ulnaris (FCU) at wrist and 
extends proximally to medial epicondyle extended dis-
tally to release carpal tunnel
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there is no consensus with regard to the number 
of anatomical compartments of the foot. At the 
end of 1920, three compartments were described 
and these were later confirmed by Kamel and 
Sakla in 1961 [25]. Myerson et al. later identified 
four compartments [14]. However, more recently, 
nine compartments were identified in a cadaveric 
study [26]. In a cadaveric study performed in 
2008, the authors could not identify any distinct 
forefoot myofascial compartments, and there-
fore, it was concluded that a fasciotomy of the 
hindfoot compartments through a modified 
medial incision would be sufficient to decom-
press the whole foot [5]. However, studies on 
cadavers cannot simulate physiological condi-
tions. Therefore, the conclusions of these studies 
should be interpreted with caution. The typical 
clinical presentation of leg and foot CS is not dif-
ferent from any other regions of the body. In a 
systematic review of the literature, the pain has 
been identified as the earliest and most sensitive 
clinical sign of CS [27]. In a retrospective study, 
moreover, foot pain was present in all patients 
with foot CS [28].

Anamnesis: When acute compartment syn-
drome is suspected, a careful examination is 
needed.

Physical examination: Medical recommen-
dations based on evidence-based medicine 
(EBM) cannot be made. Serial laboratory tests 
should be performed as soon as possible as it is 
widely recognized that muscle necrosis usually 
occurs within the first 3  h [17]. However, con-
trary to what was thought in the past, muscle 
strength is not a good parameter to be assessed as 
it is difficult to determine whether the loss of 
strength is due to the pain or muscle necrosis. 
Even the examination of peripheral pulses is not 
reliable for the diagnosis of lower limb CS, 
because there may be false negatives whenever 
the intracompartmental pressure reaches the sys-
tolic blood pressure.

Diagnostic tests: Invasive measurements of 
intracompartmental pressure are a rapid and safe 
procedure to reach a definite diagnosis. It should 
be emphasized that in a cohort study with more 
than 200 patients with diaphyseal fractures of the 
tibia, the continuous monitoring of intracompart-

mental pressure showed no differences in out-
comes or possible delays in performing 
fasciotomy compared to the simple clinical 
examination of the patient [29]. Another study 
showed that the rate of late complications was 
similar in patients having undergone continuous 
monitoring of the intracompartmental pressure 
[18]. Since nine compartments in the foot have 
been identified, it is not feasible to monitor the 
pressure for patients at high risk of developing 
CS in this anatomical area. It is also important to 
remember that intracompartmental pressure must 
be correlated with the diastolic pressure.

Treatment: Fasciotomy threshold is still 
under debate. While some authors suggest that 
for intracompartmental pressure the threshold for 
fasciotomy should be an absolute value of 
30  mmHg [21], others indicate 20  mmHg less 
than the diastolic pressure as a threshold [30]. 
However, currently the indication for fasciotomy 
should be based on clinical findings (neurologi-
cal deficits) or on a difference between intracom-
partmental pressure and diastolic pressure lower 
than 30 mmHg [30]. Although most of these rec-
ommendations derive from studies of other ana-
tomic regions, there is no reason to assume a 
different pathophysiological background for foot 
CS.

Clinical Results: It is important to remember 
that clinical results should be compared over 
time. In short, a history of trauma and the pres-
ence of serious injuries should make the physi-
cian consider the possibility of CS. Although the 
management of CS consists of immediate surgi-
cal treatment, bandages and casts should be com-
pletely open in patients with severe postoperative 
pain. In the case of impending CS, the limb 
should not be raised because it reduces the blood 
supply that is already compromised. McQueen 
demonstrated that in patients with tibial fractures, 
the time between the onset of compartment syn-
drome and fasciotomy influences the outcome, 
rather than the time between trauma and osteo-
synthesis [31]. Generally, the existing literature 
is lacking in regard to the optimal management of 
tibial fractures in the presence of CS.  On the 
other hand, multiple approaches have been used 
to decompress the compartments of the foot [4]. 
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Although the etiology, pathophysiology, and 
treatment of CS are well described, little has been 
published about the long-term results. CS of the 
leg and foot has a low incidence rate (1.2% after 
closed tibial fractures, 6% after open tibial frac-
tures); studies on a greater number of patients 
are, however, not available. One study has exam-
ined the quality of life after CS using the “EQ-5D 
score” [23].

In a study of 30 cases, patients with leg com-
partment syndrome had lower EQ-5D scores 
than the control group with isolated fracture 
without compartment syndrome at 12  months 
after treatment, although their health status was 
not statistically different [23]. In addition, the 
authors reported that patients with faster wound 
closure times were healthier than those with lon-
ger wound closure times [23]. In another study 
on the results of follow-up in 26 patients with 
traumatic leg CS, 15.4% complained of pain at 
rest and 26.9% reported pain under stress at 
1–7 years after the trauma [22]. In this popula-
tion, more than 50% of the patients had reduced 
joint ROM and reported a reduction in sensitiv-
ity. Infections due to fasciotomy were described 
in up to 38% of the patients. Patients who had 
undergone a surgical flap with skin grafting for 
wound closure presented a lower incidence of 
infections. In another study, the presence of 
associated lesions seemed not to affect the long-
term outcome after traumatic CS of the leg with 
regard to the joint ROM, sensory dysfunction, 
and loss of muscle strength [26].

In a series of 14 patients, Myerson [28] 
described the return to the previous working 
activity after trauma in 4 patients, 6 patients had 
only occasional symptoms that had developed 
during some daily activities, whereas 3 patients 
developed contractures with clawed fingers. No 
patients, however, needed amputation (25). 
Paresthesia and numbness of scars distal to the 
compartments involved were common long-term 
sequelae in 8 patients.

Complications: Our experience shows that 
the literature available is quite limited in this spe-
cific field of orthopedics and traumatology [23]. 
Therefore, we believe that further studies are 
needed to describe long-term results. Although 

the pathophysiology of CS is well described, it is 
not yet clear when there is irreversible damage. 
Recent studies in animal models reported muscle 
necrosis after less than 3 h [32]. Moreover, the 
information available in the literature is inconsis-
tent and we believe further studies are necessary. 
Although clinical signs are well described [32], 
we believe that the most important factor in the 
CS diagnosis is the key figure of the doctor, who 
must put the patient at the center of the attention 
and base treatment on a “holistic-like approach.”

Moreover, the physician should be aware that 
the pain, defined as a clinical sign of CS, could be 
masked in patients with a reduced state of con-
sciousness or if previously treated with analge-
sics. Although the literature lacks 
recommendations about the intervals at which 
serial examinations should be performed in 
patients at risk, we believe they should be per-
formed at least every hour, as irreversible damage 
has been reported to occur within the first 3  h 
[32]. Recommendations for surgical treatment of 
foot CS are controversial as the literature lacks 
comparative studies. In conclusion, lower limb 
CS is a rare, but serious complication of which 
the surgeon must be aware. Although immediate 
fasciotomy is the undisputed treatment for 
patients with CS, the literature lacks evidence-
based clinical guidelines.

18.4	 �Chronic Exertional 
Compartment Syndrome

A separate paragraph should be dedicated to the 
treatment of chronic exertional compartment 
syndrome (CECS). There is uncertainty about the 
development of the syndrome in the majority of 
affected patients. CECS is not commonly consid-
ered as a cause of muscle pain. Typically, there is 
a delay of 22 months in the diagnosis of the dis-
ease. Studies on the etiology of chronic pain in 
the anterior leg indicate that CECS is the causal 
factor in 27% of the cases [33].

Anamnesis: The delay in diagnosis, com-
bined with the relative frequency, underlines the 
attention that physicians, not only specialists in 
orthopedics and traumatology, should pay toward 
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CECS as a possible diagnosis. The diagnosis 
affects the patient’s performance of sport and 
work activities. The pathophysiology of CECS is 
connected to an increase in compartmental pres-
sure occurring during exercise due to an increased 
muscle volume. The prevailing theory is that dur-
ing activities, the muscle suffers a gradual 
increase in intracompartmental pressure with the 
consequent impairment of muscle tissue perfu-
sion [34].

Incidence: In the general population, the 
exact incidence rate is unclear because of the dif-
ficulty to diagnose it and the delay in seeking 
medical care. CECS should be suspected in any 
athlete who presents with chronic anterior leg 
pain that worsens with physical activity, but it is 
resolved upon cessation of activity. 95% of the 
cases of CECS occur in the anterior and lateral 
compartments of the leg [35]. CECS is more fre-
quent in young adult amateur runners and mili-
tary recruits, but it is not uncommon in athletes 
participating in contact sports. There are no dem-
onstrated differences in incidence between men 
and women [36]. The average age of onset is 
20 years [13]. The risk factors for the develop-
ment of CECS include use of anabolic steroids 
and the use of creatinine increasing muscle vol-
ume. Aberrant biomechanical factors in a runner, 
such as wrong foot support or overpronation, can 
lead to an increased risk of compartment syn-
drome secondary to differences between weight/
load and to high pressure on individual muscle 
groups in the lower leg.

Physical examination: Acquiring a thorough 
history for compartment syndrome is important 
because the physical examination may be irrele-
vant. Classically, there is the development of pain 
described as a burning or pressuring sensation, in 
a compartment of the leg at the same time, at the 
same distance, or at the same intensity [37]. The 
pain increases in intensity as the patient contin-
ues to exercise. Symptoms occur bilaterally in 
70% of 80 cases [38]. Other symptoms include 
numbness and tingling in the dermatomal distri-
bution of the nerve conduction through the 
involved compartment. Weakness of the affected 
muscle is also a symptom that is reported by 
patients. A classic presentation of CECS is a run-

ner that experiences burning in the leg and numb-
ness on the back foot after about 15  min of 
continuous running, with absolutely no symp-
toms within 30 min of stopping.

The physical examination can be used to dif-
ferentiate CECS from other causes of chronic 
pain in the lower legs. The athlete should be 
examined after he or she has completed the exer-
cise provoking the pain. An important diagnostic 
procedure could be biomechanical functional 
assessments, thereby allowing stabilometric, 
electromyographic, and isokinetic parameters to 
be studied. Functional imaging studies can also 
give precise information about the joint kinemat-
ics and the ability to perform simple or complex 
gestures. Biomechanical evaluations offer a pos-
sibility for orthopedic specialists to express a pre-
cise opinion on the functional state of the 
musculoskeletal system and its various compo-
nents through simple and more sophisticated and 
expensive instruments such as force plates, 
16-channel EMG telemetry, instruments for iso-
kinetic evaluation, and 3D systems. 
Biomechanical laboratories for the musculoskel-
etal system (Fig. 18.2) offer accurate and repro-
ducible data regarding some locomotor 
parameters, such as reaction to the ground, pro-
prioception, the peak of flexor and extensors of 
the knee muscle strength, electrical activity of 
various muscles of the thigh and leg being 
assessed in dynamic conditions, and, finally, the 
functional capacity during the most simple or 
more complex movements (Fig.  18.3). Athletes 
and other patients presenting with movement dis-
orders should be assessed in dynamic conditions 
rather than in static conditions.

Diagnosis: Golden standard for the diagnosis 
of CECS is the measurement of intracompart-
mental pressure.

Treatment: The only certain treatment of 
CECS is fasciotomy [13]. Nonetheless, conserva-
tive treatment has also been described, such as 
avoiding activities that can generate symptoms or 
decreasing the workout intensity. Athletes may 
be advised to rest and then slowly increase their 
athletic training. Specifically designed orthope-
dic insoles might be prescribed, which give plan-
tar arch support and correct pronation while 
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running. Other conservative treatment methods 
include avoiding running on hard surfaces, wear-
ing appropriate footwear, and aiming at changing 

specific sport movements based on an objective 
biomechanical assessment. Massage therapy of 
the involved muscle tissue, ultrasound, and 
stretching before exercise are all treatment strate-
gies that may prolong the time before symptoms 
appear. If athletes do not get any relief from con-
servative measures and they do wish to continue 
practicing sport at the same level and intensity, 
fasciotomy is the treatment of choice [13].

This lower percentage is attributed to the pos-
terior compartment’s complex anatomy. Several 
types of fasciotomies have been described: Open 
and subcutaneous fasciotomies are the most com-
monly performed surgeries. The advantage of 
fasciotomy in open is the full view of the com-
partment. Some types of open fasciotomy include 
the removal of band flaps to reduce the formation 
of aberrant scars and relapses [13].

On the other hand, subcutaneous fasciotomy 
involves 1–2 small incisions. Several case reports 
of endoscopically assisted fasciotomies have 
been described, but an increase in frequency of 
complications and relapses was reported [19]. A 
compressive dressing is applied postoperatively 
for 2–3 days. Patients are requested to perform 
different types of rehabilitation exercises after 
surgery in order to prevent the formation of tissue 
adhesions. Patients can swim as soon as surgical 
wounds are completely healed, whereas physical 
therapy usually beings 1–2 weeks after surgery. 

Fig. 18.2   
Biomechanical 
laboratories for the 
musculoskeletal system, 
fully equipped. Athletes 
and other patients 
presenting with 
movement disorders 
should be assessed in 
dynamic conditions

Fig. 18.3  Gait analysis with 16-channel EMG telemetry 
performed at the biomechanical laboratory
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The athlete can return to full sport activity within 
6–8  weeks if he/she is asymptomatic and has 
recovered fully concerning muscle strength and 
elasticity as assessed according to a postoperative 
biomechanical evaluation [39].

18.5	 �Medial Tibial Stress 
Syndrome (MTSS, Shin 
Splints)

The medial tibia shin splint (MTSS) is pain 
occurring along the inner edge of the tibia 
(Fig. 18.4). The lower two-thirds of the anterior 
and medial part of the tibia is the most common 

site of pain. MTSS is a common injury in runners 
of long distances and in athletes with repetitive 
and prolonged efforts such as gymnasts, dancer, 
or military recruits [40]. MTSS is responsible for 
35% of runner injuries [41]. Shin splints are an 
overuse injury affecting over three million 
athletes.

Diagnosis: There are several serious causes 
for MTSS: Compartmental syndrome and tibia 
stress fracture are the most severe, but the most 
common causes in professional athletes are prob-
ably the irritation and degeneration of the soft tis-
sue around the bone (periosteum). Anterior leg 
pain can be caused by other problems such as 
sural or peroneal nerve entrapment, tendinopa-
thy, and popliteal artery entrapment.

The most severe problem is acute compart-
mental syndrome: This diagnosis often causes 
unrecognized MTSS by athletes’ health team. 
The second condition often overlooked is bio-
logical tissue fatigue; often, biomechanical 
stress is only taken into consideration, leaving 
aside that chronic pain can be triggered by tissue 
suffering. Rehabilitation in these pains must be 
slow because it is guided by biological princi-
ples that cannot be asked for discounts. Often, 
the only problem is the haste to be able to return 
to sport. In case of acute tibial pain, the first 
thing to do is to exclude acute compartment syn-
drome (CS).

Risk Factors: There is only one accepted risk 
factor for MTSS: excessive physical stress. 
Overload, overuse, or misuse is always present in 
this disease [40]. In addition to this common and 
fundamental factor, there are other individual 
predispositions: modification of the type of train-
ing, the type of devices used, and sport frequency: 
Running for longer distances, on climbs, for 
more frequent periods with different shoes is 
often important factor to consider. Other factors 
that contribute to shin splints include flat feet or 
abnormally rigid arches, exercising with improper 
or worn-out footwear, individuals with inflexibil-
ity, and tightness of lower leg muscles.

Treatment: Treatment of MTTS is compli-
cated because there are several overlapping 
causes [42]. Today, this disease is considered to 
be poorly treated and often left unresolved 

Fig. 18.4  Example of most common site of pain in 
medial tibia shin splint
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because the lack of knowledge and old treat-
ments that are no longer reliable are often used 
[43, 44]. Shin splints treatment includes several 
weeks of rest from activity that can be substi-
tuted with lower impact types of aerobic activ-
ity, which supports an intense circulation 
without structural tissue overload. Ice is a com-
mon therapy as it decreases inflammation and 
pain, elevation of the leg can decrease the swell-
ing to the area. Additional swelling can be 
treated with compression bandage or anti-
thrombus stockings.

Once the pain has decreased, strengthening 
exercises should be performed focusing on the 
lower leg and hip muscles. Shin splints usually 
resolve with rest and the treatments described 
above. Before returning to exercise, the patient 
should be pain-free for at least 2 weeks. Return to 
exercise must be at lower level of intensity [42].
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19.1	 �Epidemiology

In a large study of more than 21 million athlete 
exposures, the incidence of meniscal injuries in 
high school track and field was lower when com-
pared to football, soccer, basketball, and wres-
tling. Mitchell et al. demonstrated that for females 
participating in high school track and field, 
meniscus injury risk was twice that of their male 
counterparts (2.0 and 1.0 injury rate per 100,000 
athlete exposures, respectively) [1]. A case series 
analyzed 378 isolated meniscal lesions in athletes 
and found that medial meniscal tears predomi-
nated in track and field athletes (71.4%) [2]. 
Horizontal and complex tears are most common 
and typically exist on the osteoarthritis spectrum. 
Radial and vertical tears are common in acute 
injuries, whereas root tears and ramp lesions are 
typically higher energy injuries associated with 
ACL tears. Traumatic injury to the articular carti-

lage of the knee is increasingly recognized among 
athletes where the physical demands of sport 
result in significant stresses on joints. The overall 
prevalence of focal chondral defects in the knee 
is 36% among all athletes compared with 16% of 
the general population. Chondral defects occur in 
association with 9–60% of acute anterior cruciate 
ligament (ACL) ruptures and 95% of patellar dis-
locations. Knee chondral lesions carry a high 
morbidity: Athletes are up to 12 times more likely 
to develop osteoarthritis than the general popula-
tion [3].

19.2	 �Pathogenesis of Chondral 
Injuries

Most of the running injuries are classified as 
“overuse” injuries, as chondral lesion, defined as 
an injury of the musculoskeletal system that 
results from the combined fatigue effect over a 
period of time beyond the capabilities of the spe-
cific structure that has been stressed. Several risk 
factors are associated with overuse injuries, but 
they could be classified into three main catego-
ries: training, anatomic, and biomechanical fac-
tors [4]. Excessive running distance and intensity 
are identified as the main training errors, corre-
lated with greater stresses on bones, joints, mus-
cles, and tendons. A recent study found that 
runners with a body mass index (BMI) of 
≥26  kg/m2 had a reduced risk of sustaining a 
running-related injury when compared to run-
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ners with a lower BMI [5]. About sex difference, 
several studies showed evidence that young men 
had a higher risk of running-related injuries [6]. 
Anatomic or anthropometric variables as high 
longitudinal arches (pes cavus), ankle range of 
motion, leg length discrepancies, and lower 
extremity alignment abnormalities are identified 
as risk factors for an overuse running, increasing 
amounts of internal stresses applied to various 
musculoskeletal structures. However, there is a 
huge debate among researchers regarding the 
effect of each of these variables, particularly the 
ankle range of motion. Finally, biomechanical 
factor is the last main cause of overuse running 
injuries and could be classified as kinetic or rear-
foot kinematic variables [7].

19.3	 �Pathogenesis of Meniscal 
Tears

According to Snoeker et  al. in a recent review, 
minimal evidence was found for running as a risk 
factor for meniscal tear, despite the need for a 
greater load absorption by the menisci. This 
could be explained by the absence of pivoting 
motion on a semi-flexed knee during running and 
the lack of contact with other players [8]. BMI 
has been identified as a modifiable factor associ-
ated with meniscus injury in general population 
and athletes. Conversely, nonmodifiable risk fac-
tors for meniscal tear include age, gender, and 
anatomic factors. The prevalence of meniscus 
tears increases with age with a prevalence of 
meniscal abnormalities and degenerative tears, 
whereas traumatic tears decrease with age, due to 
a decreased activity level in older population. In 
regard to sex, male athletes may be at greater risk 
of meniscus injuries than female athletes. 
Anatomic factors may increase the risk of medial 
meniscus injury. These factors include posterior 
tibial slope (PTS), medial meniscal slope (MMS), 
a biconcave medial tibial plateau, and knee 
malalignment. PTS >13° may increase risk of 
posterior horn medial meniscus tears in ACL-
deficient knees, whereas MMS >3.5° may 
increase risk of ramp lesion in patients with ACL 

tear [1]. In patients with acute ACL tears, menis-
cus tears have been reported in 40–82% of cases. 
Several factors have been correlated with menis-
cal tears during jumping. The most commonly 
reported action causing injury was rotation 
around a planted foot (Fig.  19.1). In the case 
report of long jumping, it is hypothesized that 
these injuries result from abnormal forces on the 
knee caused by fixation of the distal limb by 
cleats, thus preventing normal tibial medial rota-
tion during flexion from the “lock-extended” 
position. Tear forces on the menisci could be 
associated with feet anchored impacting into the 
sand of a long jump pit. Another example could 
be that during a high-impact landing, the femur is 
also restricted in rotation by bracing muscle ten-
sion over the hip joint [9].

Fig. 19.1  Post-traumatic meniscus tear in track and field 
athlete
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19.4	 �Management Chondral 
Lesions

In partial-thickness defects, there is no involve-
ment of the vasculature. Chondroprogenitor cells 
in blood and marrow cannot enter the damaged 
region, and local articular chondrocytes do not 
migrate to the lesion. As such, the defect is not 
repaired and will progress [10]. However, when 
the thickness of the defect is not complete, any 
type of surgical treatment would seem exagger-
ated and is not supported by scientific evidence. In 
these cases, it is more appropriate to adopt existing 
cartilage protection strategies such as minimiza-
tion of high-impact joint loading and injury pre-
vention protocols with the possible addition of 
injection treatments. Viscosupplementation with 
hyaluronic acid is a recommended treatment for 
osteoarthritis of the knee in both national and 
international guidelines [11]. In athletes, intra-
articular injection of hyaluronic acid for symptom-
atic treatment of osteochondral lesions has been 
shown to improve function and reduce pain. 
Platelet-rich plasma (PRP) has been proposed for 
the treatment of chondral lesions or osteoarthritis 
due to proposed healing properties attributed to the 
increased concentrations of autologous growth 
factors and secretory proteins that may enhance 
tissue regeneration. Nonetheless, few studies eval-
uated platelet aggregates in the treatment of chon-
dral lesions, although they reported more and 
longer efficacy than hyaluronic acid injections in 
reducing pain and symptoms as well as recovering 
articular function with better results in younger 
and more active patients who had a low degree of 
cartilage degeneration [12].

Full-thickness chondral defects that penetrate 
subchondral bone have the potential for intrinsic 
repair due to communication with chondropro-
genitors in bone marrow. These differentiating 
cells produce a “repair cartilage” with a high con-
tent in type I collagen, resulting in fibrocartilage 
rather than hyaline cartilage. Fibrocartilage is 
less robust and has poor wear characteristics, and 
is associated with reduced durability of cartilage 
tissue and tendency for outcomes to worsen with 

time. Intrinsic repair of chondral lesions in ath-
letes can be facilitated with different techniques 
of stimulation or restoration of the hyaline articu-
lar cartilage; repaired and regenerated cartilage 
should resemble as close as possible and function 
like normal hyaline cartilage, and this ability may 
be the most significant factor for the return to 
sport.

Microfracture is a surgical method aimed to 
facilitate migration of mesenchymal stem cells 
into the injury site through perforation of the sub-
chondral bone, generating conduits to the vascu-
larized bone marrow. Microfracture has been 
suggested as a first-line treatment option for 
lesions <2 cm2 in the absence of underlying osse-
ous defect [13] and has gained popularity during 
the past 2 decades because of its minimally inva-
sive approach, technical simplicity, low surgical 
morbidity, and relatively low cost [14]. Excellent 
short-term (first 24  months) clinical outcomes 
and functional improvement have been demon-
strated after microfracture, particularly in 
younger patients with smaller lesions [15]. 
However, the clinical durability of bone marrow 
stimulated repair tissue has shown an objective 
and functional decline over time in young ath-
letes [16]. A study by Steadman et al. [17] on 25 
athletes who underwent microfracture for knee 
chondral lesions revealed a 76% rate of return to 
play, with improvement in pain and function. 
Conversely, Mithoefer et  al. [18] analyzing the 
outcomes in 32 professional athletes with focal 
full-thickness lesions of the femoral condyle 
showed that only 25% returned to regular sport 
participation at pre-injury level: The outcome 
scores subsequently deteriorated in almost 40% 
of the athletes. Effectiveness of microfracture 
improvement has been the objective of recent 
technique implementation, such as the utilization 
of polysaccharide polymers, biodegradable 
hydrogels, or 3D scaffolds to improve clot stabil-
ity, or concomitant use of PRP or bone marrow or 
adipose tissue aspirate concentrate.

The autologous matrix-induced chondrogene-
sis (AMIC) foresees the additional introduction 
of a solid acellular type I/III collagen membrane 
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in cartilage defects after treatment with micro-
fractures [19]. The advertised advantages are a 
possible stabilization of the so-called super-clot 
within the cartilage defect following microfrac-
ture and an improved cartilage repair. Although 
there is a paucity of high-quality studies testing 
the AMIC technique versus established proce-
dures such as microfracture or ACI for knee 
chondral defects, in the majority of the available 
studies patients experienced decreased pain and 
improved knee functional scores within the first 
2 years following AMIC [20]. For knee cartilage 
defects with a mean defect size of 3.6  cm2, a 
randomized controlled bicenter trial compared 
AMIC with microfracture: No significant differ-
ences were found at 1 and 2 years postoperatively 
regarding improvements in the modified 
Cincinnati and International Cartilage Repair 
Society (ICRS) scores [21]. The same authors 
reported 5-year outcomes of 39 patients similarly 
randomized in a prospective bicenter clinical trial 
and found that the modified Cincinnati score was 
stable in AMIC groups, whereas it significantly 
decreased in the microfracture group [22]. 
Chondral lesions larger than 2 cm2 or lesion with 
underlying osseous defect should be addressed 
with reconstructive procedures such as mosaic-
plasty (osteochondral autograft transplantation) 
and allograft transplantation. These are implanta-
tions of well-formed osteochondral tissue (unit of 
osteochondral plugs or constructs), and no regen-
eration of cartilage is necessary.

Mosaicplasty, or osteochondral autograft 
transplantation, is a surgical technique that has 
been developed to treat small- or medium-sized 
symptomatic focal chondral or osteochondral 
defects in the knee. Osteochondral implantation 
provides replacement of mature hyaline cartilage 
together with underlying subchondral bone. 
Mosaicplasty involves the harvesting of cylindri-
cal osteochondral plugs from a minimally weight-
bearing zone of the knee (e.g., the intercondylar 
notch or the femoral periphery of the patellofem-
oral joint) and transplanted to areas of symptom-
atic full-thickness cartilage or osteochondral 
injury. Harvesting and grafting may be conducted 
through a mini-arthrotomy or arthroscopically 
[23]. Due to tissue availability and donor-site 

morbidity, autologous osteochondral mosaic-
plasty is indicated for limited-size defects. Based 
on promising clinical results, mosaicplasty has 
been used to treat the athlete population and has 
been demonstrated to be a useful alternative in 
the treatment of focal full-thickness cartilage 
damages of professional athletes. Hangody et al. 
reported good to excellent results in 91% of fem-
oral, 86% of tibial, and 74% of patellofemoral 
mosaicplasty in athletic patients, after an average 
follow-up time of 9.6  years [23]. 63% of the 
patients returned to the same level of sports activ-
ity, and 28% of the patients were able to return to 
a lower level of sports activity, whereas 9% of the 
operated patients had to give up any kind of 
sports activity. In a prospective randomized study 
of osteochondral autologous transplantation ver-
sus microfracture for the treatment of single 
symptomatic full-thickness and osteochondral 
defects of the knee, in a group of 57 athletes, 
Gudas et al. reported significantly better results 
in the mosaicplasty group 3 and 10 years after the 
operation; however, the scores decreased from 3 
to 10 years in both groups [24].

Osteochondral allograft transfer procedures 
provide a potential solution to overcome donor-
site morbidity that limits autologous techniques 
for osteochondral lesions that are larger than 
2 cm2 [25]. The primary advantage is there is no 
restriction on the size or number of plugs that can 
be harvested from the donor knee, both of which 
are limited in autologous mosaicplasty [26]. 
Several studies have outlined the effectiveness of 
osteochondral allografts in reliably providing 
pain relief and return of function for activities of 
daily living [25]. Good clinical outcomes have 
been reported after osteochondral allograft trans-
plantation in the knee, with a high satisfaction 
rate (86%) and a low short-term complication 
rate at a mean follow-up of 5 years. Furthermore, 
the survivorship of osteochondral allografts at 
15  years’ follow-up has been estimated to be 
75% [27]. The return-to-sport rate after osteo-
chondral allograft transplantation range from 
75% to 82% with improvements in most patient-
reported outcomes, although a high reoperation 
rate has been reported, with more than half of 
studies reporting a reoperation rate between 34% 
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and 53% [28]. According to a meta-analysis of 
return to sport after the surgical management of 
articular cartilage lesions in the knee, the rate of 
return to sport for osteochondral allograft trans-
plantation was 88% [29].

Chondral lesions larger than 2  cm2 with no 
underlying osseous defect have been successfully 
treated with autologous chondrocyte implanta-
tion (ACI). ACI is indicated for the treatment of 
medium-to-large, full-thickness cartilage defects. 
Due to the cost and invasiveness of the proce-
dure, ACI is a second-line treatment for defects 
smaller than 2  cm2, in which it is generally 
reserved for revision of prior failed cartilage 
repair. For larger defects, however, it can be used 
as a primary procedure due to the lowered effi-
cacy of lesser procedures, such as microfracture 
or osteochondral autograft transfer. ACI involves 
the harvesting of chondrocytes from a healthy 
non-weight-bearing portion of the knee followed 
by implantation of culture-expanded autologous 
chondrocytes under a periosteal flap (first-
generation ACI) or a collagen membrane (second-
generation ACI), or onto a membrane carrier or 
porous scaffold prior to implantation (third-
generation ACI). When performed in elite ath-
letes, ACI resulted in a successful return to 
high-impact sport with excellent durability at 
5  years and beyond [30]. Mithoefer et  al. ana-
lyzed professional and recreational soccer play-
ers who underwent ACI and found that 33% of 
the players returned to soccer, including 83% of 
competitive-level players and 16% of recreational 
players. Of the returning players, 80% returned 
to the same competitive level and 87% main-
tained their level of performance [30]. The main 
disadvantage of ACI techniques is the long time 
for tissue maturation and consequent return to 
sport. In fact, while a meta-analysis of return to 
sport after the surgical management of articular 
cartilage lesions in the knee reported an 82% rate 
of return to sport after ACI [29]. Previous recom-
mendations had been for return to activity at 
18  months to allow sufficient time for tissue 
remodeling, but more recent accelerated proto-
cols have athletes returning to activity at 
12  months [31]. Further limitations include the 
requirement for multiple surgical procedures, 

donor-site morbidity, the expense, and potentially 
harmful modification of cells in culture, and the 
repair tissue is not hyaline cartilage.

19.5	 �Management of Meniscal 
Tears

Meniscal tears are particularly common in ath-
letes, especially in contact sport that involves 
pivoting or cutting. Different types of meniscal 
surgery can be performed for an acute tear: men-
iscectomy or meniscal repair. A recently pub-
lished analysis of 2004 through 2012 data from 
the American Board of Orthopaedic Surgery cer-
tification examination database showed an 
increased rate of surgeons performing meniscal 
repairs and a decreased rate of meniscal debride-
ment [32]. However, meniscectomy remains one 
of the most frequent orthopedic procedures with 
a fast RTS for the athletes but with a high risk of 
early degenerative changes. Meniscectomy in 
patients with high physical demands should be 
used only when a meniscal repair is unworkable, 
evaluating factors such as tear type, location, 
chronicity, and potential to heal [32]. 
Osteoarthritis is a common consequence follow-
ing meniscectomy. 56% of patients who under-
went lateral meniscectomy, at a 20  years’ 
follow-up, showed osteoarthritis. Furthermore, 
resection amount, age at surgery, and cartilage 
status are prognostic factors. 100% excellent or 
good results after meniscectomy for longitudinal 
vertical tear were obtained by Osti et al., com-
pared to 79% for complex lesions [33]. RTP 
after partial meniscectomy at the pre-injury 
activity level in athletes occurs usually from 7 to 
9 weeks, when knee pain and effusions have sub-
sided and quadriceps/hamstring strength has 
returned to normal, with more adverse effects 
reported after partial lateral meniscectomy [34]. 
Few studies evaluating the return to play of ath-
letes following meniscectomy are presented in 
the literature. A study by Osti et  al. found that 
98% of 41 athletes who underwent a partial lat-
eral meniscectomy returned to sport at an aver-
age of 55  days, with a faster rehabilitation in 
patients with an isolated simple longitudinal tear 
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than more complex tears. Moreover, Kim et al. 
noticed a longer RTS in recreational athletes in 
88 days than in elite ones in 54 and in patients 
>30  years in 89  days than <30  years in 54. 
Different rehabilitation protocols are presented 
in the literature. Brelin et al. use standard method 
progresses in 3 phases: (1) 0–2  weeks: begin 
weight-bearing and range of motion as tolerated 
along with quadriceps, hamstring, and core 
strengthening; (2) 2–4 weeks: addition of sport-
specific exercises and return to cardio training; 
and (3) 4–6  weeks: continued advancement in 
sport-specific training and maintenance of 
strengthening program [33].

In young athletes, the gold standard treatment 
for an unstable tear in the vascular zone is a 
meniscus repair to avoid early degenerative 
changes and alteration of the mechanism of the 
knee joint. For these reasons, recently, it has also 
been proposed to try to repair a tear into the avas-
cular zone. All-inside, inside-out, and outside-in 
techniques are all effective, and indications are 
basically cultural: for example, use of hybrid 
material in Europe. The type of surgery in ath-
letes was reported in a recent review: 625 (94%) 
repairs were arthroscopic surgeries, while the 
remaining 39 (6%) repairs were performed as 
open surgery via arthrotomy. An all-inside tech-
nique was used in 473 cases (71%), inside-out in 
110 (17%), and a combination of outside-in and 
all-inside in 42 (6%) patients [35]. Functional 
results of meniscal repair are similar to menis-
cectomy, although surgical revision rates are 
slightly higher with repair. Moreover, meniscal 
repair provides long-term cartilage protection, on 
radiography or MRI, and failure rates are accept-
able (6–28%). Although there is a high risk of 
failure in extended tears than small ones, lesion 
extension is not a prognostic factor, as the antero-
posterior location of the tear. Time to surgery is 
probably a factor, and early repair is probably 
preferable: Acute-stage repair shows better prog-
nosis than chronic repair [34]. Stein et al. com-
pared the results of meniscus repair and partial 
meniscectomy in 81 patients with traumatic 
medial meniscal tears at midterm (mean 
3.4  years) and long-term (mean 8.8  years) fol-
low-up. Whereas the midterm examinations 

showed no difference between both groups, 
sports level at the long-term follow-up was sig-
nificantly higher in the repair group with 94% 
being active at the pre-injury sports level com-
pared to 44% in the partial meniscectomy group 
[36]. However, a meniscal preservation needs a 
longer rehabilitation period, delaying the 
RTS. After meniscal repair, 81–88.9% of athletes 
returned to sports on average 5.6 months. There 
is no consensus about postoperative rehabilita-
tion programs in patients who underwent a 
meniscus repair. However, more aggressive 
approaches have been used to let an early postop-
erative weight-bearing and deep flexion with 
good outcomes. Kozlowski et  al. published a 
rehabilitation protocol for athletes using a 
3-phase progression based on patient abilities. 
The first 6 weeks of the early phase let to protect 
the meniscal repair. Following this, athletes begin 
a return-to-sport progression (static, dynamic, 
and ballistic phases) if they meet specified sub-
jective and objective criteria to achieve finally 
full confidence in their knee [33].

Meniscal allograft transplantation (MAT) is a 
surgical procedure indicated for athletes with 
symptomatic meniscal deficiency, “the post-
meniscectomy syndrome.” It consists of recur-
rent joint effusions, pain, and symptomatic 
“giving way,” which may develop in athletes and 
may limit or prevent them from returning to play 
after meniscal injury and surgery. The ideal 
patient for a MAT should have joint line pain, 
mild chondral changes, normal alignment, and a 
stable knee to achieve better outcomes. There is 
no consensus about the best technique about 
MAT. Bone-plug or soft tissue fixation and open 
or arthroscopic techniques are commonly used 
by surgeons [37]. After MAT, 67–85.7% of ath-
letes returned to sports, and the time to RTS 
ranged from 7.6 to 16.5 months. No significant 
differences in the time to return to official com-
petition were found between patients who under-
went medial or lateral MAT, patient with none/
mild or severe chondral damage, and those who 
underwent isolated or combined MAT [35]. Two-
thirds of athletes who underwent MAT were able 
to participate in sports at the same pre-injury 
level. Graft-related reoperations were reported in 
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13% of patients, while the rate of joint replace-
ment, with partial or total knee prosthesis, was 
1.2%, not dramatically increased compared with 
the reported rates for the general population. 
However, high-demand sports should be discour-
aged to preserve the graft as long as possible until 
high-quality evidence becomes available on 
long-term safety [32]. Recently, a more aggres-
sive rehabilitation after MAT has been proposed. 
Athletes are being released to full training exer-
cises as early as 5 months postoperatively, under 
the guidance of the surgeon, athletic trainer, and 
coaches. However, there is a high risk of failure, 
and therefore, it is highly recommended to 
athletes to refrain from collision or contact sports. 
Usually, a more conservative rehabilitation pro-
tocol following MAT consists of protected 
weight-bearing for 6  weeks, immediate (or 
2-week delayed) joint mobilization, and return to 
contact activities 6–9 months postsurgery [33].

19.6	 �Conclusion

In conclusion, preservation of meniscal function 
is the most important goal of meniscal surgery. 
However, when a meniscal repair is unworkable, 
partial meniscectomy must be performed, obtain-
ing the shortest time to RTS and the highest RTS 
rate but with a high incidence of rapid chondroly-
sis. Although MAT is generally considered a sal-
vage procedure and not strictly aimed at returning 
to physical activity, return to sport and good clin-
ical outcomes were achieved in most recent 
reviews. Concurrent procedures associated with 
meniscal repair or meniscectomy, such as ACLR, 
prolonged the time to RTS, but it had no effect on 
the RTS rate and the level of sports activity at the 
time of RTS.  A vast number of strategies are 
available in the treatment of chondral injuries, 
few of them are supported by robust clinical evi-
dence. Depending on the chondral defect thick-
ness and lesion size, different treatments can be 
considered, each of which is associated with vari-
able success and return-to-sport rates. 
Nevertheless, chondroprotective measures such 
as stability, meniscal, and correct alignment res-
toration should first be considered in all patients 

to prevent disease progression. Finally, an early 
functional rehabilitation program has been imple-
mented recently to provide a faster return to play 
while still minimizing the risk for re-injury.
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Patellofemoral Overuse Injuries 
and Anterior Knee Pain
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20.1	 �Introduction

Anterior knee pain is common in track and field, 
multifactorial and involving different anatomical 
structures. Peripatellar pain is usually clinically 
referred to as patellofemoral pain (PFP) and indi-
cates localized pain of the anterior aspect of the 
knee [1], related to several different disorders 
quite common even among athletes.

PFP typically affects young adults, but is also 
common among older adults and adolescents, 
especially during phases of rapid growth [2].

It is usually prevalent in activities highly load-
ing the patella, such as squatting, jumping, run-
ning, ascending, or descending stairs [1] and 
often affects running and jumping athletes [3] 
(Fig. 20.1).

PFP accounts for 33% and 18% of all chronic 
knee injuries among female and male athletes, 
respectively [4, 5].

Less commonly, PFP may follow an acute 
trauma, especially direct blows to the patella or 
after patellar dislocation or subluxation [6].

Besides intra-articular pathologies, other 
causes of anterior knee pain are peripatellar ten-
dinopathies or synovial syndromes, Osgood–
Schlatter syndrome, Sinding–Larsen–Johansson 
syndrome, and neuromas [7, 8].

In several cases, the clinical presentation is 
chronic anterior knee pain, with a gradual onset, 
but the causes are other than those cited above. 
For these patients, the term of patellofemoral 
pain syndrome (PFPS) is more appropriate [9].

There is no clear consensus in the literature on 
the correct terminology to use: Anterior knee 
pain, patellar pain, patellar pain syndrome, chon-
dromalacia patella, patellofemoral arthralgia, 
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PFP, and PFPS may be often reported synony-
mously [10].

PFP prevalence is very high, affecting 11–17% 
of general active population [11], and leading up 
to 25% of recreational athletes diagnosed with 
PFP to quit participating in sports because of 
knee pain [12].

It has been largely reported that females are 
three times more likely to develop PFP compared 
to males [13].

20.2	 �Pathophysiology 
and Pathomechanics

The pathogenesis of PFP still remains a concern 
due to the high prevalence in athletes, and a better 
knowledge of the etiology of pain is advocated to 
guide the rationale of treatment regimens.

PFP has been related for decades solely to 
structural and biomechanical factors, such as 
chondromalacia patellae and patellofemoral 
malalignment, while current concepts claim a 
combination of anatomical, biomechanical, bio-
logic, and psychological factors [14–17].

Many authors failed to find a connection 
between anterior knee pain and chondromalacia 
patellae [18]. Thus, PFP has been recently related 
to a supraphysiologic loading of anatomically 
normal knee components, with resulting loss of 
homeostasis of both osseous and soft tissues of 
the peripatellar region [15].

Expert consensus statements identified some 
biomechanical risk factors and classified them 
both by anatomic location to the knee and their 
nature [2]. Therefore, they may be correlated 
with proximal (upper femur, hip, and trunk), 
local (in and around the patella and the patello-
femoral joint), and distal (lower leg, foot, and 
ankle) anatomical structures, as well as they may 
be defined as anatomical (such as enhanced fem-
oral anteversion, trochlear dysplasia, patella alta 
and baja, and excessive foot pronation) and bio-
mechanical (muscle tightness or weakness, gen-
eralized joint laxity, and gait abnormalities) risk 
factors [19].

Elevated PFJ loading during walking in peo-
ple with PFP is the result of diminished contact 

area that appears to be related to the knee flexion 
angle [14].

Increased frontal plane motion of knee (val-
gus/abduction) and hip adduction with internal 
rotation can enhance the laterally direct compo-
nent of the PFJ reaction vector [20]. In fact, peo-
ple with PFP exhibit increased knee abduction 
during gait and single tasks such as stepping or 
hop landing [2, 14, 21].

Internal rotation of the femur relative to the 
external rotation of the tibia is associated with 
reduced contact area and elevated patellar carti-
lage stress at 15° and 45° knee flexion [2, 20, 22]. 
The influence of tibiofemoral rotation on contact 
area is less pronounced at larger knee flexion 
angles. A 10° change in the frontal plane align-
ment of the extensor mechanism increases PFJ 
pressures by 45% [14].

Furthermore, reduced hamstrings length and 
deficits in hip abduction and external rotation 
strength may lead to the development of PFP 
[23–25].

20.2.1	 �Malalignment

Clinical studies did not demonstrate relevant bio-
mechanical or alignment differences between 
patients with or without anterior knee pain [9]. 
The only exception is the influence of a high 
Q-angle in maintaining the PFP once it has been 
developed [26].

Patellofemoral malalignment is described as 
an abnormality of the patellar tracking, leading to 
a lateral displacement and/or lateral tilt of the 
patella in extension and reducing in flexion [27]. 
In the past, it has been considered as a cause of 
anterior knee pain and patellar instability [28–
31]. This theory had a great influence on orthope-
dic surgeons, leading to the development of 
several corrective surgical procedures [32]. 
However, today it is generally agreed that only a 
small percentage of patients with PFP has a true 
malalignment [32, 33], and there are conflicting 
data on the connection between patellar tracking 
abnormalities and PFP [9, 34–36].

Structural patellar malalignment is also influ-
enced by the inclination of the lateral anterior 
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femoral condyle and the height of the patella 
within the trochlear groove. Patella alta or patellar 
and trochlear dysplasia exhibit lower contact area 
for a given knee flexion angle and with higher 
patellofemoral stress during walking [37–39].

20.2.2	 �Muscular Imbalance

Any combination of malalignment and muscular 
imbalance may increase the risk of developing 
anterior knee pain [9]. A muscular imbalance 
between the medial and the lateral quadriceps 
muscles is frequently associated with PFP [2, 14, 
16, 40, 41].

On the other hand, tightness of the iliotibial 
tract may cause lateral tilt of the patella, enhanc-
ing the pressure on its lateral aspect [42, 43].

Decreased knee extensor strength is usually 
found in patients with PFP [35, 44–47]. However, 
it is still unclear the significance of different 
strength deficits and muscular imbalances, as 
well as if a specific deficit in muscular activation 
is a cause or an effect of PFP [9].

20.2.3	 �Overload

It has been widely suggested a tight correlation 
between PFP and an increased physical activity is 
associated with overloading, rather than malalign-
ment of the patellofemoral joint [10, 26, 35, 44]. 
A sudden rise of the activity level is a risk factor 
for developing PFP [35].

The relationship between increased joint load-
ing and PFP is not fully understood.

The major hypothesis is that repetitive over-
loading of the PFJ may enhance patellar bone 
water content and/or raise patellar subchondral 
bone’s metabolic activity [15, 17, 48].

High water content may change the intraosse-
ous pressure within the patella, thus stimulating 
pressure-sensitive mechanical nociceptors [49].

The instability in patients with PFP not only 
depends on mechanical factors, but also depends on 
neural aspects, such as proprioceptive deficit both in 
the sense of position, and in slowing or diminution 
of stabilizing and protective reflexes [18].

The experience of PFP may be attributed not 
only to nociception. Patients with PFP exhibit 
abnormal nociceptive processing, altered somato-
sensory processing, and impaired sensorimotor 
function and certain psychological factors. All 
these characteristics complicate the pathophysi-
ology of the syndrome and alter the perception of 
PFP [17, 50–54].

There is evidence supporting gender differ-
ences when considering the risk factors for devel-
oping PFP [55–58]. Moreover, it has been recently 
highlighted that the female characteristics of land-
ing with decreased hip abduction and increased 
knee internal rotation enhance this risk [59].

20.3	 �Specific Pathological 
Patterns

The origin of PFPS could be localized in differ-
ent structures, such as lateral retinaculum, medial 
retinaculum, infrapatellar fat pad, synovium, and 
subchondral bone [60].

20.3.1	 �Bursitis

Acute or repetitive injuries of any of the superfi-
cial bursae may result in bursitis, a common con-
dition characterized by fluid accumulation, 
synovitis, and bursal wall thickening [61]. It may 
be associated with anterior knee pain and swell-
ing. Superficial bursitis at the anterior knee is 
most commonly due to mechanical overuse [62]. 
It frequently happens when prolonged kneeling is 
required, as well as after excessive compressive 
or shear loads on the prepatellar tissues [62]. 
Nonmechanical causes of superficial bursitis 
include chronic glucocorticoid use, inflammatory 
arthritis, infection, and gout [63].

20.3.2	 �Tendinopathy

Quadriceps and patellar tendinopathies are typi-
cally related to overuse in athletes involved in 
track and field disciplines requiring repetitive 
eccentric contractions of the quadriceps [64, 65].
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Patellar tendinopathy is one of the most com-
mon injuries, more frequently proximal postero-
medial, due to a focal higher mechanical stress 
[66], or distal at the tibial insertion.

Cook and Purdam classified patellar tendinop-
athy in three stages: reactive tendinopathy, ten-
don disrepair, and degenerative tendinopathy, 
based on microstructural changes in the damaged 
tendon [67].

Histologically, the most common findings in 
overuse-related tendinopathies are noninflamma-
tory disorders caused by repetitive tensile over-
loading, which results in collagen damage [68].

From a biomechanical point of view, a stiff 
movement pattern characterized by a small post-
touchdown range of motion and a short landing 
time is often associated with the onset of patellar 
tendinopathy [69].

There is still no consensus on the proper treat-
ment methods. Eccentric exercises are effective 
[68], while moderate evidence has been found for 
injection therapy with hyaluronic acid [70].

20.3.3	 �Synovial Impingement

Soft tissue impingement such as peripatellar 
synovitis, suprapatellar fat pad impingement, 
and Hoffa fat pad impingement may lead to a 
transitory ischemia, producing mechanical 
stimulation of nociceptors [71, 72]. In those 
cases, a peripatellar synovectomy may be an 
effective solution when conservative treatment 
has failed [33].

Focal synovial hypertrophy nearby the infe-
rior patellar pole may be another responsible for 
anterior knee pain [73], and also, in this case a 
peripatellar synovectomy is suggested after the 
failure of nonsurgical management [73].

20.3.4	 �Hoffa Disease

Infrapatellar fat pad impingement syndrome, also 
known as Hoffa disease, is thought to result from 
mechanical irritation, which causes hemorrhage 
and inflammation of the adipose tissue. This pro-
cess may lead to hypertrophy, mass effect, and 
bowing of the patellar tendon [74, 75].

These alterations are usually related to repeti-
tive injuries, impingement, and friction-related 
syndromes affecting the fat pad [62].

Infrapatellar fat pad impingement syndrome 
in athletic runners may provoke anterior knee 
pain, swelling, and a sense of catching [76]. A 
high percentage of return to preoperative sports 
level after the infrapatellar fat pad arthroscopic 
resection has been reported [77, 78].

20.3.5	 �Synovial Plica Syndrome

Plica-related symptom prevalence among ath-
letes is higher in young people and has been 
related to strenuous physical work or athletic 
activity, as well as a general increase in activity 
level [79].

Plicae are often seen during routine arthros-
copy, usually as incidental findings of no real 
clinical meaning [80].

However, a primary disorder of the knee lead-
ing to transient or chronic synovitis may cause an 
inflammation and thickening of the plica, and this 
may result in a plica syndrome [80–82].

A pathologically inelastic, tight, and fibrotic 
plica may impinge between the quadriceps ten-
don and the femoral trochlea, and eventually sub-
luxate over the medial or lateral femoral condyle 
[80]. Such a process may cause a secondary 
mechanical synovitis and a possible alteration of 
patellofemoral joint mechanics.

A recent study has reported that patients with 
infrapatellar fat pad syndrome and medial patel-
lar plica syndrome may show a significantly 
smaller patella–patellar tendon angle than healthy 
controls [83]. The underlying articular cartilage 
then becomes soften and may go toward soften-
ing, degeneration, or even erosion [84].

20.4	 �Diagnosis

20.4.1	 �Clinical Evaluation

At the first examination, surgeons should investi-
gate on previous knee injuries and surgeries, as 
well as recent changes in activity level of the 
patient.
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Clinical examination starts by observing the 
patient in a static standing position, looking at 
axial deformities, increased femoral internal 
rotation/adduction, or abnormal foot pronation 
[85]. Patient’s gait and posture evaluation are 
also helpful in identifying muscular imbalance, 
exaggerated lumbar lordosis, or asymmetric hip 
height [86].

The presence of pain with squatting is the 
most sensitive physical examination for 
PFPS. Patients should also be assessed with func-
tional tasks, like the one-step squat test, looking 
for the presence of dynamic valgus and hip 
abductor weakness [87].

Patellar maltracking should be investigated from 
a seated position, with the patient slowly extending 
the knee from 90° of flexion to full extension; the 
presence of a lateral patellar shift during this move-
ment outlines a positive J-sign, and it may suggest 
muscle imbalances or laxity [88].

Lastly, in supine position the surgeon should 
assess possible lateral peripatellar tissue stiffness 
or lateral patellar tilt that can lead to high load 
forces on the lateral facet [89]. In symptomatic 
plicae, pain is usually anteromedial and a tender 
cord may be palpated [90].

20.4.2	 �Imaging

20.4.2.1	 �X-ray
The initial X-ray evaluation requires standard 
anteroposterior (AP), and lateral and axial 
Merchant views [91]. Plain AP radiography of 
the knee can rule out osteoarthritis, osteochon-
dral pathologies, and patellar fractures.

The lateral view is helpful for assessing patel-
lar height, which may be quantified by the Insall–
Salvati, Caton–Deschamps, and Blackburne–Peel 
ratio indexes [92].

Axial radiograph of the PF joint can show 
patellar translation and axial rotation along the 
trochlea. The patellofemoral (PF) angle usually 
opens laterally more than 8°. In the case of patho-
logical increase in the patellar tilt, the PF angle 
becomes negative and can open medially. Also, 
lateral patellar translation more than 2  mm in 
axial view should be considered abnormal [93].

Suspect of trochlear dysplasia is raised by 
looking at the crossing sign and the trochlear 
bump in the lateral view [94]. Trochlear dysplasia 
can be confirmed on the axial view by a trochlear 
depth <3–5 mm and by a sulcus angle measuring 
>144° [95]. The lateral trochlear facet should not 
be more than 60% of the overall anterior troch-
lear articular width [96].

When the patella displaces only during active 
quadriceps contraction, as in the case of mild-
to-moderate maltracking, static X-rays often fail 
to diagnose it [97]. For this reason, dynamic 
X-rays under quadriceps contraction provide a 
better understanding of patellofemoral biome-
chanics [41].

Long leg X-ray in monopodalic standing posi-
tion is required for assessing the Q-angle of 
extensor apparatus and foot hyperpronation or 
flatfoot.

20.4.2.2	 �MRI
Magnetic resonance imaging is the method of 
choice for the diagnosis of acute dislocations and 
articular cartilage lesions [98]. It provides supe-
rior assessment of soft tissues, including PF car-
tilage focal injuries, bone marrow lesions, patellar 
and quadriceps tendinopathy or tears (Fig. 20.2), 
and retinacular assessment including MPFL 
integrity and deep infrapatellar bursitis plica [99] 
(Fig. 20.3).

Moreover, friction-related superolateral and 
prepatellar fat pad edema is a common finding in 
routine knee MRI and is suggestive of maltrack-
ing [100].

Static imaging does not evaluate the effect of 
active muscle contraction on the patellar position 
during flexion–extension of the knee [85]. 
Dynamic MRI has been introduced for better 
kinematic assessment of patellofemoral mal-
tracking during motion and is accurate for detect-
ing eventual soft tissue impingement or bony 
contact [101].

20.4.2.3	 �CT-Scan
Computed tomography (CT) scanning is the gold 
standard for measuring the rotational alignment 
of hip, knee, and ankle, even if it must be consid-
ered that knee joint alignment changes signifi-
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cantly in the upright weightbearing, when 
compared to supine non-weightbearing CT [102].

Rotational deformities may be a predisposing 
factor of anterior knee pain rather than a direct 
etiology [103].

The tibial tubercle–trochlear groove (TT-TG) 
distance, which is a surrogate marker of tibial 
tuberosity lateralization and Q-angle, may be 
measured on both axial CT and MRI. TT-TG dis-
tance value >20 mm is considered indicative of 
pathological lateralization of the tibial tubercle, 
and in this case, a correction osteotomy can be 
considered [104].

20.5	 �Treatment

PFP therapy is challenging as there is a lack of 
evidence-based clinical guidelines.

Basically, international consensus and evi-
dence recommend exercise therapy focused on 
hip and knee strengthening [11].

Conservative treatment options for patients 
with PFP also include pain control, enhancing 
flexibility and improving the lower extremity 
biomechanics by correcting gait and retraining 
with proper techniques and adequate rest [105].

High-quality studies showing pain reduction 
with NSAIDs are lacking and results are conflict-
ing [68]. If analgesics are used, a short course of 
NSAIDs is preferred. In one small double-blind 
randomized trial, 1 week of naproxen improved 
pain compared with placebo [106].

Surgery should be considered only in case of 
symptoms after 6 months of conservative treat-
ment [107].

20.5.1	 �Injections

There is no consensus on the effectiveness of 
hyaluronic acid (HA) injections; recent system-
atic reviews report no improvement on pain 
relief or activity recovery in patients with PFP 
[108, 109]. HA injections for patellar tendinopa-
thy showed pain relief and improvement of knee 
function after short-term follow-up and could be 
applied during treatment with eccentric exer-
cises [110].

Further investigations are required for testing 
the effectiveness of therapy with injection of 
mesenchymal stem cells (MSCs) and platelet-

Fig. 20.2  MRI showing patellar insertional tendinopathy 
(yellow arrow)

Fig. 20.3  MRI showing a fibrotic infrapatellar plica (yel-
low arrow) and anterior synovial hypertrophy (orange 
arrow)
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rich plasma (PRP). A preliminary pilot study 
showed benefit in clinical scores at short–
medium-term follow-up, but no significant 
improvements in chondral lesions detected with 
MRI [111].

20.5.2	 �Exercise

Quadriceps strengthening program is a common 
rehabilitation technique that has been shown to 
be effective both in isolation and when paired 
with other treatment modalities.

Strong evidence recommends a combined 
exercise therapy, targeting both the hip and quad-
riceps muscle, as the therapy of choice for 
improving pain and function in patients with PFP, 
especially women [112, 113].

Closed kinetic chain exercises are usually 
well-tolerated and are generally recommended as 
initial treatment [114].

There is some evidence that selective muscle 
strengthening of the vastus medialis obliquus 
(VMOs) reduces pain and improves knee func-
tion, by its role in the medial patellar stabiliza-
tion [115].

Despite this, it has not been clearly proven if 
exercises can selectively contract VMO [115].

Gait retraining and core muscle strengthening 
reduce pressure on the patellofemoral joint by 
stabilizing muscle recruitment and reducing pain; 
movement retraining in patellofemoral pain may 
be effective, but its short- and long-term benefits 
remain uncertain [116, 117].

Patellar taping aims to control the patellar tilt, 
leading to wider distribution of forces and 
improving patellar maltracking in athletes [118]. 
Its use is partially supported by literature, but 
only when combined with traditional exercise 
therapy and not in isolation; currently, the overall 
evidence is insufficient to recommend its routine 
use [119, 120].

Eccentric exercises have evidence for patellar 
tendinopathy, with better results than treatment 
with concentric exercises [121–123]. Eccentric 
exercise improves the elasticity and tensile 
strength of the patellar tendon by increasing 
crosslinking among collagen fibers [124]. 

Nevertheless, there is still no consensus on the 
most effective treatment protocol [125, 126].

Combining exercise with foot orthotics is 
likely more beneficial than either treatment alone. 
Semi-rigid foot orthotics absorb shock and pro-
vide medial longitudinal arch support, correcting 
dynamic valgus due to flatfoot and rearfoot ever-
sion [127, 128].

Knee braces have not demonstrated benefit 
over exercise [129].

20.5.3	 �Surgery

Surgical treatment can be taken into consider-
ation only when there is a detectable organic 
lesion of the knee, as well as if the patient shows 
no improvement after strict adherence to conser-
vative therapy for after 6 months [107, 130].

Knee arthroscopy is particularly useful to treat 
articular pathologies like chondral lesions, ante-
rior synovial impingement, and patellar tendi-
nopathies [73, 131]. Treatment of cartilage 
lesions is challenging because of its incapability 
to regenerate or repair. Little evidence does exist 
of better results after surgical treatment of carti-
lage lesions [132].

Clinical scores 5  years after surgery do not 
show any differences between no treatment, 
debridement, or microfractures in full-thickness 
cartilage lesions. Furthermore, small asymptom-
atic lesions may not necessitate surgical treat-
ment [133].

Large full-thickness defects in young 
patients may be treated by attempting autolo-
gous chondrocyte implantation and scaffold-
based repair [132].

The concomitant treatment of associated 
pathology, including patellar malalignment, is 
recommended as it showed to improve the suc-
cess of cartilage restoration procedures [134]. 
Irrespective of the surgical technique used, out-
comes are generally worse in the patellofemoral 
compartment than in the tibiofemoral joint [134].

Lateral release is an accessory and techni-
cally simple procedure, which does not produce 
lasting effects when executed in isolation [135]. 
It is indicated only in the case of truly tight and 
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symptomatic lateral patellar retinaculum after 
MPFL reconstruction or joint-preserving osteot-
omies [135].

20.6	 �Prevention

The identification of modifiable risk factors for 
PFP is an effective strategy to prevent a new 
onset of symptoms. Although several studies 
demonstrated that lower limb strengthening and 
stretching programs do not significantly reduce 
the risk of PFP in military and sporting popula-
tion, further research is recommended [103].

Neuromuscular training programs aimed to 
correct known risk factors, such as quadriceps 
weakness, have in fact proven effective in pre-
venting ACL injuries [136].

Another valid prevention strategy is the train-
ing load optimization, avoiding overload of the 
PFJ [52].

It is widely assumed that training errors may 
predispose to the development of PFP.  They 
include improper warm-up or cool-down, a rapid 
increase in frequency or intensity of activity, 
changes in training pattern, and training on hard, 
slippery, or slanting surfaces [137–139].

Considering the runners’ category, training 
errors have been reported as present in 60–80% 
of running injuries [140]. The most common 
errors are too long a distance, as well as too fast a 
progression and too much hill work.

In most sports, the risk factors to be corrected 
and avoided should be monotony, asymmetry, 
and too much specialization [141].

Poor technique plays a role in the develop-
ment of anterior knee pain too. Even the least 
technical fault, if constantly repeated, may lead 
to an overuse injury [141].

20.7	 �Conclusions

Anterior knee pain in track and field is frequent 
and may jeopardize the career of an athlete. 
Prevention correcting several risk factors and 
avoiding overloads is of utmost importance. 
When symptoms arise, a careful clinical, biome-

chanical, and radiological evaluation allows the 
planning of a proper treatment, not surgical in 
most cases. When symptoms persist notwith-
standing the conservative efforts, a well-planned 
targeted surgery can be effective.
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21.1	 �Introduction

Knee ligamentous injuries are one of the most 
common injuries in sport and result in loss of 
articular stability leading to significant functional 
impairment. Athletes who injure knee ligaments 
often miss extended periods of participation in 
sport and competition, with potential long-term 
disability, particularly post-traumatic osteoarthri-
tis [1]. Athletes in track and field compete in a 
variety of events, with the likelihood of sustain-
ing a ligamentous injury varying with each event.

21.2	 �Epidemiology of Knee 
Ligamentous Injuries 
in Track and Field

Although a detailed description of the preva-
lence of each knee ligament injury is lacking, a 
high prevalence of total knee injuries has been 
reported among track and field athletes, with the 
majority of these injuries being overuse-related 
conditions such as tendinopathies and stress 
fractures [2, 3]. At the elite level, knee sprains 
represented 4% of all injuries and 2% of injuries 
resulting in loss-of-time participating in sport 
[4]. In high school athletes, knee sprain or strain 
is the most common type of season-ending injury 
in track and field (13% in male, 22% in female) 
[5]. Amongst high school track and field ath-
letes, the incidence of ACL injury was found to 
be 0.05 and 0.16 per 10,000 athlete exposures 
and the rate of MCL injury was 0.05 and 0.11 per 
10,000 athlete exposures in male and in female 
athletes, respectively [6].

Knee ligament injuries in track and field ath-
letes are more commonly sustained in competi-
tion than during practice, with the injury rate 
higher for females than males [6, 7]. Injury fre-
quency and characteristics among elite athletes 
show substantial differences between disciplines 
with the highest number of reported knee liga-
ment injuries occurring in marathons, combined 
events, and throwing and jumping events [3].
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In a survey of elite athletes from the United 
Kingdom, 7%, 17%, 10%, and 20% of sprinters, 
hurdlers, long-distance runners, and middle-
distance runners, respectively, reported injuries 
about the knee which lasted more than 1  week 
[2]. Sprinters typically experience more acute 
injuries compared to events where endurance is 
emphasized to a greater degree, such as long-
distance running, in which more gradual or 
chronic-use injuries typically occur [8].

Although runners demonstrate a fairly high 
rate of injury, serious knee ligamentous injuries 
are relatively uncommon in track and field ath-
letes competing in running events [3, 9–13]. The 
literature lacks detailed descriptions of the indi-
vidual knee ligaments injured as well as the 
severity of injury. Knee injuries are often grouped 
into categories which are typically either “sprain” 
or “tendinopathy.” Thus, ligamentous injuries of 
the knee in track runners seem to be relatively 
rare compared to other sports, and when injury 
does occur, it is more likely to be a sprain rather 
than a rupture.

Although few epidemiologic studies have 
been reported on lower extremity injuries in 
throwing track and field athletes, one study dem-
onstrated that the most common body part injured 
among throwers was the ankle, followed by the 
back, which shows the importance of considering 
injuries other than those to the upper extremities 
in throwing athletes [2]. While upper extremity 
injuries are well-described in javelin throwers, 
lower extremity injury in these throwers should 
not be overlooked.

Lower extremity injuries in jumping or vault-
ing track and field athletes have been reported in 
a few epidemiologic studies. The high jump has 
historically been associated with a high incidence 
of “jumper’s knee,” or patellar tendinitis. “Knee 
sprain” was found to be the most common injury 
of the knee in a collegiate group of pole vault ath-
letes [14].

The decathlon and heptathlon are high-
intensity events that require a combination of 
speed, strength, power, and endurance [15]. 
Injuries occur more frequently during the decath-
lon and heptathlon than other disciplines. 
Additionally, the dropout rate for international 

combined events remains high, with one group 
demonstrating athlete dropout in international 
combined events to be 22% for decathletes and 
13% for heptathletes [16]. Injury has been shown 
to be the reason for dropout in up to 36% of cases, 
with younger age being a higher risk factor for 
injury [17]. Explosive events on the first day, 
such as the 100 m dash and long jump, were the 
highest risk events for musculoskeletal injury 
[16, 18]. For the combined events, the incidence 
of injuries requiring time away from sport during 
international championships ranges from 115 to 
200 per 1000 registered athletes [4, 16, 17, 19, 
20]. Approximately 77% of injuries involve the 
lower extremity, with knee tendinopathy (14%) 
being the most common diagnosis [20].

21.3	 �Mechanism, Diagnosis, 
and Management of Knee 
Ligament Injuries

While knee ligamentous injuries occur infre-
quently in track and field athletes, an understand-
ing of the nature of knee ligament injuries is 
helpful to properly prevent, diagnose, and man-
age these injuries when they do occur. 
Additionally, as track and field athletes by nature 
are fast, explosive, and strong, it may be neces-
sary to provide care to athletes who have sus-
tained knee ligament injuries while participating 
in other sporting events. This section will begin 
with a discussion of the general principles regard-
ing the mechanism of injury, diagnosis, and man-
agement of knee ligament injuries.

The anterior cruciate ligament (ACL) is the 
most commonly injured ligament of the knee in 
sports and is frequently associated with other 
ligamentous or meniscal injuries. The majority of 
ACL ruptures happen in a noncontact trauma, 
often during a quick deceleration or landing 
maneuver immediately after initial foot contact 
with the ground, particularly when the knee is at 
or near full extension [21–25].

The Lachman and anterior drawer tests must 
be performed to assess for pathologic, excessive 
anterior tibial translation, and the pivot shift 
used to assess rotatory stability. Radiographs 
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should always be performed to exclude osseous 
lesions and avulsions. Magnetic resonance imag-
ing (MRI) is invaluable for the diagnosis of an 
ACL injury with 95% specificity and 86% sensi-
tivity [26].

There is a limited role for nonsurgical treat-
ment of ACL injuries in pivoting sport athletes 
[27, 28]. Sports activity with an ACL-deficient 
knee can cause significant functional impairment 
and predisposes to early damage of the articular 
surface and periarticular structures of the knee, 
such as the menisci. The three most commonly 
used grafts for ACL reconstruction (ACLR) in 
athletes are the autologous central third of patel-
lar tendon (BPTB), the autologous four strand 
hamstring (HS), and the autologous quadriceps 
tendon (QT).

The posterior cruciate ligament (PCL) is 
the primary restraint to posterior translation of 
the tibia in relation to the femur. Ninety percent 
of PCL injuries occurring during sport result 
from a typical “dashboard mechanism” charac-
terized by a posterior force on the anterior tibia 
with the knee in a flexed position.

On examination, loss of medial and lateral 
tibial eminence prominence (Clancy sign) or a 
posterior sag sign representing posterior sublux-
ation of the tibia, at 90° of knee flexion, may be 
seen. A posterior drawer test to assess for poste-
rior translation of the tibia relative to the femur 
with the knee flexed to 90° should also be per-
formed. Measurement of posterior tibial transla-
tion during the posterior drawer test permits PCL 
injury classification with grade I <0.5 cm, grade 
II 0.5 to 1 cm, and grade III >1 cm of posterior 
tibial translation [29].

Radiographs are necessary in acute trauma to 
exclude osseous injury such as a fracture or tibial 
spine avulsion injury. MRI represents the gold 
standard for acute injuries. Stress radiographs are 
useful in the diagnosis of a chronic PCL injury, in 
which MRI can be normal [30].

Nonoperative treatment is indicated in grade I 
and II PCL tears [31]. Management of PCL grade 
III injuries is controversial. A possible approach 
consists of 2–4 weeks of immobilization with a 
brace locked in extension followed by a rehabili-
tation program. In the event of persistent pain, 

instability, and swelling, surgery may be indi-
cated. Surgical treatment is indicated in multilig-
ament PCL-based injuries and with displaced 
avulsions of the tibial spine [32].

The medial collateral ligament (MCL) is 
the principle restraining structure of the medial 
knee. MCL injuries account for up to 8% of 
sport-related knee injuries [33]. The most com-
mon MCL injury mechanism is a direct blow on 
the lateral side of the flexed knee with the foot 
planted on the ground.

Examination of medial joint line gapping 
under a valgus stress applied between 0° and 30° 
of knee flexion compared to the healthy knee 
should be performed. Grade I tears consist of ten-
derness without instability, grade II tears consist 
of broad tenderness with partially torn medial 
knee structures, and grade III tears are character-
ized by complete disruption of the medial knee 
structures without an endpoint.

X-rays are required to evaluate for potential 
fractures or chondral damage. Valgus stress 
radiographs can objectively identify a medial 
knee injury. Greater than 10  mm of increased 
medial compartment gapping at 20° of knee flex-
ion represents a complete tear of the medial knee 
structures [34]. Finally, MRI is a fundamental 
tool in the diagnosis of medial sided injuries and 
any associated lesions [35].

In the case of a grade I to II lesion of the MCL 
and for isolated, acute grade III injuries, nonop-
erative treatment is the first line of therapy. 
Surgical treatment is indicated in multiligament 
injuries or knee dislocation involving the MCL 
and in the presence of a tear involving both the 
midsubstance and tibial insertion. In such cir-
cumstances, direct repair with sutures, repair 
augmentation with a hamstring graft, or acute 
reconstruction with auto- or allograft may be 
indicated [35, 36]. In chronic grade III medial 
knee injuries, surgery is indicated for patients 
with instability.

The lateral collateral ligament (LCL) is the 
primary varus stabilizer of the knee, with the 
most common mechanism of injury being a direct 
blow to the medial aspect of the knee [37]. On 
examination, varus laxity at 30° of flexion indi-
cates isolated LCL damage, while varus laxity in 
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full extension is associated with additional injury 
to one or both of the cruciate ligaments.

As with other knee ligament injuries, X-rays 
should be obtained, but MRI is considered the 
gold standard when evaluating for an LCL 
injury. MRI also permits classification of LCL 
tears based on interstitial injury from grades I 
to III [37].

Grade I and II LCL lesions are generally 
treated conservatively with knee immobilization. 
In grade III injuries, the risk of developing 
chronic instability is very high, and thus surgical 
treatment must be considered.

21.4	 �Knee Ligamentous Injury 
Considerations by Event

There are important considerations regarding 
knee ligament injuries for athletes in the various 
events. The nature of the event may place the ath-
lete at high risk of injury by creating a scenario in 
which a mechanism which causes a knee liga-
ment injury is more likely to occur. Additionally, 
prevention and management of knee ligament 
injuries may be optimized based upon the type of 
event an athlete competes in.

21.4.1	 �Injury Mechanisms by Event

Theoretically, runners are at relatively low risk of 
sustaining a cruciate ligament injury as they are 
unlikely to experience the mechanisms leading to 
knee ligament injury. Hurdlers are at higher risk 
as a wrong step over the hurdle may cause the 
athlete’s limb to be positioned in a pattern caus-
ing injury. Additionally, PCL injury may result 
from a posteriorly directed force on the tibia by a 
hurdle or the ground.

Although relatively rare, contact between 
runners, which can occur in any running event, 
could result in cruciate or collateral ligament 
injury. As relays involve passing of a baton from 
one team member to another, often occurring 
alongside multiple teams simultaneously, ath-
letes in a relay race are likely at higher risk than 
other runners.

Running events are held with runners travel-
ing in a counterclockwise direction around the 
track. This has been thought to account for the 
tendency to have medial or posterolateral pain in 
the right (outer) knee and medial pain in the left 
(inner) knee [38]. These effects would theoreti-
cally be further accentuated when running on 
indoor tracks as these typically have a greater 
angle of track embankment than outdoor 
surfaces.

Throwing events involve the generation of 
energy beginning through the legs and exiting out 
of the arms during the throw. In shot put, javelin, 
and discus, the rotational motion about the throw-
ing circle puts these athletes at high risk of rota-
tional knee injury.

The throwing circle itself can also be a threat 
to an athlete’s knee. Many shotput throwers plant 
their nondominant foot under the toe bar to stop 
movement at the end of their throw, causing their 
body’s momentum to exit through this extremity 
[38]. This is a dangerous maneuver that can lead 
to ACL tear or meniscal injury due to internal 
rotation of the planted leg.

In the hammer throw, the athlete balances his 
or her center of gravity and leverage to generate 
maximum energy for the throw. Elevating the 
hammer too quickly during the rotational 
approach is associated with an increased risk of 
LCL strain [38].

The javelin throw involves less rotational 
energy than the other throwing events but involves 
a similar high-intensity approach and generation 
of momentum. If the approach to a javelin throw 
is executed too fast or if conditions are poor, 
desynchronization of upper and lower extremity 
motion can occur and cause knee injury due to 
loss of control [38].

During the take-off or landing phase of jump-
ing and vaulting events, displacement of the cen-
ter of gravity can create unexpected stress on the 
knees. Specifically, during landing, athletes can 
sustain ligamentous or meniscal injury depend-
ing on the position of the leg in relation to the 
body and center of gravity during impact [38]. In 
the long jump and triple jump, misstep during the 
end of the approach upon reaching the ramp can 
result in a twisting injury to the knee, and 
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improper acceleration can lead to acute or chronic 
strains about the knee.

The high jump and pole vault are associated 
with a unique set of injury patterns given the 
nature of the events, with athletes reaching a 
height of more than 6 ft., or up to 15 ft. for the 
average collegiate pole vaulter. Highest risk of 
injury to the knee occurs during take-off and 
landing. Energy generated during the horizontal 
approach is converted into vertical lift during 
take-off, which requires braking; this is thought 
to place these athletes at high risk of patellar ten-
dinitis and chronic extensor mechanism pathol-
ogy [38]. Improper landing technique can 
understandably increase the risk for acute trau-
matic knee injury, including any variety of liga-
mentous rupture or meniscal tear.

Due to the 2-day length as well as the multiple 
high-intensity events of decathlons and heptath-
lons, athletes are more susceptible to injury in 
this discipline. The majority of reported knee 
ligamentous injuries occur during a noncontact 
traumatic injury or a direct blow during competi-
tion [19, 20]. As the decathlon and heptathlon 
combine the different types of events previously 
described, the mechanism of knee ligamentous 
injury depends on the particular event being 
performed.

21.4.2	 �Treatment of Knee Ligament 
Injury by Event

Ligamentous injuries of the knee in runners, 
throwers, jumping and vaulting athletes, and ath-
letes participating in combined events are treated 
in a similar manner with consideration of the 
demands of each athlete’s event.

21.4.3	 �Prevention of Knee Ligament 
Injury by Event

To prevent injuries in all events, it is important 
that the athlete be adequately conditioned and 
perform an adequate warm-up and cool-down to 
prepare the musculotendinous unit for rapid elon-
gation and contraction prior to activity [39–41]. 

Additionally, due to the nature of each event, 
additional factors may be particularly important 
in preventing injury.

Evidence regarding the prevention of knee 
ligamentous injuries in runners is lacking with 
mixed reports as to the effectiveness of a proper 
training regimen to reduce injury in long-distance 
recreational athletes [42, 43]. However, runners 
have been shown to a have a significantly lower 
flexor to extensor strength ratio which has been 
shown to be a risk factor for ACL rupture and 
failure of ACLR [44–46]. Therefore, strengthen-
ing the knee flexors to create a better flexor to 
extensor ratio would be beneficial for preventing 
injury.

For throwing athletes, the throwing circle, 
ambient conditions, and footwear can all contrib-
ute to knee injury due to mechanical disruption in 
motion or loss of control or balance. The athlete 
should always be aware of the conditions in 
which they are performing and attend to the loca-
tion of any obstacles. Most importantly, proper 
technique must be taught, practiced, and exe-
cuted. The rotational movement of the trunk dur-
ing throwing events must be in perfect 
coordination with the rotation of the lower 
extremities to avoid excessive rotational force on 
the knees [47]. Proper follow-through can help 
avoid deceleration injury [38, 47].

Prior to jumping and vaulting events, proper 
facilities must be provided to ensure the safety of 
athletes in every event, but particularly in the 
high jump and pole vault. The introduction of 
adequate padding has dramatically reduced the 
rate of injury in these events [38]. Proper jump-
ing, vaulting, falling, and stopping technique 
must be taught and practiced.

The combined events require stamina, skill, 
speed, determination, endurance, and concen-
tration which emphasize the importance of the 
physiological condition of the athletes [48]. 
Significant technical, mental, and physical 
demands are required from the athletes. The 
athletes must remain concentrated through all 
the events and cannot be distracted by their per-
formance in a previous event; thus, training on 
mental awareness and fortitude cannot be 
understated.
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21.5	 �The Case of a Skeletally 
Immature Female Athlete

History: A 12-year-old female track and field 
throwing athlete presented with an acute right 
knee sprain following a noncontact injury during 
competition. She reported an acutely swollen 
right knee, medial knee pain, and the sensation of 
right knee instability, especially with pivoting 
and cutting activities.

Diagnosis: Clinical examination showed a 
slightly swollen right knee with a complete, nor-
mal range of motion. Mild pain was evoked by 
palpation of the joint space. Both the anterior 
drawer and Lachman tests were positive, with a 
high-grade pivot shift.

Right Knee MRI confirmed the suspected 
diagnosis of ACL rupture (Fig. 21.1). Moreover, 
the growth plates of the patient remained open, 
demonstrating skeletal immaturity.

An instrumental PS examination using a tri-
axial accelerometer device (KiRA, Orthokey, 
Florence, Italy) was used to assess the accelera-
tion value of the lateral tibial compartment dur-
ing the pivot shift test. The difference between 
the injured knee and contralateral limb was more 
than 3 meters/sec2, confirming a high-grade pivot 
shift injury (Fig. 21.2) [49, 50].

Treatment: The authors performed a physeal-
sparing ACLR with HS autograft [51]. First, an 
arthroscopic repair of the posterior horn of the 
medial meniscus was performed. Next, the ipsi-
lateral gracilis and semitendinosus tendons were 
harvested. The tibial insertion of both tendons 
was preserved to maintain their neurovascular 
supply. An all-epiphyseal tibial tunnel was drilled 
above the tibial growth plate of the patient, with 
the aid of intraoperative X-ray imaging 
(Fig. 21.3). Subsequently the graft was retrieved 
through the knee joint from a lateral incision and 

a b

Fig. 21.1  Coronal (a) and sagittal (b) MRI images of the knee obtained preoperatively demonstrate acute ACL rupture; 
also note the open physes indicating skeletal immaturity
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fixed with two staples to the cortex of the lateral 
femoral condyle, in the over-the-top position. 
The remaining part of the graft was fixed below 
Gerdy’s tubercle to the lateral aspect of the tibia 
with one staple (Fig. 21.4).

Rehabilitation Protocol and Follow-Up: 
The patient was nonweightbearing with a brace 
locked in extension for the first 2 weeks to pro-
tect the meniscal repair during the healing pro-
cess. Following this, a progressive return to 
sport protocol was followed. At 10 months fol-
low-up, objective pivot shift measurement 

showed a difference between the injured and 
contralateral knee less than 0.4  m/s2. The 
patient returned to track and field competition 
11 months following surgery. X-ray evaluation 
at 4  years follow-up demonstrated normal 
alignment (Fig. 21.5). She was still engaged in 
track and field competition without pain or 
functional impairment.

21.6	 �Conclusion

Knee ligament injuries are one of the most com-
mon injuries in sport, resulting in loss of joint 
stability and significant functional impairment. 
Although track and field athletes sustain knee 
ligamentous injury at a rate lower than athletes in 
pivoting, contact sports, injuries still may occur. 
Thus, healthcare providers must be knowledge-
able of knee ligament injuries. The treatment of 
knee ligament injuries is largely the same for 
track and field athletes who compete in various 
events. However, track and field athletes may be 
at higher or lower risk for injury based on the 
potential movement patterns of the lower limb 
inherent to the events in which they participate. 
The specific nature of an athlete’s event must be 
considered when selecting the proper individual-
ized treatment for the athlete.

a b

Fig. 21.2  Triaxial accelerometer device (KiRA, 
Orthokey, Florence, Italy) used to quantitatively evaluate 
the pivot shift (a); the preoperative side-to-side difference 

between the injured knee and contralateral limb was more 
than 3 m/s2 (b)

Fig. 21.3  ACL reconstruction was performed by drilling 
the tibial tunnel above the growth cartilage under fluoro-
scopic guidance
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a bFig. 21.4  Illustration of 
the over-the-top physeal 
sparing ACL-
reconstruction 
technique; (a) Antero-
posterior view, (b) 
Lateral view
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Achilles Tendon, Calf, and Peroneal 
Tendon Injuries

Pim A. D. van Dijk, Guilherme França, 
Jari Dahmen, Gino M. M. J. Kerkhoffs, 
Pieter d’Hooghe, and Jon Karlsson

22.1	 �Introduction

In track and field, the suddenness of motion com-
bined with running and jumping on uneven 
grounds requires great stability and power of the 
foot and ankle. The calf and peroneal muscles 
play an important role in both static and dynamic 
support of the foot and ankle and thus provide 
both stability and power during running and 
jumping. In this manner, track and field exposes 
these muscles to high mechanical loads, putting 
them at higher risk for injuries. In fact, the major-

ity of injuries (approximately 30%) in track and 
field are located within the foot and ankle [1, 2].

This chapter provides an overview of track 
and field injuries related to the calf, Achilles ten-
don, and peroneal tendons, including anatomy, 
epidemiology, sports dynamics, and physical 
demands. Moreover, it provides a framework for 
management and return to sport guidelines of the 
most common pathologies related to the muscles 
and tendons of the lower leg.

22.2	 �Anatomy

22.2.1	 �Anatomy of the Calf 
and the Achilles Tendon

The calf muscle, or triceps surae, is the primary 
plantiflexor of the foot and is formed by the gas-
trocnemius and the soleus muscles (Fig.  22.1). 
The gastrocnemius muscle is located most super-
ficially and contains a medial head, originating 
posterior at the medial femoral condyle, and a 
lateral head, originating from the lateral femoral 
condyle. In this way, it bridges over three joints; 
the knee, ankle, and subtalar joints. Deep to the 
gastrocnemius the soleus muscle is located, origi-
nating posterior at the proximal fibula and middle 
third of the medial border of the tibia. The soleus 
bridges over the ankle and the subtalar joints. 
Distal, both muscles converge into one tendon, 
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the Achilles tendon, which inserts on the poste-
rior tuberosity of the calcaneus [3].

The Achilles tendon is a round, fibro-elastic 
structure which spirals approximately 90° along 
its course. In this way, an area of concentrated 
stress arises which gives the tendon the possibil-
ity to produce forceful elastic recoil and 
elongation which is indispensable in track and 
field [4]. Blood is supplied by the muscular-
tendon junction (proximal), surrounding highly 
vascularized endo- and paratenon (central) and 
bone-tendon junction (distal) [5]. A zone of 

hypo-vascularity is present, 2–6  cm above the 
insertion, leading to a relatively poor healing 
capacity. Innervation arises from three main 
sources: cutaneous, muscular, and peritendinous 
nerves [6].

In up to 92–94% of the population, a plantaris 
muscle is present, originating from the lateral 
supracondylar line of the femur and is located in 
between the gastrocnemius and soleus muscles 
[3]. It is a relatively small muscle with an appre-
ciably long tendinous portion, not to be mistaken 
for a nerve. The insertion is mostly found at the 

Biceps femoris muscle

Articular branch

Lateral sural cutaneous nerve

Sural communicating branch

Lateral head of the
gastrocnemius muscle

Lateral malteolus

Lateral calcaneal branches

Lateral dorasal cutaneous
nerve

Medial calcaneal branches

Medial lateral plantar nerves

Tibial nerve

Medial malleolus

Achilles tendon

Soleus muscle

Sural nerve

Medial head of the
gastrocnemius muscle

Medial sural cutaneous nerve

Articular branch

Tibial nerve

Semitendinosus muscle

Semimembranosus muscle

Common fibular (peroneal)
nerve

Fig. 22.1  Anatomy of 
theposterior lower leg 
including the calf 
muscles and Achilles 
tendon
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calcaneus, just medio-anterior to the Achilles ten-
don. In 6–8% of the population, the tendon inserts 
into the flexor retinaculum [3].

22.2.2	 �Anatomy of the Peroneal 
Tendons

In general, two peroneal muscles are identified: 
the peroneus brevis (PB) and peroneus longus 
(PL) (Figs. 22.2 and 22.3), together acting as the 
primary evertors and abductors of the foot. 
Moreover, they play an important role in active 
lateral ankle stability and stabilization of the lat-
eral column of the foot, especially during stance.

The PL originates at the lateral tibial condyle, 
lateral aspect of the proximal fibular head, intra-
muscular septa, and adjacent fascia. The PB orig-
inates more distally, on the fibular shaft and 
interosseous membrane. The PL muscle becomes 
tendinous 3–4 cm proximal to the distal fibular 
tip, while the PB muscle usually runs up to 2 cm 
more distally [7]. In some cases, the musculoten-
dinous junction runs beyond the fibular tip, 
known as a low-lying muscle belly [8]. In litera-

ture, it is argued whether this variation possibly 
predisposes the tendons to pathology [8].

Around the fibular tip, the PB lays anterome-
dially to the PL and is flattened against the bone 
within the fibular groove. The superior peroneal 
retinaculum provides stability of the tendons 
within the groove and is therefore critical in 
preventing dislocation. Distal to the fibular tip, 
the tendons are separated by the calcaneal pero-
neal tubercle and each tendon enters an indi-
vidual fibrous tunnel. A cadaveric study found a 
prominent peroneal tubercle in 29% of speci-
mens and this may lead to pain [8]. The PB 
inserts at the fifth metatarsal base. The PL, after 
turning plantarly at the cuboid groove, inserts 
at the medial cuneiform and first metatarsal 
base. Within the cuboid groove, an os pero-
neum is found in up to 4–30% [9, 10]. It pro-
tects the PL from damage at the level where it 
redirects medially, but has also been associated 
with pathology [9, 10].

The superficial peroneal nerve innervates both 
tendons and blood is supplied by branches of the 
peroneal artery and anterior tibial artery running 
through common vincula [11].

Fibula

Superior extensor retinaculum

Inferior extensor retinaculum

Extensor digitorum brevis muscles

Extensor digitorum longus tendon

Fibularis tertius tendon

Calcaneus

Inferior peroneal retinaculum

Abductor digiti minimi muscle

Peroneus longus tendon

Peroneus brevis tendon
Achilles tendon
Anterior talofibular ligament

Superior peroneal retinaculum

Fig. 22.2  Anatomy of the lateral ankle including the peroneal tendons
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22.3	 �Epidemiology

In track and field athletes, incidence rates 
between 43% and 76% have been reported, with 
a strong dominance of overuse-related conditions 
[1, 12]. A study among 321 Swedish track and 
field athletes found an overall 1-year injury prev-
alence of 43% with 12% occurring in the foot and 
ankle [12].

Achilles tendinopathy is one of the most fre-
quent foot and ankle overuse injuries in the active 
population. It is known to affect 9% of recre-
ational runners and has a cumulative lifetime 
incidence of 24% in the athletic population and 
52% in runners. In up to 5% of professional ath-
letes, it can lead to a career-ending injury 
[13–15].

22.4	 �Sports Dynamics 
and Related Physical 
Demands of the Calf 
and Peroneal Tendons

Track and field injuries of the calf, Achilles ten-
don, and peroneal tendons, mostly chronic over-
use injuries, can often be related to sports 
specifics biodynamical aspects such as excessive 
loading, rapid transitions on uneven ground, 
acceleration, and middle to long-distance run-
ning, which will be discussed below.

22.4.1	 �Excessive Loading

The stretch-shortening cycle is commonly 
observed during running and jumping (Fig. 22.4). 
The stretch-shortening cycle refers to the pre-
stretch or countermovement action and allows 
the athlete to produce more force and move 
quicker due to a combination of active state and 
storage of elastic energy within the tendon [16]. 
During the stretch-shortening cycle, the Achilles 
tendon is subjected to tensile loads up to ten 
times its body weight [17]. Moreover, running 
and jumping (on uneven grounds) require high-
energy storage loading within the Achilles and 
peroneal tendons. With excessive loading above 
the tendon’s capacity—a phenomenon being 
associated with tendinopathy—the tendons are at 
higher risk of injury [18].

22.4.2	 �Rapid, Repeated Transitions 
on Uneven Ground

In running, rapid and repeated transitions from 
pronation to supination cause the Achilles tendon 
to undergo a “whipping” action. This whipping 
action creates shear forces across the tendon, 
exerting a particularly high eccentric stress on the 
medial side of the Achilles tendon [19]. Moreover, 
the peroneal tendons are exposed to high mechan-
ical loads when jumping or running on uneven 
ground. They remain under significant pressure 
within the retromalleolar groove, predisposing 
them to (repetitive micro) trauma.

Interrossei
muscles

Peroneus longus tendon

Tibialis posterior tendon

Fig. 22.3  Anatomy of the plantar side of the foot includ-
ing the insertion of the peroneus longus tendon

P. A. D. van Dijk et al.
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22.4.3	 �Acceleration

As runners accelerate, they move toward a more 
forefoot strike which increases the loading on the 
Achilles tendon. Especially in sprinters, rapid 
acceleration is required to achieve and maintain a 
very high pace. During acceleration, the calf 
muscle is exposed to powerful eccentric contrac-
tion and thereby prone to stretching past its 
capacity. This may potentially lead to partial or 
even full muscle tears.

22.4.4	 �Middle- and Long-distance 
Running

Middle- and long-distance runners sustain 
repetitive microtrauma of the Achilles tendon 
for longer periods. In this way, they have a 
great susceptibility to noninsertional tendinop-
athy [20].

22.5	 �Calf Injuries

22.5.1	 �Pathologies

In the calf, the gastrocnemius muscle is most 
prone to injury because it bridges over three 
joints and has a larger musculotendinous junction 
in comparison to the soleus muscle. Most gas-
trocnemius injuries occur distally, near the mus-
culotendinous junction and happen during sudden 
eccentric contraction with the knee in full exten-
sion and the ankle dorsiflexed. Injuries associated 
with the plantaris muscle, while less common, 

occur in a similar way. Soleus muscle injures are 
far less common as the muscle solely bridges the 
ankle and subtalar joint. Typical trauma mecha-
nism includes passive dorsiflexion of the ankle 
with a flexed knee.

For a long period of time, calf muscle injuries 
were classified as either muscle strains or full 
muscle tears. The Munich consensus statement, 
however, stated that a muscle strain is a biome-
chanical term which is not properly defined and 
used indiscriminately for anatomically and func-
tionally different muscle injuries [21]. Since the 
use of the term strain is not recommended any-
more, soleus injuries are being classified as either 
partial or full muscle tears.

22.5.2	 �Clinical Signs and Diagnostics

Typical clinical signs include sharp pain or 
cramping at the level of the tear, often during 
stretching of the calf. Moreover, swelling and 
ecchymosis may be visible. On palpation, possi-
ble tenderness, swelling, thickening, defects, and 
masses can be observed. In case of retraction, the 
actual rupture may be palpable although it can be 
difficult to differentiate from a total Achilles ten-
don rupture [22].

Based on the degree of knee flexion when test-
ing ankle plantar flexion strength, injuries of the 
different calf muscles can be differentiated. 
When the knee is maximally flexed, the soleus 
acts as the primary plantiflexor, while the gas-
trocnemius is the stronger plantiflexor with the 
knee in full extension. Moreover, in injuries of 
the plantaris and the soleus, pain may be 

a b c d

Fig. 22.4  Stretch-shortening cycle: (a, b) eccentric phase, (c) amortisation phase, (d) concentric phase
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exacerbated upon weight-bearing and with pas-
sive dorsiflexion.

Although ultrasound (US) is a user-dependent 
diagnostic method, it is less expensive than 
Magnetic Resonance Imaging (MRI) and it can 
be employed in the outpatient clinic. Furthermore, 
USA has the ability to dynamically evaluate the 
muscle groups and differentiate partial from full 
ruptures. Signs of a rupture include discontinuity 
of the muscle, edema, hematoma, and an intra-
muscular fluid collection [23]. Moreover, 
Doppler ultrasonography can be used to evaluate 
hyperaemia and possible deep venous thrombosis 
[22]. A large hematoma can be drained during 
ultrasound. In professional athletes or when 
ultrasound is inconclusive, MRI is recommended. 
Also, MRI is useful during follow-up [24]. In 
case of a muscle strain, MRI often reveals dis-
continuity or rupture of the muscle, retraction of 
the damaged muscle fibers or a hematoma or 
hemorrhage within the musculotendinous junc-
tion [22].

22.5.3	 �Treatment

In general, calf injuries are treated nonsurgically 
with recovery time being highly patient-specific. 
Factors defining (time) to return to sports include 
the (transverse) location of the muscle tear (inju-
ries of the central aponeurosis need a signifi-
cantly longer recovery period than injuries in the 
medial or lateral aponeurosis and myofascial 
sites), gap or retraction length, weight, and age 
[25]. To prevent reinjury, complete muscle flexi-
bility and strength should be restored before 
return to sports.

In the acute phase, treatment should focus on 
hemorrhage, pain, and prevention of complica-
tions such as a compartment syndrome. This 
includes a period of rest, ice, compression, and 
elevation. The use of NonSteroidal Anti-
Inflammatory Drugs (NSAIDs) is relatively con-
traindicated due to the antiplatelet effects and 
thus possibly increasing bleeding and thereby 
hampering healing. Moreover, the Cyclo-
oxygenase-2 (COX-2) inhibitors negatively 
affect the muscle’s healing tendency.

22.6	 �Achilles Tendon Injuries

22.6.1	 �Pathologies

Nomenclature of Achilles tendon pathology has 
been much debated and is still controversial. Ever 
since histopathological studies have demon-
strated a lack of inflammatory cells, Achilles ten-
dinopathy is the most consensual term to describe 
this type of pathology resulting from a failed 
healing response [26]. In general, two anatomic 
categories can be distinguished: insertional and 
noninsertional tendinopathy. A third category, 
total Achilles tendon rupture, will not be dis-
cussed in this chapter since it is rare in track and 
field.

Insertional tendinopathy occurs at the level of 
the calcaneal-tendon junction. It sometimes 
involves a Haglund’s deformity, retrocalcaneal 
bursitis or calcifications within the Achilles ten-
don. Noninsertional tendinopathy is located more 
proximal, at the hypovascular zone, 2–6 cm prox-
imal to the insertion. It involves the tendon’s sub-
stance, with or without inflammation of the 
paratenon.

Achilles tendinopathy is considered a multi-
factorial condition. Known extrinsic risk factors 
include excessively hard, slippery or uneven 
weight-bearing surfaces, inappropriate footwear, 
training errors, use of fluoroquinolone, and the 
type of exercise activity (the stretch-shortening 
cycle is known to increase the risk). Most rele-
vant and correctable intrinsic risk factors include 
previous injury, low flexibility of the calf, and 
altered lower limb biomechanics [27].

22.6.2	 �Clinical Signs and Diagnostics

Patients typically present with pain at the level of 
the tendinopathy (2–6 cm proximal to the inser-
tion vs. at the calcaneal tuberosity), swelling, and 
stiffness of the Achilles tendon. Exercise, climb-
ing stairs, and running on hard surfaces may 
exacerbate pain. As the tendinopathy progresses, 
walking on flat ground and even rest may pro-
voke pain. Some patients report pain over the 
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posterior heel, which may cause them to struggle 
with shoe wear.

Physical examination is important to rule out 
other injuries such as a (total) tendon rupture, ret-
rocalcaneal bursitis or stress fractures. 
Tenderness, pain, swelling, thickening, and crep-
itus may be felt at the involved portion of the ten-
don. In case of pain on the lateral or medial 
border of the insertion without tendon thicken-
ing, retrocalcaneal bursitis is more likely. Active 
plantarflexion against resistance may provoke 
pain.

Lateral weight-bearing radiographs of the foot 
can be used to evaluate enthesophytes, intratendi-
nous calcifications, and a possible Haglund’s 
deformity (suggestive for insertional tendinopa-
thy). Moreover, the width of the Achilles’s 
shadow and Kager’s fat pad triangle can be evalu-
ated. MRI may show tendon thickening, degen-
erative changes, retrocalcaneal bursitis, and the 
impact of the Haglund’s deformity. Recent stud-
ies have shown equal or even better accuracy 
using (Doppler) ultrasonography when compared 
to MRI, as the pain in Achilles tendinopathy 
seems to be related to areas of neovascularization 
[28]. Computed tomography (CT) or conven-
tional radiographs can additionally be used in 
case of suspicion of Haglund’s deformity and ret-
rocalcaneal bursitis.

22.6.3	 �Treatment

In the early phase, 3–6  months of conservative 
treatment is the first step in management of 
Achilles tendinopathy. Precipitating factors are 
controlled by modifying training regimes or even 
complete rest. A systematic review by Rowe 
et  al. showed strong evidence for the use of 
eccentric exercises and the use of low-energy 
shock-wave therapy to improve healing [29]. No 
strong evidence for use of platelet-rich plasma 
(PRP) was found [30]. In case conservative treat-
ment fails, which happens in around 25–33% of 
the patients, surgery can be considered to remove 
degenerative tissue and stimulate tendon healing 
(Fig. 22.5).

Surgical treatment for noninsertional Achilles 
tendinopathy results in a success rate exceeding 
the 80% [31]. Open surgery with excision of the 
degenerative tissue and repair of normal tissue is 
commonly performed. In case of removing more 
than 50% of the tendon thickness, augmentation 
or reconstruction, often with the flexor hallucis 
longus, is recommended to minimize the risk of 
rupture and optimize strength. Minimally inva-
sive procedures have been growing in popularity 
with reduced complication rates and faster recov-
ery time [32]. Tendoscopy allows striping the 
paratenon from the tendon.

Surgical treatment of insertional tendinopathy 
is usually more complex. Degenerative tissue is 
removed, combined with excision of intratendi-
nous calcification or degenerative tendon above 
the insertion, excision of the inflamed retrocalca-
neal bursa or resection of the Haglund’s defor-
mity. In general, an open approach is required to 
remove all unhealthy tissue, which also allows 
easier augmentation when needed. Detachment 
up to 50% of the insertion can be safely per-
formed. When >50% of the insertion is detached, 
reinsertion has been recommended [33]. For 
patients with a gastrocnemius contracture, a gas-
trocnemius release may be advised. A Haglund’s 
deformity or retrocalcaneal bursitis is amenable 
to an endoscopic calcaneoplasty.

22.7	 �Peroneal Tendon Injuries

22.7.1	 �Pathologies

Due to its anatomical position within the retro-
malleolar groove, the PB is most prone to pathol-
ogy. Pathology of the peroneal tendons may 
occur anywhere along their course but is most 
often found within areas of greatest stress: around 
the lateral malleolus (PB), the peroneal tubercle 
(PB and PL), or within the cuboid groove (PL). In 
general, peroneal pathology is categorized into 
three types: (1) tendinopathy (tendinitis, tenosy-
novitis, tendinosis, and stenosis), (2) partial or 
complete (“rupture”) tears, and (3) subluxation or 
dislocation [34].
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Predisposing factors for peroneal tendon inju-
ries include anatomical variations (i.e., low-lying 
muscle belly, prominent peroneal tubercle or flat 
retromalleolar groove), rheumatoid or psoriatic 
arthritis, diabetic neuropathy, calcaneal fractures, 
use of fluoroquinolone, and local steroid injec-
tions [35–38].

22.7.2	 �Clinical Signs and Diagnostics

Careful patient history and clinical examination 
are keys in diagnosing peroneal tendon injuries. 
Acute injuries are often described by the patient 
as “an ankle sprain that never resolved,” while 
chronic disorders occur after a gross ankle inver-
sion in the medical history or in patients with 
chronic lateral ankle ligament instability. The 
patient typically presents with pain along the 
course of the tendons that worsens upon activity. 
Other symptoms include swelling, tenderness, 
giving way, and lateral ankle instability. In case 
of dislocation, the patient may report a popping 
or snapping sensation.

Physical examination may reveal tenderness, 
crepitus, and swelling. Passive plantarflexion and 
inversion or active dorsiflexion and eversion 
often exacerbate pain. Muscle strength may be 
weaker when compared to the contralateral side. 
In case of tendon rupture, pain is exacerbated on 
acute loosening of resistance during the provoca-
tion test [34]. Dislocation of the tendons can 
often be provoked by combined active dorsiflex-
ion and eversion. During physical examination, 
differentiation between tendinopathy and a ten-
don’s tear is challenging; a tendon tear may 
appear with less pain but more weakness and 
swelling.

To rule out osseous pathologies such as frac-
tures, spurs or calcifications, weight-bearing 
radiographs in anteroposterior and lateral direc-
tion are recommended. Moreover, in case of 
peroneal tendon dislocation, a small avulsion 
fracture of the lateral malleolus (“fleck sign”) 
may be visible on the anteroposterior view [39]. 
MRI remains the standard diagnostic test [40]. 
Abnormalities include a C-shaped tendon, clefts, 
irregularity of the tendon’s contour, and increased 

a b c

Fig. 22.5  Achilles tendinopathy. (a) Achilles tendon 
thickened with severe tendinosis. (b) The same tendon 
after extensive debridement, tabularization, proximal 
release, and distal reinforcement with suture anchors in 

the calcaneus. (c) A different Achilles tendon with severe 
tendinosis including fibrous and lipoid degeneration. All 
images were kindly provided and its use authorized by Dr. 
Bruno Pereira

P. A. D. van Dijk et al.
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signal intensity due to fluid within the tendon 
sheath [40, 41]. An increased signal intensity, 
however, can also be seen in asymptomatic 
patients due to the so called magic angle effect 
[41]. While this effect only appears on 
T1-weighted images, in tears these signal abnor-
malities are found on both T1- and T2-weighted 
images. This underscores the importance of eval-
uating the tendons in both settings. Ultrasound is 
especially useful in detecting dynamic injuries 
such as (episodic) subluxation, dislocation, and 
tears that are not seen on MRI. Ultrasonic abnor-
malities include tendon thickening, peritendinous 
fluid within the tendon sheath, ruptures, and dis-
location of the tendons over the fibular tip.

22.7.3	 �Treatment

With only limited evidence, nonsurgical manage-
ment is the first step in treatment of peroneal ten-
don injuries, including a period of rest, activity 
modification or immobilization to reduce symp-
toms [34]. Physical therapy is recommended to 
strengthen the peroneal- and surrounding mus-
cles. When symptoms persist longer than 
3 months, there is, at least, some evidence for the 
use of shock-wave therapy [34]. If nonsurgical 
treatment fails, surgery should be considered.

Especially in tears and dislocation, surgery is 
required in most cases since these pathologies 
rarely heal themselves [42]. According to 
ESSKA-AFAS’s peroneal tendon consensus 
statement, first choice in surgical treatment of 
peroneal tendon tears includes debridement and 
tubularization of one or both tendons. In cases 
this is clinically not feasible, single-stage auto-
graft with the hamstrings, or tenodesis is recom-
mended. If one of the tendons is deemed 
irreparable, it is recommended to perform 
debridement and tubularization on the reparable 
tendon and autograft or tenodesis of the irrepa-
rable tendon. If neither of the tendons can be 
repaired and the proximal muscle tissue is 
healthy, single-stage autograft is recommended 
[34]. Inadequate management of anatomical 
abnormalities may lead to persistent pain and 

dysfunction so additional predisposing factors 
should simultaneously be assessed.

In treatment of dislocation within athletes, 
evidence showed that the combination of retinac-
ulum repair and retromalleolar groove deepening 
provides significant higher return to sports rates 
as compared to retinaculum repair alone [43].

Over the last years, peroneal tendoscopy has 
become more appreciated as diagnostic and treat-
ment modality [44, 45]. It should be reserved for 
patients with a high clinical suspicion of peroneal 
pathology, though with absence of positive find-
ings or inconclusive abnormalities on imaging 
[46]. Peroneal tendoscopy is highly sensitive and 
specific for both static and dynamic injuries and 
provides easy transition to (minimally invasive) 
treatment [46], with a relatively low complication 
rate, low costs, and earlier recovery when com-
pared to open procedures [46, 47].

22.7.4	 �Rehabilitation

Adequate rehabilitation is a key for optimal man-
agement of peroneal tendon injuries and should 
be individualized for each patient [48]. 
Importantly, the surgeon must distinguish 
whether or not the SPR was repaired during sur-
gical treatment. When the retinaculum was not 
repaired, rehabilitation should be goal-based 
with the promotion of early mobilization, rather 
than time-based. In case surgery included repair 
of the SPR, rehabilitation should start with 
2 weeks of nonweight-bearing in a lower leg cast, 
followed by active range of motion and 4 weeks 
of weight-bearing in a cast or walker boot. It is 
important that the tendons are not loaded until 
6 weeks after repair of the SPR [34].

22.8	 �Injury Prevention

As track and field injuries often result from 
training errors, it is important to identify and 
modify them [49]. A training routine record 
can be kept to identify recent changes suscep-
tible to have caused the injury, such as a sud-
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den increase in load, different training surface 
or equipment, and change in intensity and 
frequency.

Repetitive microtrauma caused by impact, 
whether by prolonged running or higher but 
shorter jumping loads, is key in most common 
athletics injuries. Moreover, tendon injuries are 
more likely to occur with an increase in training 
pace rather than volume [49]. The type of surface 
has an impact on injury pattern and incidence. 
While asphalt decreases the incidence of (over-
use) noninsertional Achilles tendinopathy, sand 
increases it [20]. Throughout the years, much 
time and money has been invested to improve 
performance while reducing injury risk by incor-
porating improved shock absorption mechanisms 
into sportswear and surfaces. New foot-wear 
materials such as Kevlar, foam-blown polyure-
thane or thermoplastic polyurethane allow more 
comfort and lower weight. Moreover, different 
designs have been adapted for sports-specific 
performance improvement like small spikes on 
heel and front for high jump, just in front for long 
jump and sprinting or high flexibility for sprint-
ing. Also comfort is a real priority. Cushioning is 
developed for maximal shock absorption. Most 
advanced systems have built in a spring-like 
mechanism at the base of the heel, allowing for a 
large portion of the impact to be transferred into 
the spring, putting much lower strain on the 
joints.

Malalignment of the foot increases the inci-
dence of injuries and may be compensated by 
orthotics. Insoles to slightly elevate the heel and 
individualized footwear might be helpful in order 
to maintain sports activity in athletes with inser-
tional tendinopathy. Decreased ankle flexibility 
and muscle weakness may be treated by appro-
priate physiotherapy.

Before starting an event or training, stretching 
is important to ensure sufficient range of motion 
to perform optimally and decrease muscle stiff-
ness (or increase muscle compliance). 
Theoretically, the risk of injury is thereby 
decreased. Stretching is therefore intended to 
enhance performance while decreasing the risk 
of injury.

22.9	 �Conclusion

Track and field puts high mechanical loads on the 
calf and peroneal tendons, making them prone to 
(overuse) injuries. Patient history and physical 
examination are the keys to accurate diagnosis. In 
general, adequate conservative treatment should 
be attempted before surgery. Since track and field 
injuries often occur as a result of training errors, 
the most important step in prevention is to iden-
tify and modify these errors.
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Bunions, Hallux Rigidus, Turf Toe, 
and Sesamoid Injury in the Track 
and Field Athlete

Kenneth J. Hunt and Mark W. Bowers

23.1	 �Introduction

Injuries to the hallux metatarsophalangeal joint 
complex are common in the track and field ath-
lete and can result in deformity, chronic pain, and 
a decline in performance. In addition, underlying 
alignment-related conditions can place athletes at 
risk for pain, weakness, and functional deficits 
impacting sport. A thorough understanding of the 
anatomy and pathomechanics of first metatarso-
phalangeal (MTP) joint is crucial for managing 
athletes with great toe injuries and disorders. 
Early injury recognition and implementation of 
appropriate management strategies can help these 
athletes return to their selected activities safely 
and expeditiously.

23.1.1	 �Anatomy and Biomechanics

23.1.1.1	 �Anatomy of the Hallux MTP 
Joint Complex

The round metatarsal head articulates with the 
concave elliptical base of the proximal phalanx 
and allows for plantarflexion, dorsiflexion, and to 
a limited degree abduction and adduction. Unlike 
the lesser toes, the first MTP joint has a sesamoid 
mechanism running on the plantar aspect of the 
joint. The bony articulation overall provides little 
stability to the joint. Instead the majority of the 
joint stability comes from the capsular-
ligamentous-sesamoid complex [1]. The medial 
and lateral collateral ligaments help stabilize the 
metatarsal (MT) head and proximal phalanx 
articulation. These fan-shaped ligaments origi-
nate from the medial and lateral epicondyle of the 
MT head and run distal and plantar, interdigitat-
ing with the metatarsosesamoid ligaments which 
fan out plantarly to the margin of the sesamoids 
and plantar plate [2].

The strong, fibrous plantar plate is a conflu-
ence of structures including the two tendons of 
the flexor hallucis brevis (FHB), the abductor 
and adductor hallucis, the plantar aponeurosis, 
and the joint capsule. This structure is firmly 
attached to the proximal phalanx and only 
loosely attached to the neck of the MT via the 
capsule [2]. The FHB tendons run along the 
plantar aspect of the first MTP joint and encase 
the sesamoids prior to inserting on the proximal 
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phalanx. The intersesamoid ligament tethers the 
two sesamoids together and helps to maintain 
the course of the flexor hallucis longus (FHL) 
tendon. In addition, the extensor hallucis brevis 
tendon, and the adductor and abductor hallucis 
tendons insert and blend into the capsular-liga-
mentous-sesamoid complex and contribute to 
the overall stability of the hallux [3].

23.1.1.2	 �Biomechanics
The first MTP joints support approximately twice 
the load of the lesser toes and can see forces up to 
40–60% of body weight during normal gait [4]. 
During activities such as jogging or running, 
peak forces can reach two to three times body 
weight and up to eight times body weight when a 
running jump is performed [5].

Range of motion of the first MTP is highly 
variable and decreases as we age. Normal motion 
of the hallux MTP joint is 85° dorsiflexion and 
40° plantarflexion [6]. During the pushoff phase 
of the gait cycle, the hallux has been found to 
dorsiflex from 60° to 84° [7, 8]. A study by 
Bowman showed that athletes can accommodate 
up to 50% reduction in MTP joint motion after an 
acute injury through various gait adjustments [9].

23.2	 �Bunions and Hallux Valgus

Hallux valgus and metatarsus primus varus are 
common in running athletes and can be progres-
sive. Symptoms related to hallux valgus defor-
mity range from simple pain with shoe wear, to 
loss of pushoff strength, transfer metatarsalgia or 
callus from abnormal weightbearing distribution, 
and resultant decreased athletic performance. 
The hallux valgus deformity in the athlete is no 
different than the deformity in the nonathletic 
population with likely causes including a genetic 
predisposition which may be worsened with 
improper shoe wear. The deformity is character-
ized by a lateral deviation of the hallux and 
adduction of the first MT with a resultant increase 
of the first intermetatarsal (IM) angle. As the 
deformity progresses, the sesamoid complex no 
longer sits beneath the metatarsal head, resulting 
in a less functional windlass mechanism, 

decreased medial longitudinal arch stability, and 
diminished pushoff strength. Subsequently, the 
weightbearing distribution of the foot transfers 
from the first metatarsal to the second, which can 
cause metatarsalgia with callus formation under-
neath the lesser metatarsal heads [3]. In athletes, 
the primary disability is typically related to the 
prominent medial eminence, which rubs on their 
shoe resulting in skin irritation or callus forma-
tion. With advanced deformity, the hallux pro-
nates leading to concentrated weightbearing on 
the medial aspect of the metatarsal head and 
potential compression of the dorsal cutaneous 
nerve, causing pain and a loss of functional push-
off strength.

23.2.1	 �Conservative Management

Initial management of athletes with symptomatic 
hallux valgus begins with conservative manage-
ment. Identifying the specific area of pain is nec-
essary to help guide treatment. The running 
athlete often complains of pain directly over the 
medial eminence as well as symptoms related to 
compression of the dorsal medial cutaneous 
nerve. The athlete’s shoes should be carefully 
evaluated and preferably would have a wide-toe 
box. Increasing the shoe size to ½ to 1 size larger 
may be required to accommodate for the medial 
eminence. In general, there should be approxi-
mately 1  cm of space beyond the toes to allow 
them to move freely [10]. The seams of the shoe 
should be evaluated as they may cross the medial 
eminence and could cause increased pressure 
[11]. This may necessitate changing to shoes 
with a different seam pattern or altering the seam 
configuration on the current shoe. If the shoes are 
found to be of adequate size, the shoes may be 
stretched or a balloon patch may be utilized to 
help alleviate pressure over the prominence. Shoe 
stiffeners, such as a carbon fiber footplate, can be 
used to help decrease the forces across the first 
MTP joint as long as it does not affect the ath-
lete’s performance [11].

In addition to shoe modifications, accommo-
dative or corrective foot orthotics can be pre-
scribed to correct any malalignment of the foot 
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and to help distribute the concentration of pres-
sure that causes pain. The main goals of the 
orthotic should be to support the medial arch, 
correct the forefoot pronation, and offload the 
lesser metatarsal heads with a metatarsal pad or 
bar [10]. However, care should be taken when 
prescribing an orthotic, as adding an orthotic will 
take up space within the shoe, potentially exacer-
bating tightness and pressure over the bunion. In 
addition, elite runners can be sensitive to modifi-
cations of their footwear and other issue may 
arise with improper orthotic fit. A cutout pad may 
also be used to help offload the medial eminence, 
but it is important that the pad is not placed 
directly over the eminence as this may result in 
increased pressure and pain. The use of a toe 
spacer between the first and second toes may also 
be helpful.

Stretching exercises should be emphasized to 
the athlete and can be incorporated into their 
warmup routine. Since hallux valgus is associ-
ated with gastrocnemius and Achilles contrac-
tures, stretching of the Achilles tendon and 
plantar fascia has been shown to reduce the strain 
across the forefoot [11]. Improving toe function 
can help alleviate midfoot pain and can be 
achieved with intrinsic toe strengthening exer-
cises such as towel gathering, toe splaying, and 
purposely flexing toes while walking.

23.2.2	 �Surgical Treatment

The decision to operate on athletes with symp-
tomatic hallux valgus should be made with cau-
tion and the operative procedure should be 
selected carefully. Surgery may reduce the first 
MTP joint ROM, which can significantly 
decrease the competitiveness of athletes that 
requires extreme dorsiflexion of the first MTP 
joint, such as with sprinters. The need for exces-
sive dorsiflexion is less important in the middle- 
and long-distance runners. It is important to keep 
in mind the significant demands placed on the 
foot during running and jumping activities. The 
increased forces can result in tremendous strain 
across the forefoot. When arthrodesis procedures 
are performed, such as a Lapidus, the stress trans-

fer to the surrounding joints of the midfoot and 
forefoot is greatly exaggerated [12].

In the setting of an acute post-traumatic hallux 
valgus, athletes may undergo repair of the medial 
collateral ligament and capsule [13]. In some 
cases, partial release of the lateral structures is 
also indicated in order to restore the normal hal-
lux alignment. An untreated traumatic hallux val-
gus injury could result in alterations of the first 
MTP mechanics and joint reactive forces can 
limit power and lead to early-onset arthritis and 
functional decline [14].

With chronic hallux valgus, as in the nonath-
letic population, radiographs should be analyzed 
to determine the hallux valgus angle, intermeta-
tarsal angle, joint congruency, distal metatarsal 
articular angle, and evidence of arthrosis. The 
degree of deformity is used to guide the selection 
of the bunion surgery. For athletes with mild to 
moderate deformity that is affecting performance 
and/or competitiveness, a distal chevron osteot-
omy is recommended. In patients with a sublux-
ated metatarsophalangeal joint, a distal soft tissue 
procedure is required. Lillich et al. described two 
world class middle-distance and marathon run-
ners who underwent distal chevron bunionecto-
mies and neuroma removals who were able to 
return to world class caliber running [12].

A proximal osteotomy is more effective in 
reducing larger angular deformity as well as sag-
ittal plane deformity (i.e., elevated first ray) and 
is recommended in cases of moderate to severe 
deformity. However, traditional proximal osteot-
omies come with additional concerns and com-
plication rates. These osteotomies have been 
considered to be unstable and have been associ-
ated with delayed healing, malunion, shortening 
of the first metatarsal, and necessitate longer 
postoperative immobilization [15, 16]. The use of 
a proximal rotational metatarsal osteotomy 
(PROMO) is a new technique that corrects the 
first metatarsal adductus and pronation through a 
single oblique osteotomy (Fig. 23.1). The angle 
of the osteotomy is determined through radio-
graphic measurement of the intermetatarsal angle 
and the metatarsal rotation angle [17]. In addition 
to correction of the rotational deformity, this 
osteotomy limits the amount of shortening of the 
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first metatarsal. With all of these procedures, it is 
crucial to adequately correct both the bony and 
soft tissue components of the deformity to lessen 
the chances of recurrence.

There have been mixed results in the literature 
regarding first metatarsophalangeal arthrodesis in 
the athletic population. This procedure, also 
known as a Lapidus, is typically reserved for 
patients with severe hallux valgus deformity with 
a hypermobile first tarsometatarsal joint (TMT) 
or a degenerative TMT joint. As discussed ear-
lier, fusion of this joint increases the stress across 
the midfoot and forefoot. However, MacMahon 
et  al. reported promising results in 48 athletes 
who underwent a Lapidus procedure with a mean 
follow-up of 2.8 years. The study included only 
subjective findings, and reported 81% of the 
patients being satisfied with their return to activi-
ties and 80% being able to participate in their pre-
vious sports [18]. In contrast, McInnes and 
Bouche published a retrospective study on out-
comes of the Lapidus procedure and had less 
favorable outcomes. Thirty-two feet in 25 patients 
were included with a mean follow-up time of 
3.3  years with athletes demonstrating a lower 
return to activity with only 30% returning to their 
previous level of activity [19]. Mann does not 

recommend this procedure be performed in the 
active athletic population [11].

Postoperatively, patients are placed into a bun-
ion dressing holding the hallux in proper align-
ment for a period of 6 to 8  weeks. For distal 
osteotomies, patients are placed into a postopera-
tive shoe and begin hallux ROM at 3–5  days 
postop. In patients undergoing a proximal oste-
otomy, the foot is protected in a nonweightbear-
ing splint for 2  weeks before transitioning to a 
sandal or boot.

Regardless of which bunion procedure is per-
formed, the athlete will require a period of physi-
cal therapy to regain ROM as well as adequate 
time to allow the osteotomies to heal and the soft 
tissues to mature. Return to activity varies 
depending on the procedure performed and the 
physical demands of the athlete. Saxena reported 
the average return to activity for athletes (RTA) 
time with a distal Chevron procedure. Athletes 
were defined as those engaged in 6 or more hours 
of sports-specific activity/week, running 
25  miles/week, varsity high school, college, or 
professional sports, and averaged 8.9  weeks 
before returning to the athletes desired sport [20]. 
Giotis et  al. published a prospective analysis 
measuring both subjective and objective out-

a b c

Fig. 23.1  (a and b) Photographs of foot in 22-year-old 
collegiate track athlete with hallux valgus impacting per-
formance. Note the valgus alignment and pronated toe 

position. (c) Anteroposterior foot radiograph demonstrat-
ing an increased hallux valgus angle (HVA) and inter-
metatarsal angle (IMA)
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comes of the modified Chevron osteotomy for the 
treatment of mild to moderate hallux valgus 
deformity in the female athlete. The athletes were 
allowed to bear weight at 2  weeks postopera-
tively and returned to their desired level of activi-
ties at 12 weeks [21].

In general, it is best to avoid surgery for hallux 
valgus in a competitive athlete. However, if the 
deformity creates functional deficits and pain that 
are not corrected with conservative measures, 
correcting the deformity can be a reasonable 
approach. It is important to explain to the athlete 
that not everyone is able to return to their previ-
ous level of competition following surgery.

23.3	 �Hallux Rigidus

Dorsal impingement of the first metatarsophalan-
geal joint is referred to as Hallux rigidus and is 
the most common pathology affecting the first 
MTP joint in the athletic population [22–25]. In 
the early stages of the condition, athletes typi-
cally complain of pain only at extremes of 
motion; however, with progression of degenera-
tive changes, midrange of motion becomes pain-
ful [26]. The natural history of the condition 
involves cartilage degeneration with dorsal osteo-
phyte formation followed by progressive degen-
erative changes throughout the entire first MTP 
joint [26–28]. Inability to dorsiflex the great toe 
leads to a decreased ability to rise onto the toes, 
roll through the toes, and can make running dif-
ficult and painful [27].

The exact etiology for the development of 
hallux rigidus remains in question; however, 
there are numerus potential causes. There are 
several anatomic and structural factors that may 
lead to hallux rigidus including a flat or pronated 
foot, a long first metatarsal or hallux, a flat or 
chevron-shaped metatarsal head, hallux valgus, 
hypermobility of the first ray, and metatarsus 
adductus [24, 29]. The condition may also be a 
result of a traumatic injury, such as a turf toe 
injury, or an osteochondral lesion [24]. In the 
running athlete, overuse and repetitive dorsiflex-
ion forces may lead to chondral lesions and other 
occult injuries [30].

Hallux rigidus is graded radiographically 
based on the degenerative changes in the first 
MTP joint. Grade I hallux rigidus is character-
ized by mild to moderate dorsal osteophyte for-
mation with preservation of the joint space. 
Grade II hallux rigidus involves moderate osteo-
phyte formation with evidence of joint space nar-
rowing and subchondral sclerosis. Grade III 
changes demonstrate significant osteophyte for-
mation with severe loss of the first MTP joint 
space and subchondral cyst formation [26].

Normal range of motion (ROM) of the first 
MTP joint is approximately 40° of plantarflex-
ion and 85° of dorsiflexion. The track and field 
athlete requires greater dorsiflexion (~80–100°) 
due to increased stride length while running, a 
prolonged propulsive phase of gait, and the 
greater ROM required for pushoff during activi-
ties such as jumping [23, 31]. Limitations in 
range-of motion can cause significant disability 
in athletes. This is particularly true in sprinters 
who require extreme ROM and to a lesser degree 
in middle- to long-distance runners who require 
less ROM.  With progression of the condition, 
the interphalangeal (IP) joint will often com-
pensate with hyperextension. This hyperexten-
sion may force the toe nail into the toe box of 
the shoe resulting in nail changes or subungual 
hematoma [31].

23.3.1	 �Conservative Management

Initial nonoperative management of hallux rigi-
dus should be aimed at pain relief. Nonsteroidal 
anti-inflammatory drugs (NSAIDs) may be used 
to help alleviate acute episodes of pain. Similarly, 
injections of corticosteroids may provide tempo-
rary relief, but should be avoided, if possible 
[22]. The role of injectable viscosupplementation 
and biological agents has not been demonstrated 
in the literature [32]. Activity modification is 
often not a practical option for high-level 
athletes.

Shoes with wide and deep toe boxes are help-
ful in preventing compression of dorsal osteo-
phytes. Additional modifications with a balloon 
patch over the bony prominence can be made to 
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the shoes to further alleviate pressure on the toe. 
The use of a rigid Morton’s extension footplate 
can be used to limit dorsiflexion and subsequent 
first MTP dorsal impingement [33]. Although 
these may improve pain symptoms, the reduced 
ROM may limit performance in the elite runner. 
Similarly, rigid shoes with a rocker bottom sole 
can limit ROM of the first MTP and improve 
pain, but may not be tolerated by the track and 
field athlete due to the added weight and exces-
sive stiffness. Taping techniques to limit motion 
at the first MTP joint can help to provide pain 
relief, but may cause skin problems such as blis-
tering [1].

23.3.2	 �Surgical Treatment

There are various surgical options for symptom-
atic athletes who have failed conservative man-
agement. The most common surgical 
interventions include cheilectomy, arthroscopic 
cheilectomy, interposition arthroplasty, synthetic 
cartilage implant (SCI), and arthrodesis.

The cheilectomy procedure was first described 
by Mann in 1979 and involves resection of both 
the dorsal osteophyte and the dorsal third of the 
metatarsal head as well as removal of any loose 
bodies or synovitis [34]. The procedure increases 
dorsiflexion by removing the bony impingement 
lesions and, additionally, removes the promi-
nence associated with painful shoe pressure. 
Indications for cheilectomy are early stage (grade 
I and II) hallux rigidus. A lateral radiograph 
should demonstrate preserved joint space of the 
plantar half of the MTP joint and there should be 
an absence of pain through mid-range of motion, 
and a negative grind test [35].

There are multiple techniques for performing 
a cheilectomy including open, percutaneous, and 
arthroscopic. Selection of the correct technique 
depends on the size of the dorsal osteophyte, as 
well as the presence of loose bodies, lateral 
osteophytes, or chondral injury. A dorsal or dor-
somedial incision is utilized for the open cheilec-
tomy technique. After the extensor hallucis 
longus (EHL) tendon and dorsomedial cutaneous 
nerve are identified and protected, a synovec-

tomy is performed as well as release of plantar 
adhesions, although this may not typically be 
necessary in athletes. The cheilectomy is per-
formed with a goal of achieving at least 80° of 
dorsiflexion intraoperatively as dorsal scar for-
mation can limit ROM in the postoperative 
period. This scar formation can be mitigated to 
some degree with early ROM in the postoperative 
period.

Arthroscopic and percutaneous cheilectomies 
are minimally invasive procedures and have been 
found to be associated with decreased postopera-
tive swelling and improved postop motion [36] 
(Figs.  23.2 and 23.3). An arthroscopic cheilec-
tomy is useful as it allows complete joint visual-
ization including cartilage loss and the health of 
the sesamoid articulations. It also minimizes dis-
ruption to the soft tissues that can occur with 
open procedures, allowing early range-of-motion 
and resulting in less scar.

A Moberg osteotomy can be used as an adjunct 
to a cheilectomy and involves a dorsal closing 
wedge osteotomy of the proximal phalanx. The 
procedure translates the first MTP joint arc of 
motion plantarly, increasing the functional ROM 
and in turn, decreasing the stress on the hallux 
with pushoff [1]. This procedure may be helpful 
in the running athlete who requires increased 
ROM; however, decreased pushoff power can 
occur and should be used with caution in athletes 
who require increased pushoff strength, such as 
sprinters or jumpers.

The Valenti procedure has been shown to 
allow athletes increased hallux ROM. The proce-
dure was first described in 1987 and involves a 
cheilectomy of the metatarsal head as well as 
removal of the proximal aspect of the proximal 
phalanx in a “V”-shaped osteotomy [37]. The 
procedure was later modified with less bony 
resection to allow for future arthrodesis or arthro-
plasty, if necessary [37–39]. Saxena et al. reported 
that the modified Valenti procedure is highly 
effective in the running and jumping athlete 
allowing 94% of athletes within the study to 
return to their desired level of activity [40].

Multiple reports describe successful results 
following cheilectomy. In 1999, Mulier et  al. 
reported on 22 open cheilectomies in high-level 
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athletes with a mean follow-up of greater than 
5 years achieving 90% good and excellent results 
[23]. Two studies examining the results of 

arthroscopic cheilectomy found 67% good to 
excellent outcomes; however, these studies both 
had small sample sizes [41, 42] and were con-

a b c

Fig. 23.2  (a and b) Immediate postoperative photographs following proximal rotational metatarsal osteotomy proce-
dure. (c) Postoperative anteroposterior radiograph

a b
Fig. 23.3  (a) 
Preoperative and (b) 
postoperative 
anteroposterior 
radiographs of patient 
with hallux valgus and 
first TMT instability 
undergoing a Lapidus 
procedure
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ducted prior to current arthroscopic equipment 
and low torque bur systems. Teoh et al. concluded 
that minimally invasive dorsal cheilectomy 
resulted in improved patient-reported outcomes 
with minimal complications, however, 10% of 
patients with higher grade hallux rigidus went on 
to an arthrodesis [43].

The postoperative course and return to activity 
is fairly rapid after a cheilectomy. Saxena found 
that RTA in athletes who had undergone a chei-
lectomy or Valenti procedure were, 5.5  weeks 
and 6.5 weeks, respectively [20]. Mulier allowed 
athletes to RTA at 6 weeks postoperatively fol-
lowing a cheilectomy [23]. After the wounds 
have healed, athletes can return to training by 
engaging in activities that avoid significant 
stresses or impact to the MTP joint, such as 
cycling, swimming, or running in water.

A variety of MTP joint arthroplasty proce-
dures are available for end-stage hallux rigidus 
with a common goal of persevering ROM and 
relieving pain. These include metallic implants, 
interposition arthroplasty, and polyvinyl alcohol 
hemiarthroplasty. At this time, there is limited 
evidence of effectiveness and longevity for MTP 
implants in the athletic population. The magni-
tude of the shear forces across the MTP joint 
required during running and jumping activities 
would put the implant at high risk for early fail-
ure and potentially leading to progressive degen-
erative changes and decreased athletic 
performance. For these reasons, arthroplasty 
should generally be avoided in the track and field 
athlete.

First MTP arthrodesis is usually considered 
for end-stage degenerative changes (grade III or 
IV) or after failure of joint-sparing procedures. 
This procedure should rarely be considered for 
first-line treatment of hallux rigidus in athletes 
and is best to be avoided in the sprinting athlete. 
If an arthrodesis must be performed in an athlete, 
the hallux should be fused in a position that is at 
least 10 mm off the ground, to help decrease the 
stress on the distal hallux and IP joint during 
activity. In addition, slight shortening of the hal-
lux may also be of benefit as this will lessen the 
potential of the athlete having to vault over the 
hallux during running [1]. Da Cunha et al. inves-

tigated return to sports in younger patients (age 
range 23–55 years) following first MTP arthrod-
esis with a mean follow-up of 5.1  years. They 
found that 96% of patients in the study were sat-
isfied with the procedure regarding return to 
sports and activities [44]. Similarly, in a study by 
DeFrino et al., nine patients with a mean age of 
56  years underwent first MTP arthrodesis with 
six of the nine patients able to return to activity 
without limitations, and all patients who partici-
pated in running preoperatively returned to it 
postoperatively [45]. It is important to note that 
the participants and these studies were not high-
level athletes.

23.4	 �Sesamoid Disorders and Turf 
Toe Injuries

Running and jumping activities create substantial 
forces across the plantar aspect of the first MTP 
joint. When the force is excessive or repetitive, 
inflammation or injury to the sesamoid complex 
can occur. There are numerous causes of sesa-
moid pain in the athlete. The term “sesamoiditis” 
implies pain in the sesamoid region with negative 
radiographs and an equivocal magnetic reso-
nance imaging (MRI) and is considered a diagno-
sis of exclusion. A history of overuse or mild 
trauma is common and can result in bursitis or 
flexor tendinitis [46, 47].

Sesamoid fractures are another cause of pain 
and can be either an acute fracture or a result of a 
stress injury, which is common in the running 
athlete with repetitive impact through the fore-
foot. Fractures typically involve the tibial sesa-
moid due to its larger size and the resultant 
increased contact stresses seen with weightbear-
ing (Fig.  23.4). The fracture line is most often 
transverse and located at the mid-waist region 
[1]. Acute fractures generally occur as a result of 
a forceful impact to the forefoot. Additional 
causes of sesamoid pain include degenerative eti-
ologies such as chondromalacia, impingement, or 
osteophyte formation. These pathologies can 
result from a chondral injury or repetitive dam-
age. Sesamoid avascular necrosis (AVN) can 
occur as a sequela from a crush injury or a stress 
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fracture. Sesamoid AVN is most commonly seen 
in women between ages 18 and 29  years [48]. 
Patients typically have pain with direct palpation 
of the affected sesamoid with worsened symp-
toms during resisted plantar flexion of the first 
MTP joint. AVN often results in flattening of the 
sesamoid, with cyst formation and fragmentation. 
The fibular sesamoid is more frequently affected 
by AVN [1]. Prominent sesamoids can result in 
bursitis or intractable plantar keratosis (IPK), 
which often can be seen in the long-distance run-
ner. In the absence of acute or repetitive trauma, 
sesamoiditis can also be caused by conditions 
such as infection, inflammatory arthropathies, 
and rarely tumors.

Patients typically report pain along the plantar 
aspect of the first MTP joint that is worsened 
with weightbearing or any athletic activity. 
Oftentimes there is not a single inciting event, but 
rather a gradual or insidious onset of pain. A thor-
ough physical exam is important to localize the 
specific area of maximal tenderness as well as to 
assess for any anatomic variations such as a cavus 
foot position, hindfoot varus, or equinus. These 
variations may create increased stress across the 
base of the first metatarsal head and predispose 
the athlete to overload injuries to the sesamoid 
complex.

23.4.1	 �Turf Toe Injuries

Although not commonly seen in the track and 
field athlete, turf toe injuries can occur. A turf toe 

injury is defined as a sprain or tear of the capsular 
ligamentous structure of the first MTP joint. 
These injuries more commonly occur in football 
players participating on artificial surfaces. The 
typical mechanism of injury is an axial load 
applied to a foot fixed in equinus resulting in 
injury to the plantar plate. However, injury to the 
capsular ligamentous structure can occur with 
repetitive hyper-dorsiflexion of the first MTP 
joint. The use of a more flexible or lighter shoe 
may predispose an athlete to injury. Although the 
injury is typically a result of a hyper-dorsiflexion 
mechanism, injury to the capsular ligamentous 
structures can also occur through a hyper-
plantarflexion mechanism. Clanton et  al. 
described two track and field athletes who sus-
tained a turf toe injury plantar flexion mechanism 
while participating on a Tartan track [49]. When 
evaluating a turf toe injury, the hallux MTP joint 
should be assessed for ecchymosis or swelling. 
Range of motion and stability of the toe should 
be examined and compared to the contralateral 
hallux. Decreased resistance to dorsiflexion sug-
gests plantar plate injury, and a dorsoplantar 
drawer test should be performed to evaluate the 
integrity of the joint capsule.

The workup of every patient should include 
weightbearing AP and lateral foot radiographs 
with axial or tangential views of the sesamoid 
articulation. These views can be helpful in detect-
ing arthrosis, osteophyte, or fracture. It is impor-
tant to keep in mind that approximately 33% of 
the population have a bipartite sesamoid, which 
typically will have smooth cortical edges [14]. 

a b c

Fig. 23.4  (a) Intraoperative photograph depicting Bur 
placement for percutaneous cheilectomy. (b) 
Intraoperative lateral fluoroscopic image demonstrating 

planned dorsal osteophyte resection with bur. (c) 
Postresection lateral fluoroscopic image with improved 
dorsiflexion at least 80° after cheilectomy
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Contralateral AP radiographs can be helpful in 
this determination as it has been reported that 
there is a 90% incidence of bilateral bipartite 
sesamoids [50]. In contrast, fractures will have 
sharp, irregular borders on both sides of the frac-
ture line. If there is concern for a plantar plate 
injury, a forced dorsiflexion lateral radiograph 
can be obtained (Fig. 23.5).

Computed tomography (CT), MRI, or three-
phase bone scan can be helpful in patients with 
normal radiographs. CT scan can be used to 
assess the bony anatomy, evaluate fracture or 
fracture healing, as well as can help define the 
degree of arthritis at the sesamoid articulation. 
MRI is the most sensitive diagnostic tool to 
assess for AVN and can also be helpful in differ-
entiating between bone and soft tissue abnormal-
ity (Fig. 23.6). Although there is a relatively high 
false-positive rate, a bone scan is a sensitive and 
inexpensive tool that can be used to detect 
increased areas of inflammation or stress fracture 
to the sesamoid.

23.4.1.1	 �Conservative Management
Initial treatment of sesamoid problems begins 
with rest, ice, compression, elevation, and activ-
ity modification. Anti-inflammatory medication 
can be a useful adjunct. Methods to unload the 
first MTP joint can be utilized and include a 
metatarsal pad or dancer’s pad, arch support or an 
orthotic with a first MTP cutout. Furthermore, 
the athlete’s shoe can be stiffened with the use of 
a full-length, carbon fiber foot plate or Morton’s 
extension plate. In athletes with severe pain, a 
period of nonweightbearing with a boot or a cast 
may be warranted. The duration of immobiliza-
tion is variable, but is usually continued until 
pain and tenderness have improved. Nondisplaced 
stress fractures should be treated with nonweight-
bearing for 6  weeks as these fractures are at 
higher risk for nonunion [51]. In patients with 
milder symptoms, taping of the hallux can pro-
vide compression and increased stability to the 
joint. Corticosteroid and/or anesthetic intra-
articular injection is not recommended for any 

a b

Fig. 23.5  (a) Preoperative and (b) postoperative photographs of first MTP dorsiflexion following percutanous 
cheilectomy
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injury; however, an anesthetic injection alone in a 
single nerve distribution can be used for pain [1].

23.4.1.2	 �Surgical Treatment
Surgical intervention should be reserved for 
patients with persistent pain despite appropriate 
conservative management. The specific surgical 
treatment is directed by the etiology of the sesa-
moid pathology. In patients with painful IPK due 
to a bony prominence or plantar exostosis, a 
sesamoid shaving procedure is indicated. The 
tibial sesamoid is most commonly involved and 
as such a plantarmedial approach to the sesa-
moid is utilized. Great care must be taken to 
identify and protect the plantarmedial digital 
nerve during exposure. After the sesamoid is 
exposed, the plantar half of the sesamoid is 
resected with the use of a microsagittal saw. The 
overlying soft tissues are then meticulously 
repaired. Weightbearing as tolerated in a hard-
sole shoe is allowed immediately with a gradual 
return to normal shoe wear and activities as pain 
and swelling allow over 6–8 weeks [14].

Acute fractures of the sesamoid typically 
heal with nonsurgical management consisting of 
a period of nonweightbearing in a cast with a toe 
spica extension, or in a boot. Internal fixation 
has been described as a treatment option; how-
ever, it is unclear whether surgical intervention 
provides any benefit over traditional treatment 
methods [52–54]. Stress fractures of the sesa-

moid are often diagnosed several months after 
the onset of symptoms and at that time have 
likely progressed to a nonunion [1]. Successful 
treatment of sesamoid fracture nonunions with 
bone grafting has been described and is indi-
cated for mid-waist fractures with displacement 
of less than 2 mm [55]. It is important that there 
is no significant injury to the articular surfaces 
and that the fracture fragments are stable. The 
tibial sesamoid is most commonly involved and 
as such an extra-articular plantarmedial 
approach is performed to expose the sesamoid. 
Autogenous bone graft is harvested from the 
metatarsal head through the capsulotomy. The 
nonunion site is thoroughly debrided, removing 
all fibrous tissue and exposing the underlying 
bone. The nonunion site is then packed with the 
bone graft followed by closure of the perios-
teum and soft tissues with absorbable suture. 
The capsulotomy is repaired and the wound 
closed. Patients are then placed into a non-
weightbearing splint that goes past the toes. At 
the 2-week postop mark, the splint is removed 
and the patient is placed into a nonweightbear-
ing short-leg cast with a toe spic extension. 
Transition to a walking cast or boot occurs at 
6 weeks with initiation of gradual weightbear-
ing. At 8 weeks, the patient advances to a regu-
lar shoe with a turf toe plate. A CT scan is 
obtained 3 months postoperatively, and if bony 
union has been achieved the patient is allowed 

a b

Fig. 23.6  (a) Lateral foot fluoroscopic image demonstrating fracture of the tibial sesamoid with displacement upon 
dorsiflexion, (b) sagittal T2 MRI images showing avascular necrosis of the sesamoid
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to resume running activities. This technique was 
described by Anderson and McByde in series of 
21 patients, 19 of which went on to bony union 
and return to their prior level of activity [55].

Sesamoidectomy is considered a viable treat-
ment option for patients with osteochondrosis of 
the sesamoid or degenerative disease that has 
failed extensive nonoperative management 
(Fig.  23.7). Other indications for sesamoidec-
tomy are infection or tumor. Careful 
consideration of the procedure must be made in 
the running or jumping athlete as removal of the 
sesamoid has been shown to reduce pushoff 
strength which could result in decreased athletic 
performance. Aper et al. reported a 10% loss of 
pushoff strength with removal of the tibial sesa-
moid, 16% loss with fibular resection, and 30% 

loss of strength with simultaneous removal of 
both sesamoids [56, 57].

A tibial sesamoidectomy is performed through 
a plantarmedial approach, as described earlier. 
The sesamoid is shelled out from the FHB ten-
don, with care taken to avoid injury to the FHL 
tendon. After removal of the sesamoid, the defect 
is then repaired side to side with absorbable 
suture. If there is a large defect, the abductor hal-
lucis tendon can be transferred from its distal 
insertion into the soft tissue defect. In addition to 
filling the plantar defect, the tendon transfer also 
acts by supplementing plantar flexor strength [1].

A curvilinear plantar incision lateral to the 
weightbearing surface is utilized for a fibular 
sesamoidectomy. During this approach, the plan-
tarlateral digital nerve should be identified and 
protected. After the sesamoid is removed, the 
FHB tendon is directly repaired and the skin is 
meticulously closed with careful approximation 
of the dermal edges to minimize the risk of hyper-
trophic scar formation.

Removal of both sesamoids is not recom-
mended in the running or jumping athlete due to 
the significant loss of pushoff strength, and the 
potential for the development of a cock-up toe 
deformity.

Postoperatively, the toe is maintained in plan-
tarflexion with slight varus for tibial sesamoidec-
tomy or slight valgus for fibular sesamoidectomy. 
Following tibial sesamoidectomy, the patient 
may weightbear as tolerated in a boot or hard-
soled shoe and should wear a bunion dressing or 
splint for 6 weeks to allow for healing of the soft 
tissue repair. Weightbearing should be restricted 
for 2  weeks follow fibular sesamoidectomy to 
allow the plantar incision to heal. Afterwards, 
weightbearing can be initiated. Around 6 weeks 
postoperatively, the patient can transition to a 
regular shoe with a carbon fiber foot plate or a 
Morton’s extension. Good results have been pub-
lished following sesamoidectomy [58–62]. 
Saxena looked at return to activity in 24 athletic 
patients with a mean follow-up of 7.2  years. 
Eleven athletes (defined as professional or varsity 
sports level) returned to activity at a mean of 
7.5  weeks, while the “active” individual had a 
slower mean RTA of 12 weeks. Of the 10 patients 

Fig. 23.7  Intraoperative anteroposterior fluoroscopic 
image following sesamoid excision
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who underwent fibular sesamoidectomy, there 
was one case of hallux varus and two cases of a 
painful plantar scar. There was one case of hallux 
valgus deformity in the patients that underwent 
tibial sesamoidectomy [62]. Bichara et  al. 
reported on 24 athletic patients who underwent 
sesamoidectomy with a mean follow-up of 
35  months. Ninety-two percent of patients 
returned to activity with a mean RTA of 
11.6  months. One patient did develop a hallux 
valgus deformity following a tibial sesamoidec-
tomy [61].

Operative management of turf toe injuries is 
rarely necessary. Indications for surgical inter-
vention include failure of extensive nonopera-
tive management, retracted sesamoids, large 
capsular avulsion, diastasis of a bipartite sesa-
moid, and traumatic hallux valgus [14]. The 
plantar plate is approached through either a 
medial “J” incision or utilizing a two-incision 
technique. Through these incisions, the capsular 
disruption is identified and is typically found 
just distal to the fibular sesamoid. The plantar 
plate is then repaired using nonabsorbable 
sutures or with suture anchors of need due to 
inadequate soft tissue. The sutures are then tied 
with the MTP joint placed into approximately 
15° of plantar flexion. Postoperatively, the toe is 
immobilized in 5–10° of plantar flexion with a 
toe spica splint. Gentle passive plantar flexion 
ROM can be initiated approximately 1  week 
postoperatively. Dorsiflexion of the MTP joint 
should be avoided. The patient will remain non-
weightbearing with a removable splint or boot 
until 4  weeks postop. At that time, protected 
weightbearing in a boot can begin with initia-
tion of active ROM. The patient can transition 
into a regular shoe with a carbon fiber footplate 
or Morton’s extension at 2  months postop. 
Activities can then gradually be advanced as tol-
erated with protective taping. Return to activity 
typically occurs at 3–4  months; however, full 
recovery can take 6 months to a year. There have 
been multiple studies reporting satisfactory 
results with operative fixation of turf toe injuries 
[49, 63, 64]. Common complications include 
MTP joint stiffness and persistent pain with ath-
letic activity. The vast majority of the literature 

describes turf toe injuries in football players; 
however, Lohrer described a case study of an 
elite level female sprinter who sustained an 
acute injury to the plantar plate and medial cap-
sular tissue. The athlete underwent surgical 
repair and was able to return to full activity 
6 months postoperatively [65].

These injuries can lead to significant func-
tional disability. Short-term sequalae include 
decreased pushoff strength, stiffness, and diffi-
culties with running. In the long-term, athletes 
may have troubles returning to preinjury perfor-
mance due to pain, and may develop hallux 
rigidus.

23.5	 �Conclusions

Injuries and disorders of the hallux MTP joint 
complex commonly impact the track and field 
athlete. A thorough understanding of anatomy 
and pathophysiology are critical for the medical 
team to identify and appropriately manage these 
injuries. While a large majority of these injuries 
and conditions can be managed nonoperatively, it 
is important to be aware of surgical indications 
and current techniques. It is important to have a 
clear understanding of the goals and risks of any 
treatment, especially those surgical. With this 
knowledge, the medical team can help optimize 
the performance and safety of the track and field 
athlete.
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Ankle Sprains and Instability

J. Nienke Altink, Liam D. A. Paget, Robin P. Blom, 
Jari Dahmen, Miki Dalmau-Pastor, 
and Gino M. M. J. Kerkhoffs

24.1	 �Introduction

Ankle sprains and instability are among the most 
common musculoskeletal disorders in the general 
and athletic population. Sustaining an ankle 
sprain can lead to a variety of disabling symp-
toms. Pain and loss of function are well-known 
symptoms in the acute phase after an initial ankle 
sprain. However, ankle sprains are also associ-
ated with severe long-term consequences such as 
persistent instability and eventually degeneration 

of the articular cartilage. In both the general and 
athletic population, these long-term conse-
quences can severely impact the quality of life. In 
track and field athletes, ankle sprains can cause 
long-term inability to sport or loss of perfor-
mance. To prevent these long-term consequences 
and facilitate quick return to performance, ade-
quate management of ankle sprains is extremely 
important. This chapter provides an overview of 
the most important aspects on diagnosis and 
treatment of ankle sprains with a special consid-
eration for this type of injury in track and field 
athletes.

24.2	 �Epidemiology

In the general population, the incidence of ankle 
sprains ranges from 2.15 to 6.97 per 1000 person 
years [1, 2]. Half of all these ankle sprains occur 
during sport activities resulting in a much higher 
incidence of ankle sprains in the athletic popula-
tion [3, 4]. In 2010, Waterman et al. studied the 
incidence of ankle sprains in a cohort of active 
duty military personnel (e.g., an athletic popula-
tion) which was 58.3 ankle sprains per 1000 per-
son years [4]. Ankle sprains account for 
approximately 12% of all injuries in intercolle-
giate athletes and for approximately 16% in high 
school athletes [5, 6]. However, incidence rates 
and prevalence of ankle sprains differ signifi-
cantly per type of sport, with higher incidence 
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rates in court and team sports. The incidence rate 
of ankle injuries in track and field athletes is 
approximately 29 per 1000 person years [7]. 
Ankle injuries contribute significantly to the total 
number of injuries in track and field athletes. In 
track events, ankle injuries account for 4–9% of 
all injuries, and in field events the ankle is the 
most commonly injured body site accounting for 
39% of all injuries [5, 7] Lateral ankle sprains are 
the most frequently occurring type of ankle 
sprain, followed by high ankle sprains and medial 
ankle sprains. The reported incidence rates are 
4.95 for lateral ankle sprains, 1 for high ankle 
sprains, and 0.7 for medial ankle sprains per 
10,000 athlete exposures [5, 8, 9].

24.3	 �Ankle Joint Anatomy

Knowledge of the ankle anatomy is vital in order 
to understand the trauma mechanism of ankle 
injuries, the symptoms that occur after an ankle 
injury, the effective treatment strategies, and pre-
ventive measures necessary to be taken after an 
ankle injury. The most important structures asso-
ciated with lateral ankle ligament injuries are 
described in the following section.

The ankle or talocrural joint, formed by the 
talus and distal tibia and fibula, is stabilized by 
three main ligament complexes that can be iden-
tified based on their anatomical location, 
respectively:

	1.	 The lateral collateral ligament (LCL) complex 
is located on the lateral side of the ankle and 
consists of three ligaments originating from 
the distal fibula and inserting on the talus or 
calcaneus,

	 (a)	 The anterior talofibular ligament (ATFL)
The ATFL originates approximately 

1 cm proximal from the tip of the anterior 
lateral malleolus and runs toward the 
neck of the talus [10]. The function of the 
ATFL is to limit anterior displacement of 
the talus and plantarflexion of the ankle 
[10]. Tension of the ATFL occurs when 
the ankle is in maximum plantarflexion, 
and it is the first ligament to be injured 

during an ankle sprain, thus being the 
most frequently injured ankle ligament 
[11]. Although diverse morphologies of 
ATFL have been described, the most 
recent evidence reports that the ATFL is a 
ligament formed by two fascicles, one 
superior and one inferior [12] (Fig. 24.1). 
Of these two fascicles, ATFL’s superior 
fascicle has been described as an intra-
articular structure; while ATFL’s inferior 
fascicle has connections with the calca-
neofibular ligament [12, 13].

	 (b)	 The calcaneofibular ligament (CFL)
The CFL originates from the tip of 

the lateral malleolus and inserts at the 
lateral side of the calcaneus. It is con-
nected to ATFL’s inferior fascicle 
through arciform fibers forming an iso-
metric ankle stabilizing structure called 
the lateral fibulotalocalcaneal ligament 

Fig. 24.1  Lateral view of an osteoarticular dissection 
demonstrating the anatomy of the LFTCL Complex. (1) 
Anterior tibiofibular ligament. (2) Distal fascicle of the 
anterior tibiofibular ligament. (3) ATFL superior fasci-
cle. (4) ATFL inferior fascicle. (5) Arciform fibers of 
the LFTCL Complex. (6) CFL. (7) Note the different 
talar insertion points of ATFL fascicles. Figure repro-
duced with permission from: Vega J, Malagelada F, 
Manzanares Céspedes MC, Dalmau-Pastor M. The lat-
eral fibulotalocalcaneal ligament complex: an ankle 
stabilizing isometric structure. Knee Surg Sports 
Traumatol Arthrosc. 2020;28(1):8–17. doi:https://doi.
org/10.1007/s00167-018-5188-8
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complex [12] (Fig.  24.2). The insertion 
at the calcaneus is slightly posterior 
from its origin at the lateral malleolus 
[10]. In addition to the talocrural joint, 
the CFL also bridges the subtalar joint. 
As an isometric structure, tension of the 
CFL occurs in all ankle positions (neu-
tral position, dorsiflexion, and plan-
tarflexion), being more vertical in 
dorsiflexion and running in a posterior to 
anterior direction in plantarflexion 
(Fig.  24.3). This ligament is injured in 
approximately 20% of all ankle sprains 

[11]. Isolated injury of the CFL is rare 
because it is practically always in com-
bination with damage of the ATFL.

	 (c)	 The posterior talofibular ligament (PTFL)
The PTFL originates from the medial 

posterior surface of the lateral malleolus 
and runs almost horizontally toward its 
insertion at the posterolateral tubercle and 
body of talus [10]. Tension of the PTFL 
occurs when the ankle is in dorsiflexion. 
The PTFL is least frequently involved in 
ankle sprains and damage of the PTFL 
practically only occurs in combination 

a b

Fig. 24.2  Schematic view of the LFTCL Complex with 
the lateral malleolus disarticulated from the ankle. (a) 
View with the lateral ankle ligaments highlighted: ATFL 
superior fascicle (blue lines), LFTCL Complex (black 
lines), and area showing the common origin of the LFTCL 
Complex (red area). (b) Classic view of the LFTCL 
Complex. (1) ATFL superior fascicle. (2) LFTCL 

Complex. (3) Anterior tibiofibular ligament and distal fas-
cicle. Figure reproduced with permission from: Vega J, 
Malagelada F, Manzanares Céspedes MC, Dalmau-Pastor 
M. The lateral fibulotalocalcaneal ligament complex: an 
ankle stabilizing isometric structure. Knee Surg Sports 
Traumatol Arthrosc. 2020;28(1):8–17. doi:https://doi.
org/10.1007/s00167-018-5188-8
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with other ligamentous ankle injuries. 
Recently, intra-articular connections to 
the rest of the lateral ankle ligaments have 
been described [14] (Dalmau-Pastor M, 
Malagelada F, Calder J, Manzanares 
MC, Vega J. The lateral ankle ligaments 
are interconnected: the medial connect-
ing fibers between the anterior talofibu-
lar, calcaneofibular, and posterior 
talofibular ligaments. Doi: https://doi.
org/10.1007/s00167-019-05794-8) 
(Fig. 24.4).

	2.	 The medial collateral ligament (MCL) com-
plex is located on the medial side of the ankle 
joint. The ligaments of the MCL originate 
from the distal part of the medial malleolus 
and insert at the talus, calcaneus, and navicu-
lar bone. The function of the MCL is to pre-
vent anterior and lateral translation and valgus 
tilting of the talus [15]. Injury to the MCL 
occurs in approximately 10% of all ligamen-
tous ankle injuries [11]. Its anterior fibers are 
tense in plantarflexion while its posterior 
fibers are tense in dorsiflexion.

	3.	 The distal tibiofibular ligaments or distal tib-
iofibular syndesmosis is located between the 
distal parts of the tibia and fibula. The func-
tion of the syndesmosis is to stabilize the fib-

ula and distal tibia by limiting axial, rotational, 
and translational forces that attempt to sepa-
rate the fibula from the tibia [10]. The syndes-
mosis consists of the anterior tibiofibular 
ligament (AITFL), the posterior tibiofibular 
ligament (PITFL), and the interosseus liga-
ment (IOL) [16].

24.4	 �Trauma Mechanism of Ankle 
Sprains

The most commonly reported trauma mecha-
nism of an ankle sprain is a combination of supi-
nation and adduction (inversion) of the foot. 
Inversion injuries account for approximately 
77% of all ankle sprains [17] and result in dam-
age to the ATFL. Although the LCL consists of 
three ligaments, the ATFL is the first ligament to 
be damaged [18]. The high incidence of injuries 
to the LCL complex, specifically the ATFL, can 
be explained by various anatomical and biome-
chanical factors. One of these factors is the 
extendible strength of the different ligaments 
around the ankle joint. The strength needed to 
stretch or rupture a ligament is lower in liga-
ments with less extendible strength. When the 
individual ligaments of the LCL are assessed, 

Fig. 24.3  Lateral view of an osteoarticular dissection showing the unchanged length of CFL during dorsiflexion and 
plantarflexion
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the ATFL has the least extendible strength, fol-
lowed by the CFL, and the PTFL [19, 20]. Apart 
from strength in the individual ligaments, the 
position of the foot also contributes to the stabil-
ity of the ankle joint. Due to the saddle shape of 
the talus, i.e., a broad anterior aspect and narrow 
posterior aspect, the contact area of the articu-
lating surface is smaller in plantarflexion result-
ing in a less stable ankle during plantarflexion. 
Additionally, inversion of the talus is more 
likely to occur because eversion of the talus is 
blocked by the distal fibula, extending further 
distally compared to the medial malleolus of the 
tibia. The combination of an unstable joint in 
plantarflexion, the tendency of the ankle to 
move in inversion rather than eversion, and the 
low extendible strength of the ATFL results in a 
much higher incidence of ATFL damage com-
pared to damage to the remaining ankle 
ligaments.

Ligamentous injuries of the MCL complex 
and syndesmosis are most likely to occur in 
impact sports with direct player contact such as 
soccer, basketball, ice hockey or rugby. The 
trauma mechanism associated with ligamentous 
injuries of the MCL complex is excessive prona-
tion and abduction (eversion) and the mechanism 
associated with syndesmotic injury is forced dor-
siflexion and external rotation. Due to the low 
incidence of MCL and syndesmotic injuries in 
track and field sports, the present chapter will 
focus on inversion injuries leading to ligamen-
tous injuries of the LCL complex.

24.5	 �Diagnosis

Initial assessment of an athlete directly after an 
ankle sprain is performed in order to assess the 
severity of the injury and to exclude fractures. 

Fig. 24.4  Lateral and medial view of the fibular malleo-
lus in a specimen with ATFLsf, ATFLif, CFL, and PTFL 
connections. (1) ATFLsf. (2) ATFLif. (3) CFL. (4) 
PTFL. Figure reproduced with permission from: Dalmau-
Pastor M, Malagelada F, Calder J, Manzanares MC, Vega 

J.  The lateral ankle ligaments are interconnected: the 
medial connecting fibres between the anterior talofibular, 
calcaneofibular and posterior talofibular ligaments. Knee 
Surg Sports Traumatol Arthrosc. 2020;28(1):34–39. 
doi:https://doi.org/10.1007/s00167-019-05794-8
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The trauma mechanism and the (in)ability to bear 
weight on the injured leg are important factors to 
assess directly after an ankle sprain. Inability to 
bear weight after an ankle sprain might be suspi-
cious for an ankle fracture. In athletes where an 
ankle fracture is suspected, the Ottawa ankle 
rules can be used as a clinical decision aid. Due 
to the high sensitivity of >97%, the Ottawa ankle 
rules are a valid tool to exclude fractures of the 
ankle and mid-foot [21]. Radiographic imaging is 
indicated in case of positive Ottawa ankle rules, 
as the sensitivity of the Ottawa ankle rules is 
approximately 32% [21].

In case of negative Ottawa ankle rules, ankle 
ligament damage should be assessed. Physical 
examination immediately after trauma to assess 
ankle ligament damage is unreliable. Diffuse 
pain and swelling make it difficult to localize the 
exact location of the pain and an anterior drawer 
test can often not be performed due to pain in the 
ankle [22]. As the pain and swelling rapidly 
decrease in the first days after trauma, delayed 
physical examination 4–5  days after trauma 
should be performed to assess rupture of the 
ATFL.  Hematoma, pain on palpation of the 
ATFL, and the anterior drawer test are important 
aspects of physical examination of athletes fol-
lowing an ankle sprain. Complete rupture of the 
ATFL is likely in case of a positive anterior 
drawer test. A positive anterior drawer test has a 
sensitivity of 73% and a specificity of 97% for 
rupture of the ATFL, and in combination with 
hematoma and localized pain on palpation of the 
ATFL; a sensitivity of 96% and a specificity of 
84% [22]. If localized pain on palpation of the 
ATFL is absent, rupture of the ATFL is unlikely 
[22]. Additional imaging is only indicated in case 
of severely unstable ankles or in case of persis-
tent symptoms [23]. Magnetic Resonance 
Imaging (MRI) has a sensitivity of 93–96% and 
specificity of approximately 100% to assess liga-
ment, tendon, bone, and chondral injuries [23]. 
Although MRI is a reliable method to assess 
these injuries, it should only be used in profes-
sional athletes and if concomitant injuries or 
multiple ligament involvements are suspected. If 
osteochondral damage is suspected, an additional 

Computed Tomography (CT) scan should be per-
formed as MRI tends to overestimate the size of 
these osteochondral lesions due to bone marrow 
edema [24]. Other diagnostic tools provide lim-
ited additional information and are not indicated. 
Needle arthroscopy may be a promising new tool 
to assess ligamentous injuries, (osteo)chondral 
damage, and tendon pathology after an initial 
ankle sprain [25, 26].

24.6	 �Treatment

In the acute phase, the goal of the treatment of an 
ankle sprain is to prevent further damage, and to 
provide optimal healing circumstances by 
decreasing pain, swelling, and hematoma. Rest, 
Ice, Compression, and Elevation (RICE) are 
widely used in the acute phase despite the limited 
evidence on the efficacy of RICE [23]. 
Nonsteroidal anti-inflammatory drugs (NSAIDs) 
are effective in reducing pain and swelling [23]. 
Additionally, transcutaneous electrical nerve 
stimulation (TENS) may be applied as pain relief 
[27]. Functional therapy should start as soon as 
weightbearing is possible and is associated with 
shorter rehabilitation and superior functional out-
comes compared to immobilization [23]. Plaster 
cast immobilization to reduce pain should only 
be applied in athletes who are unable to bear 
weight and never for a longer period than the ini-
tial 5–10  days after the trauma. Following a 
phase-sensitive approach, the athlete should start 
with restoring range of motion (ROM) and basic 
neuromuscular control [27]. Manual mobiliza-
tion of the ankle joint can provide a short-term 
increase in dorsiflexion [28]. Manual therapy in 
combination with exercise therapy has been 
shown to be superior to exercise therapy alone 
[23]. Once the phase of restoring function is pos-
sible, exercise therapy can improve ankle insta-
bility and is associated with a shorter convalescent 
period and superior functional outcomes [23]. 
Contradicting results have been reported in the 
literature regarding the need for supervision of 
the rehabilitation program [23]. This is most 
likely due to differences in compliance and 
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should therefore be assessed on individual patient 
level. The exercise therapy should aim to restore 
neuromuscular function through basic strength, 
endurance, plyometric, and in particular proprio-
ceptive exercises. Optionally, electrical muscle 
stimulation (EMS) can be applied throughout the 
exercise therapy [27]. The athlete can then prog-
ress to more dynamic function exercises such as 
running, jumping, and cutting before continuing/
starting sport-specific exercises.

Ligamentous ankle injuries can also be treated 
with surgical therapy. In professional athletes, the 
need for surgical treatment should be assessed on 
an individual level keeping in mind that surgical 
therapy leads to lower reinjury rates and quicker 
return to sports but is also associated with an 
increased risk of complications, decreased ankle 
ROM, and higher costs compared to conservative 
therapy [29, 30]. In professional track and field 
athletes, surgical therapy can be considered in 
professional athletes with rupture of all three lat-
eral ankle ligaments or combined rupture of liga-
ments of the LCL and MCL or syndesmosis to 
ensure quick return to play [30]. In other patients, 
surgical therapy for lateral ligament injuries is 
only recommended in chronic cases in patients 
with persistent mechanical laxity after extensive 
functional therapy [23].

24.7	 �Return to Performance/
Sport

Setting goals is an integral part of rehabilitation, 
as it is more often than not a gruelling process 
with mental and physical setbacks. Furthermore, 
it allows both the athlete as well as the medical 
staff to manage the anticipated setbacks, thereby 
fast-tracking the road to recovery whilst reducing 
reinjury risk. Convalescence should therefore be 
phase-sensitive as opposed to time contingency 
based and tailored to the athlete [31]. Currently 
44.4% of the athletes return to sport (RTS) within 
24  hours (hrs) following a lateral ankle sprain. 
The average RTS is 3 days for a first and <24 h 
for a recurrent ankle sprain. Around 95% of the 
athletes achieve RTS within 10  days after sus-

taining a first ankle sprain [31]. However, the fact 
that 40% retain residual symptoms, more caution 
is needed during rehabilitation and RTS clear-
ance of ankle sprain injuries [32].

Throughout the rehabilitation, clinicians 
should be aware of certain risk factors for rein-
jury and act accordingly. Possible risk factors for 
reinjury include high body mass index (BMI), 
reduced range of motion (dorsiflexion), poor pro-
prioception (static or dynamic), reduced muscle 
strength, and increased ankle laxity [33, 34]. 
Furthermore, it must be taken into account that 
ligament healing has been distinctly divided into 
three phases: the inflammatory phase (3–5 days), 
the proliferative phase (3–21  days), and the 
remodeling phase (14–28  days). However, 
mechanical stability does not coincide with the 
end of the remodeling phase or typical return to 
sport time frame.

Before returning to play, it is important to 
assess the current physical and mental limita-
tions. In the anterior cross-ligament domain, fear 
of reinjury and lack of confidence in the injured 
limb are considered major factors for a successful 
RTS.  Following consensus among the medical 
staff, the athlete can begin phasing in to RTS. Due 
to the repetitive trauma and overuse injuries in 
track and field athletes, load monitoring is essen-
tial. Clinicians should not only be aware of over-
loading but also inadequate loading, i.e., 
insufficiently preparing the athlete for RTS [31].

24.8	 �Long-Term Consequences

Besides discontinuation of sport participation 
and decreased athletic performance, ankle sprains 
are also associated with more severe long-term 
consequences such as chronic ankle instability, 
osteochondral lesions, and finally ankle 
osteoarthritis.

24.8.1	 �Chronic Ankle Instability (CAI)

Chronic ankle instability (CAI) is defined as the 
presence of perceived instability in combina-
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tion with a history of (recurrent) sprains for a 
period of at least 12  months [35]. Recurrence 
rates of 34% have been reported in literature 
and many athletes do not recover within 3 years 
[36]. Specifically for track and field, approxi-
mately 18% of elite athletes who sustained an 
ankle sprain, had a recurrent sprain within 
24  months after the initial ankle sprain [37]. 
Over 40% of elite track and field athletes report 
perceived ankle instability after an initial ankle 
sprain [37, 38]. The recent findings of ATFL’s 
superior fascicle being an intra-articular liga-
ment, added to the fact that this fascicle is the 
first one to be injured in inversion ankle sprains 
could explain the high index of CAI and per-
ceived instability in these patients, as intra-
articular ligaments are not expected to heal in 
the same way that an extra-articular ligament 
does [12, 13, 39].

24.8.2	 �Articular Cartilage 
Degeneration

Excessive articular loading (i.e., when the talus 
impacts the distal tibia such as during an ankle 
sprain) could result in acute articular cartilage 
damage within the ankle joint. A recent study by 
Blom et al. showed that single high impact loads 
did not induce osteochondral damage visualized 
with microcomputed tomography (microCT); 
however, the observed changes in biomechani-
cal behavior imply that the ankle joints were 
compromised by the impacts [40]. These 
changes were found directly after the initial 
impact and could be the first step in the process 
toward articular cartilage damage and finally 
post-traumatic osteoarthritis (PTOA) of the 
ankle [40, 41]. These findings could explain 
why in 66% of patients with chronic ankle insta-
bility damage to the articular cartilage is 
observed [42]. Be aware that when track and 
field athletes may present with persisting pain 
after an ankle sprain, one should think of carti-
laginous damage to the ankle joint, and addi-
tional imaging through an MRI or CT is the next 
step in the treatment algorithm and therefore 
indicated.

24.9	 �Primary and Secondary 
Prevention

Prevention of ankle injuries in the track and field 
athlete is important not only for the continued 
sport participation or performance, but also for 
reducing long-term consequences. Sufficient 
hydration, nutrition, and sleep are general key 
factors to be considered. Traditionally track and 
field athletes suffer from overuse due to the non-
contact nature of the sport. However, sprains are 
among the most frequent ankle injuries with a 
recurrence rate of 3–34% and a previously sus-
tained ankle injury is the primary predisposing 
factor for ankle injuries in general [23]. 
Additionally, chronic instability or osteoarthritis 
is more likely to develop as a result of multiple 
sustained ankle injuries.

Several methods have been proposed for pri-
mary and secondary prevention of ankle sprains, 
including a warm-up program, footwear, bracing, 
taping, and exercise therapy [23, 43]. Despite the 
lack of clear evidence regarding the effect of a 
warm-up program on ankle sprain incidence, the 
32% reduction in ankle injuries following imple-
mentation of the FIFA 11+ program in football 
suggests its efficacy [44]. Evidence for shoe type 
or height is inconclusive [23]. The use of an ankle 
brace or tape reduces the risk of primary ankle 
injuries, but even more so in athletes with a his-
tory of a previously sustained ankle injury. 
Athletes suffering from recurrent ankle injuries 
are 50–70% less likely to sustain a recurrent 
sprain [23, 45]. Currently, there is no difference 
between the use of an ankle brace or taping. 
There is also no evidence for a superior taping 
technique [46]. However, nonelastic tape was 
found to be superior to elastic tape [47]. ROM-
restriction, reduced comfort, and stability were 
the most frequent athlete-reported factors con-
tributing to their choice in functional support. As 
there are currently no significant differences 
between and among braces and taping (tech-
niques), the choice should be an individualized 
one [45]. However, a brace is considered the most 
cost-effective method compared to taping [23]. 
Additionally, both tape and a brace lose their 
mechanical function during exercise, with most 
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of the mechanical support of tape being lost dur-
ing the first 20  min of exercise [46]. Exercise 
therapy is another intervention shown to signifi-
cantly reduce ankle sprain recurrence, specifi-
cally proprioceptive exercises, being effective up 
to 12 months after the initial ankle sprain [23]. In 
fact, the longer the exercise therapy is carried out, 
the longer and greater the prophylactic benefit 
[43]. However, compliance to the training pro-
gram is a main issue.

Based on the current evidence, it is therefore 
advised to implement a warm-up program such 
as the FIFA 11+. Additionally, a structured reha-
bilitation program including proprioceptive 
exercises should be advocated to all athletes who 
sustained an ankle injury. Athletes should be 
advised to wear some form of functional support; 
at least until normal ankle function is restored.
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Osteochondral Lesions 
of the Ankle: An Evidence-Based 
Approach for Track and Field 
Athletes

Q. G. H. Rikken, J. Dahmen, J. N. Altink, G. L. Canata, 
P. D’Hooghe, and G. M. M. J. Kerkhoffs

25.1	 �Introduction

An osteochondral lesion (OCL) of the ankle is 
characterized by damage to the subchondral bone 
and the overlying cartilage. This lesion can occur 
after trauma, such as an inversion sprain or an 
ankle fracture [1, 2]. Ankle OCLs typically cause 
deep ankle pain during weight-bearing activities, 
subsequently impacting the patient’s quality of 

life [3]. Although OCLs in the ankle can be con-
sidered a frequent entity among sports injuries of 
the lower extremity, a definite treatment para-
digm has yet to achieve consensus among experts 
in the field [4, 5]. Therefore, an individualized 
evidence-based approach is best suitable as a 
treatment algorithm. This chapter serves as a 
practical guideline for the diagnosis, manage-
ment, and rehabilitation of ankle OCLs in the 
track and field athlete.

25.2	 �Incidence and Pathogenesis

The incidence of ankle OCLs, specifically in the 
talus, has been estimated to be around 27 per 
100.000 person years in an athletic population 
[6]. OCLs are considered to have a strong rela-
tionship with traumatic events, as they occur in 
up to 70% of ankle fractures and sprains [2, 7, 
8]. One can consider two essential theories con-
cerning the pathogenesis of ankle OCLs. Firstly, 
during an ankle sprain or fracture, the talus 
impacts on the distal tibia, damaging the articu-
lar cartilage of the talar dome through micro-
fractures (“cartilage cracks”). Blom et  al. [9] 
showed that a single axial impact load leads to 
changes in the whole-joint biomechanics while 
no osteochondral damage was observed on 
micro-CT (computed tomography). Damage to 
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the subchondral bone occurs as a result of infil-
tration of synovial fluid through the damaged 
cartilage in the subchondral bone, leading to 
osteonecrosis [10]. Furthermore, weight-bear-
ing then accelerates this cyclic process by 
increasing synovial pressure in the ankle joint 
and increasing the lesion size and/or depth (i.e., 
cysts formation).

Another theory is as follows: the OCL may be 
present as an osteochondritis dissecans in the 
ankle joint. This lesion has a fragmentous mor-
phology and its exact origin is unknown. After a 
trauma, the fibrinous tissue attaching the disse-
cans to the surrounding dome may become loose 
and unstable, thereby inducing a symptomatic 
phase for the patient (Fig.  25.1). These lesions 
seem to be present since childhood and can occur 
in a bilateral fashion [11].

25.3	 �Clinical Presentation

The anamnesis in a patient potentially presenting 
with an OCL in the ankle is key. Patients typi-
cally present 6–12 months after an ankle sprain 
or fracture with deep ankle pain during weight-
bearing. Track and field athletes may present 
sooner due to an increased physical self-
awareness and proprioception of the ankle during 
high-load activities. Other symptoms can include 
stiffness, a catching or locking sensation, swell-
ing after activities or an impaired range of motion 
(ROM) [3]. Track and field athletes may typically 
experience these complaints with explosive plan-
tar flexion of the ankle while running, jumping or 
landing. Dependent on the location, a symptom-
atic OCL may be painful on palpation of the 
ankle mortise when the ankle is in full plantar 

a b

Fig. 25.1  Coronal- (a) and sagittal- (b) computed tomography scan of an ankle in plantar flexion with an osteochon-
dritis dissecans lesion
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flexion [12]. However, the recognizable pain can-
not always be induced, especially when lesions 
are located on the posterior talar dome [12]. Van 
Diepen et al. [13] found that the majority of talar 
osteochondral lesions are located on posterome-
dial and centromedial dome. Suspicion of an 
OCL justifies further imaging for diagnosis and 
treatment planning.

25.4	 �Imaging Strategies

Imaging is crucial for the diagnosis of OCLs of 
the ankle. Radiographs only allow up to 60% of 
OCLs to be detected and should not be used as a 
decision tool for treatment choice [14]. 
Computed Tomography (CT) scans are the pre-
ferred modality to assess bony morphology 
including the subchondral bone plate [15]. 
Lesion size should be measured in three planes 
(anterior-posterior, medial-lateral, and depth). 
Additionally, the morphological aspects of the 
lesion should be carefully assessed (e.g., frag-
mentous-, cystic-, and sclerotic-morphology). 
The sensitivity and specificity of CT-scans for 
OCLs are 81% and 99%, respectively [14]. CT 
scans with the ankle in maximum plantar flexion 
can be obtained to determine arthroscopic acces-
sibility (Fig. 25.1) [12]. An alternative to CT is 
the application of magnetic resonance imaging 
(MRI). Lesion size tends to be overestimated on 
MRI due to subchondral edema and is therefore 
less suited for determining lesion dimensions 
[16]. MRI has been reported to have a sensitivity 
and specificity of 96% for the diagnosis of an 
OCL making it a suitable imaging modality for 
OCLs [14].

25.5	 �Treatment

Choosing the right treatment option for the 
patient is an individualized, evidence-based pro-
cess, guided by patient and surgeon preference, 
and individual patient characteristics such as 
lesion morphology, size, and primary or nonpri-
mary nature of the lesion (i.e., failed prior surgi-
cal intervention(s)), as well as preoperative level 

of activity, hindfoot alignment, and presence of 
concomitant injuries.

25.5.1	 �Conservative Treatment

The first-line treatment is conservative, which can 
consist of one or a combination of the following 
treatment options: restriction of physical activities 
and/or sports, (cast)immobilization, injection 
therapy, insoles, physiotherapy, and nonsteroidal 
anti-inflammatory drugs (NSAIDs) [3]. By 
unloading the ankle joint, the goal of conservative 
therapy is to reduce symptoms through a reduc-
tion of joint edema and prevention of damage to 
the subchondral bone. Furthermore, natural heal-
ing of the articular cartilage can occur by offload-
ing the joint. Conservative treatment has been 
advocated for asymptomatic lesions, nondis-
placed lesions, patients with joint arthritis, and 
older patients with a low functional status [17].

A decrease in pain and lesion size is observed 
after conservative treatment at mid-term follow-
up [18, 19]. Seo et al. [19] reported no progres-
sion of joint arthritis in a cohort of 142 patients at 
a mean follow-up of 5.7  years, with 84% of 
patients showing no limitations in sporting activi-
ties. However, other studies showed that the out-
come of conservative treatment of OCLs can be 
regarded unsatisfactory, as up to 55% of cases 
fail [20]. In case of persistence of symptoms in 
athletes, surgical treatment may be considered.

25.5.2	 �Surgical Treatment

Surgical interventions can be considered between 
3 and 6  months after the start of conservative 
therapy in the absence of clinical improvement. 
Earlier intervention is advocated in case of unsta-
ble fragmentous lesions potentially requiring 
immediate fixation. A wide variety of treatment 
options are available.

25.5.2.1	 �Bone Marrow Stimulation 
(BMS)

Arthroscopic bone marrow stimulation (BMS) is 
the most common surgical procedure for primary 
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small OCLs (<15millimeter (mm) diameter) 
[21]. The purpose of BMS is to facilitate the 
growth of fibrocartilaginous tissue through revas-
cularization [3]. Damaged cartilage tissue is 
removed from the lesion site until healthy bone is 
observed after which the subchondral bone is 
perforated. This results in the infiltration of mul-
tipotent mesenchymal stem cells and the forma-
tion of a fibrin clot, stimulating the growth of 
fibrocartilaginous tissue [22]. When there is a 
relatively healthy cartilage layer though a dam-
aged subchondral bone, retrograde drilling can be 
considered [3]. This treatment option allows for 
perforation of the subchondral bone and revascu-
larization, aiming at the formation of novel sup-
portive bone [3].

BMS is successful in up to 82% of primary 
lesions, and up to 75% of secondary lesions [4, 
5]. Clinical results at mid-term follow-up are 
considered good; however, repair tissue surface 
damage was found in 74% of the patients [21]. 
An eight- to 20-year follow-up study [23] showed 
similar clinical outcomes, though the presence of 
osteoarthritic changes were observed in 33% of 
patients. The observed osteoarthritic changes 
after BMS treatment can be explained by the 
deterioration of fibrocartilage, as fibrocartilage 
shows inferior wear characteristics compared to 
native hyaline cartilage [24]. Treatment failure of 
BMS, seen in up to 20% of patients, can partially 
be explained by this condition. Another essential 
factor for successful BMS treatment is the critical 
defect size as recent studies found a lesion diam-
eter of 11-15 mm to be the optimal upper limit 
lesion size for a successful outcome [25, 26].

The return to sport (RTS) rate following BMS 
at any level of sports is 88% and to preinjury 
level of sports is 79% [27]. Mean time to RTS 
ranges from 15 to 26 weeks [27]. Hurley et  al. 
[28] found a RTS (at any level) of 87%, and a 
mean time to RTS of 4.5  months. When com-
pared to other surgical treatment options BMS is 
relatively less invasive, and allows for a shorter 
rehabilitation time and faster return to sports.

Additional therapeutics could also aid future 
BMS treatment by optimizing its effects. Bone 
Marrow Aspirate Concentrate (BMAC) and 
Platelet-rich Plasma (PRP) are adjunct therapies 

assisting in the growth of novel cartilage by the 
regenerative effect of growth factors from highly-
concentrated stem cells or plasma from the blood. 
These techniques show promising results but 
need to be thoroughly investigated in future ran-
domized controlled trials [29, 30].

25.5.2.2	 �Fixation Techniques
A fixation procedure is indicated for fragmentous 
primary lesions with a diameter of >15 mm and 
with a bony fragment of at least 3 mm on preop-
erative CT [31]. The treatment goal is to achieve 
subchondral bone healing, preserve the hyaline 
cartilage, and restore the natural joint congruency 
[32]. This fixation procedure can be performed 
through an open or arthroscopic technique using 
standard portals. During the lift, drill, fill, and fix 
(LDFF) procedure, an osteochondral bone flap is 
created with a blade and lifted while leaving the 
posterior side of the lesion intact (lift), analogous 
to lifting the hood of a car [32, 33]. 
Revascularization is promoted by drilling the 
sclerotic bone of the osteochondral bed of the 
talus (drill). Healthy, cancellous bone is har-
vested from the distal tibia and used to fill the 
lesion (fill) [33]. Because the osteochondral flap 
is still attached to the talus, it will automatically 
return to its original position when fixated with a 
(bio-)compression screw (fix).

Success rates range from 89% to 100% at 
short-term to mid-term follow-up [33, 34]. 
Advantages of fixation are the preservation of the 
hyaline cartilage, which shows better wear char-
acteristics than fibrocartilaginous tissue [24]. 
Subchondral bone healing is found to be superior 
after fixation as compared to BMS [35]. Due to 
the important role of the subchondral bone in 
OCL restoration and the development of osteoar-
thritis, the rate of osteoarthritis development may 
be lower from a theoretical point of view.

Return to sport rates reported in the literature 
range from 87% to 93% [33, 34]. Lambers et al. 
[33] found the Foot and Ankle Outcome Score 
(FAOS) sports subscale improved significantly 
from 40 points preoperatively to 70 points post-
operatively. Pain during running improved from 
7.8 points preoperatively to 2.9 points postopera-
tively (on a 0–10 point scale).
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25.5.2.3	 �Cartilage Transplantation 
and Chondrogenesis 
Inducing Techniques

Autologous cartilage implantation (ACI) and 
matrix-associated chondrocyte implantation 
(MACI) are cartilage transplantation tech-
niques while autologous matrix-induced 
Chondrogenesis (AMIC) and bone marrow-
derived cells transplantation (BMDCT) are 
chondrogenesis-inducing techniques (CIT). 
The techniques are used for larger (>15  mm 
diameter) primary and failed primary lesions, 
including cystic lesions. ACI and MACI are 
both two-stage procedures aiming to restore 
the natural hyaline cartilage layer. For ACI, 
autologous chondrocytes are harvested from 
nonweight-bearing areas and cultured, after 
which the culture expansion is implanted with 
an autologous periosteal membrane. During 
MACI, the harvested chondrocytes are embed-
ded onto a scaffold and thereafter implanted. 
AMIC and BMDCT are both in essence one-
stage procedures. In AMIC, first microfractur-
ing is performed, after which the site is covered 
by a biodegradable collagen type I/III mem-
brane. With BMDCT, platelet-rich fibrin (PRF) 
from the blood and bone marrow from the iliac 
crest are extracted and concentrated. This 
product is later injected onto a collagen scaf-
fold which is placed over the arthroscopically 
cleaned lesion site.

Systematic reviews found ACI, MACI, and 
AMIC to result in a treatment success rate 
around 80% for primary and nonprimary lesions 
[4, 5]. A pooled RTS (preinjury level) rate of 
69% for ACI was found by a systematic review 
by Steman and Dahmen et  al. [36]. In cohort 
studies, MACI and BMDCT were found to have 
an RTS (preinjury level) rate of 81% and 73%, 
respectively [37, 38]. Vannini et al. [38] found a 
mean time to return to preinjury level of sport of 
18.5 (±15.7) months for patients treated with 
BMDCT and observed no difference in return to 
sports rates for high- or low-impact sports. 
Rehabilitation can be elongated compared to 
BMS due to the need for strict immobilization in 
the initial phase but is similar to osteochondral 
transplantation and fixation.

25.5.2.4	 �Osteo(Chondral) 
Transplantation

Osteo(chondral) transplantation can be used in 
larger lesions (>15  mm diameter), secondary 
lesions, and cystic lesions. The most commonly 
described technique is autologous osteochondral 
transplantation (AOT). During this technique, the 
area containing the lesion is excised and replaced 
with an osteochondral autograft which is most 
commonly harvested from a nonweight-bearing 
part of the ipsilateral femoral condyle. Good to 
excellent clinical results are reported in 87 to 
90% of patients after AOT [39]. However, 
approximately up to 11% of patients develop 
some sort of donor site morbidity following AOT 
[40]. An alternative osteo(chondral) transplanta-
tion technique is autologous osteoperiosteal cyl-
inder grafting during which an osteoperiosteal 
graft is harvested from the iliac crest to replace 
the area of the talus containing the lesion. Success 
rates up to 94% have been reported [41]. Recently 
Kerkhoffs et al. [42] developed a new osteochon-
dral transplantation technique which utilizes an 
osteoperiosteal graft from the iliac crest. The 
technique is called Talar OsteoPeriostic grafting 
from the Iliac Crest (TOPIC). In this technique, 
the graft is shaped exactly in the preferred shape, 
matching the curvature, size, and depth of the 
talus and additionally minimalizing the need for 
removal of healthy tissue [42]. The TOPIC proce-
dure is a promising, simple, (cost-)effective, one-
stage technique.

The return to any level of sports and preinjury 
level of sports rate was assessed to be 90% and 
72%, respectively after osteochondral transplan-
tation [36]. The average return to sport time 
ranges from 13 to 26 weeks [36].

Treatment guidelines
Commence with conservative therapy, when complaints 
do not improve 3–6 months after starting conservative 
therapy, surgery can be considered
Surgical indication Treatment
    • Small (<15 mm diameter) 
lesion

BMS (±PRP or 
BMAC)

    • Larger lesion (>15 mm 
diameter), without cysts, or 
secondary lesions

1. TOPIC [42]
2. AOT
3. ACI, MACI, 
AMIC, BMDCT
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Treatment guidelines
    • Large lesion (>15 mm 
diameter), with (massive) cysts, 
or secondary lesions

1. TOPIC [42]
2. AOT
3. ACI, MACI, ACI, 
BMDCT

    • Good cartilage layer with 
cysts or arthroscopically 
unreachable

Retrograde drilling 
(±cancellous graft)

    • Fixable lesion LDFF [32], or other 
fixation technique

Abbreviations: BMS bone marrow stimulation, PRP 
platelet-rich plasma, BMAC bone marrow aspirate con-
centrate, ACI autologous cartilage implantation, MACI 
matrix-associated chondrocyte implantation, AMIC autol-
ogous matrix-induced chondrogenesis, BMDCT bone 
marrow-derived cells transplantation, TOPIC: Talar 
OsteoPeriostal grafting from the Iliac Crest [42], AOT 
autologous osteochondral transplantation, LDFF Lift-
Drill-Fill-Fix [32]

25.6	 �Rehabilitation and Return 
to Sports

A uniform rehabilitation protocol has not yet 
been established for optimal postoperative recov-
ery [28, 43]. Athletes progress through the stages 
of the “return to sports continuum,” defined by 
three elements (i.e., return to participation, −pre-
injury sports, and -performance) [44]. Track and 
field athletes should focus on event-based sport-

specific rehabilitation with phased rehabilitation 
goals. Pain (during and after activities), joint 
swelling, proprioception, and stability are key 
clinical indicators on which the temporary limita-
tion of shear forces and the progression of ankle 
activity are based.

The general phased protocol is shown in 
Fig.  25.2. In phase 1, athletes should perform 
ROM exercises (in between casts or boot) and 
focus on the neurologic “mind-muscle” connec-
tion to limit atrophy of the muscles supporting the 
ankle, electric muscle stimulation can aid this 
process [45]. Treatments which restrict postopera-
tive ROM exercises such as scaffold therapies and 
postoperatively casted patients should adhere to 
these specific instructions and can resume ROM 
exercises when allowed. Icing of the ankle to limit 
joint swelling after activities throughout the reha-
bilitation process is encouraged. During phase 2, 
weight-bearing is gradually increased to full-load 
bearing. In this phase, the track and field athlete 
should focus on regaining normal gait. 
Additionally, athletes can start exercises which 
increase overall fitness, without stressing the 
ankle joint. Phase 3 incorporates the treatment of 
a physiotherapist to aid recovery. Strength and 
balance exercises and low-load exercises can be 
started, keeping in mind that no axial peak forces 

General Rehabilitation Outline1

Surgery

• First 2 wks post-op: cruches if needed
• AMIC, MACI, ACI, BMDCT: movement
  restrictions in first 2-3 weeks

• Improve ROM with
  exercises
• Limit WB according to
  pain and swelling

• 6 wks post-op: change from
  non-WB cast to WB cast, X-
  ray to assess oseotomy if  
  used

• Reduce swelling and
  allow healing
• No WB in first 3 months
  post-op

• 3 months post-op: remove
  cast, CT to asses recovery,
  walker if needed, start PT
• No peak forces on ankle

• Build-up full WB • Improve strength,
  balance and
  proprioception

• Sport specific
  physiotherapy (PT)
• strength, balance

• Return to participation • Return to pre-injury
  (type) sport

• Return to performance

• Improve ROM and
  proprioception

• Sport specific
  physiotherapy (PT)
• strength, balance

• Return to participation • Return to pre-injury
  (type) sport

• Return to performance

• No shear forces

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7

Surgery

Clinical Goals

Clinical Goals
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1) This rehabilitation outline should not be applied to specific patients, *) these include open surgical approach, osteotomized ankles and, the TOPIC and LDFF procedures

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7

Fig. 25.2  Phased general rehabilitation protocol

Q. G. H. Rikken et al.

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

t1.12

t1.13

t1.14

t1.15

t1.16

t1.17

t1.18

t1.19

t1.20

t1.21

t1.22

t1.23

t1.24

t1.25

t1.26

t1.27

t1.28

t1.29



279

are allowed. In phase 4, sport-specific training is 
started. Progression to more dynamic exercises 
only occurs when the ROM and strength in the 
ankle are sufficient to perform these exercises in 
phase 4 safely. For track and field athletes, this 
means running and jumping event specialized ath-
letes should focus more on explosive strength, 
and athletes primarily competing in throwing 
events should pay attention to ankle stability and 
proprioception training. Phase 4 overlaps with 
phase 5 which is defined by return to participa-
tion. However, the exercises performed in phase 4 
are muscle group-specific and led by (or super-
vised by) a (team) physiotherapist. In phase 5, 
track and field athletes can focus on sport-specific 
exercises which increase strength and technique, 
without stressing the ankle joint as in preinjury 
sports. The ROM, balance, proprioception, and 
strength needed to progress to phase 6 are depen-
dent on the specialization of the athlete. For 
example, more plantarflexion strength is needed 
for athletes specialized in high jump compared to 
athletes specialized in throwing events. In phase 
6, athletes can return to their preinjury sport and 
gradually increase training load, and return to 
their preinjury level or improve performance 
(phase 7). The “Fit-to-play” prognosis is highly 
individualized. It is important to recognize that 
field events have a relatively higher ankle activity 
score compared to track events, meaning the ankle 
experiences higher load, which can require a lon-
ger rehabilitation time [46]. Biomechanics, treat-
ment of choice, lesion size, psychological factors 
(especially fear of reinjury), level of preinjury 
sports, and age affect the rehabilitation time and 
should be taken into account by the treating medi-
cal team [43]. Objective measures are available to 
aid this decision by testing recovery progression 
and determine if an athlete is fit for play.
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Heel Spurs and Plantar Fasciitis 
in Runners

Masato Takao, Kosui Iwashita, Yasuyuki Jujo, 
Mai Katakura, and Yoshiharu Shimozono

26.1	 �Etiology and Epidemiology

Plantar fasciitis commonly causes inferior heel 
pain and occurs in up to 10% of the population. 
The condition accounts for more than 600,000 
annual outpatient visits in the United States [1] 
and is also one of the most common disorders in 
runners occurring in 4.5–31% of runners [2, 3]. 
In running, the ground reaction force at the time 
of the midstance phase ranges from 1.5 to 5 times 
body weight [4, 5]. At the pace of 7 min per mile, 
running implies approximately 5000 contacts per 
hour of running [4, 5]. Considering the huge 
loads on the tissues, it is clear that even small 
abnormalities can result in a significant load con-
centration on the foot [2]. Foot and lower limbs 
muscles also play a pivotal role in movement pat-
terns of gait and run cycle and, as expected, in the 
onset and progression of plantar fasciitis [6]. It 
has been highlighted that a difference in rearfoot 
load in recreational runners with plantar fasciitis, 
with respect to the stage of disease and with 
respect to the healthy runners [7], may be related 
to plantar fascia stiffness [8].

The plantar fascia is attached proximally to 
the calcaneus at the anterior medial calcaneal 
tubercle, the site of attachment for the digitorum 
brevis, and abductor halluces. Lemont et al. [9] 
reviewed the histological findings of 50 cases of 
plantar fasciitis and clarified that all included 
myxoid degeneration with fragmentation and 
degeneration of the plantar fascia and bone mar-
row vascular ectasia. Accordingly, plantar fasci-
itis is defined as degenerative fasciosis without 
inflammation. However, most surgeons consider 
the inciting inflammation to be local or systemic 
and that the inflammation may stem from the 
plantar fascia proper or may be secondary to 
inflammation in surrounding tissue [10]. The 
subcalcaneal bursa and medial tibial branch of 
the tibial nerve may be involved in what is seen 
as the general symptom complex of plantar fasci-
itis, especially in chronic cases.

26.2	 �Patient Evaluation

26.2.1	 �History

Patients typically report a gradual onset of pain in 
the inferior heel that is usually worse with the 
first steps in the morning or after a period of inac-
tivity. Patients may also describe limping with 
the heel off the ground. The pain tends to lessen 
with gradually increased activity but worsens 
toward the end of the day with increased duration 
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of weight-bearing activity. Patients sometimes 
report that before the onset of their symptoms, 
they increased the amount or intensity of their 
regular walking or running regimen, changed 
footwear, or exercised on a different surface.

26.2.2	 �Physical Examination

Diagnosis of plantar fasciitis can be made with 
reasonable certainly on the basis of clinical 
assessment alone. Pain is usually localized to a 
small area of maximal tenderness over the antero-
medial aspect of the inferior heel which is the 
proximal insertion of plantar fascia into the 
medial tubercle of the calcaneus. The pain 
response to palpation over this small area involves 
considerable apprehension, and evasive action 
may be taken by the patient to avoid further 
investigation. A small percentage of cases are 
positive for the windlass test [10], which is gen-
erally regarded as a clinical test with high speci-
ficity and low sensitivity for diagnosis of plantar 
fasciitis [11].

26.2.3	 �Imaging

Imaging modalities include ultrasonography and 
magnetic resonance imaging (MRI) for investiga-

tion of soft tissue structures and plane radiogra-
phy for bone abnormalities, which help to 
elucidate the underlying pathology of the disor-
der and assist in the formation of an accurate 
diagnosis and targeted treatment plan [12].

The thickness of the proximal plantar fascia is 
considered to reflect the pathology of plantar fas-
ciitis [12]. Some reports using ultrasonography 
have shown that patients with plantar fasciitis had 
a 2.16  mm thicker plantar fascia than controls, 
and are more likely to have plantar fascia thick-
ness >4  mm. Similarly, MRI has revealed that 
patients with plantar fasciitis have proximal plan-
tar fascia 3.35  mm thicker than controls [12]. 
With the development of imaging technology and 
progress in equipment, ultrasonography can be a 
reliable method for the measurement of plantar 
fascia thickness [8]. Therefore, the authors rec-
ommend ultrasonography as a simple, reliable, 
and cost-effective tool for diagnosis of plantar 
fasciitis (Fig. 26.1).

Lateral plain radiography can show the pres-
ence of a plantar calcaneal spur in many cases of 
plantar fasciitis. Spurs are closely associated with 
the abductor halluces and the flexor digitorum 
brevis origin [13] and most commonly occur 
close to the plantar fascia enthesis [14]. The for-
mation of plantar calcaneal spurs has tradition-
ally been attributed to repetitive longitudinal 
traction of the fascia [15] with subsequent 

C C

a b

Fig. 26.1  Ultrasonography of normal (a) and abnormal 
case (b) c indicates a calcaneus and the arrow heads indi-
cate a plantar fascia. The thickness of the proximal plantar 

fascia in abnormal case (7.5 mm, b) is thicker than normal 
case (2.8 mm, a)
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inflammation and reactive ossification [16]. 
However, Li and Murhleman [14] performed a 
histological study and clarified that a spur tuber-
cle commonly forms perpendicular to its long 
axis. Furthermore, Menz et al. [16] reported that 
spur development is unrelated to medial arch 
height. These reports suggest that vertical com-
pression may play an important role in the spur 
development. The role of the plantar calcaneal 
spur in the pathogenesis of plantar fasciitis has 
been questioned for several decades [15, 17]. The 
basis of this uncertainty was the reportedly high 
prevalence of the calcaneal spur in the asymp-
tomatic population [18], leading to an emerging 
view that the finding has limited diagnostic value 
[19]. On the other hand, a previous study reported 
evidence of the plantar calcaneal spur by ultraso-
nography and clarified that the presence of this 
structure was found in 45% of chronic plantar 
heel pain participants and in only 2% of controls 
[20]. To conclude this question, McMillan et al. 
[12] conducted a systematic review of 23 studies 
and performed a meta-analysis, and they con-
cluded that plantar calcaneal spur formation is 
strongly associated with pain beneath the heel. 
An anatomical dissection study showed that there 
are rich vascular and nerve structures around the 
plantar calcaneal spur [21]. Accordingly, we rec-
ommend excision of the plantar calcaneal spurs 
in cases treated surgically.

Other causes of pain in the inferior heel 
include rupture of the plantar fascia, subcalcaneal 
bursitis, calcaneal stress fracture, infection, fat-
pad atrophy, medial calcaneal nerve entrapment, 
tarsal tunnel syndrome, seronegative arthropathy, 
Reiter’s syndrome, Paget’s disease, psoriatic 
arthritis, Sever’s disease, and tumors, which are 
usually distinguishable by assessment of history, 
physical examination, and imaging [10, 22].

26.3	 �Management

26.3.1	 �Conservative Treatments

Most patients with plantar fasciitis respond to 
conservative modalities, which are considered as 
the first line treatments. Lutter [23] reported that 

85% of patients with symptomatic plantar fasci-
itis responded to conservative management, with 
surgery indicated for the remaining 15%. A long-
term follow-up study [24] showed that 80% of 
patients with plantar fasciitis treated conserva-
tively had complete resolution of pain after 
4  years. Several conservative treatments have 
been reported including corticosteroid local 
injection [25, 26], Botulinum toxin local injec-
tion [25], platelet-rich plasma (PRP) local injec-
tion [27], autologous blood local injection [28], 
extracorporeal shockwave therapy [29], orthosis 
[30], manipulation [30], stretching [30], bipolar 
radiofrequency therapy [31], low-frequency elec-
trical stimulation [32], acupuncture [33], taping 
[34], laser therapy [35], custom made footwear 
[30], and trigger point block of the gastrocnemius 
[36]. Although most patients improve in response 
to these conservative treatments, there is a lack of 
data from high-quality, randomized, controlled 
trials that support the efficacy of these therapies.

In runners, treatments that can degrade perfor-
mance should be avoided. In addition, runners 
tend to dislike orthoses, which cause foot dis-
comfort during running. Special care should be 
taken for local injection of corticosteroids. There 
is a risk that the plantar aponeurosis may rupture, 
causing unbearable pain in the heel for long peri-
ods of time [37]. Accordingly, the authors recom-
mend manipulation and stretching (Fig.  26.2), 
extracorporeal shockwave therapy (Fig.  26.3) 
and local injection of PRP under ultrasonography 
(Fig. 26.4) for the treatment of plantar fasciitis in 
runners.

Extracorporeal shockwave therapy (ESWT) 
has been applied to orthopedic surgery since 
2000 and widely used in the treatment of plantar 
fasciitis due to its noninvasive nature and fast 
recovery time. This therapy not only promotes 
the destruction of nerve endings [38] and sup-
presses conduction of neurotransmitters to allevi-
ate chronic pain [39], but also stimulates 
production of various growth factors and differ-
entiation/migration factors of cells by stimulating 
cells and the extracellular matrix, inducing tissue 
repair and regeneration [40, 41]. In addition, it is 
thought to directly affect inflammation by 
suppressing the production of inflammatory 
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cytokines [42]. Currently, both focused and radial 
shockwave therapies are available as treatment 
options and numerous studies reported their 
effectiveness in the treatment of plantar fasciitis. 

However, a recent meta-analysis revealed that 
focused shockwave therapy can result in a higher 
success rate and greater pain reduction [42]. 
Further studies are warranted due to limitations 
of studies included in the meta-analysis.

PRP is an autologous biological product with 
increased concentration of platelets suspended in 
a small amount of plasma after centrifugation. 
The utility of PRP for plantar fasciitis has been 
demonstrated in a meta-analysis of randomized 
controlled trials with high levels of evidence [27, 
43–48], and PRP is a safe and effective opinion. 
PRP contains abundant growth factors and bioac-
tive cytokines, which are believed to promote tis-
sue healing, although corticosteroids have no 
such regenerative capacity. Therefore, while both 
PRP and corticosteroids can decrease inflamma-
tion, PRP is advantageous over corticosteroids. 
However, the composition of PRP is different 
among the preparation devices, although detailed 
composition including platelets and leukocyte is 
a critical factor for the treatment. For instance, 
leukocyte-rich or leukocyte-poor PRP can have 
differing effects on various pathologies; however, 
no study has investigated this in plantar fasciitis. 
Furthermore, it is known that the blood compo-
nent before PRP generation varies depending on 
the timing of collection, and it has been pointed 
out that it affects the therapeutic effect [49]. In 
our experience, the effectiveness of PRP therapy 
for plantar fasciitis in runners is about 50%. To 

a b c

Fig. 26.2  Stretching (a), plantar fascia manipulation (b), and calf muscle manipulation (c)

Fig. 26.3  Extracorporeal shock wave therapy

Fig. 26.4  Local injection of platelet-rich plasma under 
ultrasonography
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improve patient outcomes, it is an important 
research topic to clarify which components of 
PRP are most effective for the treatment of plan-
tar fasciitis.

26.3.2	 �Surgical Treatment

When conservative treatment has failed, open or 
endoscopic partial fasciotomy is considered. 
There are many causes of heel pain including cal-
caneal stress fracture, heel pad atrophy, systemic 
inflammation disease, nerve compression, neo-
plasia, and infection, which must be excluded 
before surgical treatment of plantar fasciitis. In 
plantar fasciotomy, resection of the plantar fascia 
more than medial 60% may lead to progressive 
pes planus and/or lateral foot pain [50, 51], and 
no such complications were observed after 
medial one-third to one-half plantar fascia release 
in the report of 19 plantar fascia endoscopic 
release [52]. Accordingly, releasing the medial 
one-third to one-half of the plantar fascia is 
recommended.

There are only four studies in the literature 
that directly compare open and endoscopic sur-
gery [53–56]. Tomczak and Haverstock [54] 
reviewed 34 cases of endoscopic plantar fasciot-
omy and 34 cases of open plantar fasciotomy 
with calcaneal spur resection and showed that the 
time between surgery and return to work was 
34  days for the endoscopic surgery group and 
84 days for open surgery group. Kinley et al. [53] 
compared the results of 66 endoscopic and 26 
open plantar fascia releases. Eighty percent of 
patients had pain resolution and returned to activ-
ity in 6.3 weeks in the endoscopic surgery group 
and 10.3 weeks in the open surgery group. Pain 
was 45% less for endoscopic surgery compared 
with open surgery. Serious and total complica-
tions were seen in 17% and 41% of endoscopic 
surgery subjects and 35% and 58% of open sur-
gery subjects. Accordingly, endoscopic surgery 
for plantar fasciitis is generally considered less 
invasive than open surgery.

Endoscopic surgery for plantar fasciitis was 
firstly described by Barrett and Day in 1991 [57]. 
This technique has the advantage of no exposure 

of the nerve to the abductor digiti quinti. 
Following Barrett’s first report [57], most sur-
geons have used the superficial fascial approach, 
in which surgical devices are inserted from infe-
rior to the plantar fascia, to release the medial 
one-third to one-half of the plantar fascia using 
the same type of hook knife used for endoscopic 
carpal tunnel release [52, 55, 58–69] . Endoscopic 
techniques have potential risks of damaging rel-
evant structures in the operation field; however, a 
cross-sectional anatomic study by Reeve et  al. 
[70] investigating the structures at risk during 
endoscopic plantar fascia release showed that the 
average distance between the cannula margin to 
the nerve to the abductor digiti minimi was 6 mm 
at the medial border of the plantar fascia, and no 
damage of the nerve was observed after endo-
scopic plantar fascia release. According to previ-
ous reports, 68–100% of patients showed good to 
excellent clinical results [52, 55, 58–69] . 
However, the superficial fascial approach has 
some disadvantages, including insufficient field 
of vision and narrow working space because the 
operative field of view is between the skin and 
the plantar fascia and is filled with adipose tissue. 
Another disadvantage is that it is difficult to 
remove calcaneal spurs through this approach 
because they typically exist deep underneath the 
plantar fascia [71].

The deep fascial approach was developed to 
resolve the issues of the superficial fascial 
approach [70–72] by facilitating a larger space in 
the dorsal side of the plantar fascia than in the 
plantar side. Therefore, the deep fascial approach 
enables a wider field of vision and a larger work-
ing space. Usually, two portals, the medial and 
lateral portals, are adopted [72]. The authors rec-
ommend this approach, especially in cases with 
calcaneal spurs, because of easier access to the 
spurs.

In the deep fascial approach, the patient is 
placed in the supine position to elevate the 
affected foot by approximately 15 cm using a leg 
holder (Fig. 26.5). A pneumotourniquet is applied 
to the thigh and inflated to a pressure of systolic 
blood pressure plus 100–150  mmHg. A medial 
portal is then made. Under fluoroscopy, a needle 
is inserted 5 mm superior to the plantar fascia and 
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10  mm anterior to its origin on the calcaneus 
(Fig.  26.6a). A 5-mm vertical incision is made 
only in the skin (Fig. 26.6b), and blunt dissection 

is performed with Pean’s mosquito forceps to 
only the supra-medial aspect of the plantar fascia 
(Fig. 26.6c). During blunt dissection, it is impor-
tant to touch the anterior calcaneal tubercle and 
calcaneal spurs with the tip of the forceps in order 
to dissect bluntly enough around them to ensure a 
large working space with minor excision of the 
flexor digitorum brevis. Next, a lateral portal is 
established by passing a blunt troche through the 
medial portal superior and perpendicular to the 
plantar fascia and across to the lateral aspect of 
the foot. A vertical skin incision is created in a 
tent of skin, which is pushed up by the troche 
(Fig. 26.7a), and a blunt troche is penetrated (Fig. 
26.7b). Then, a 4.0-mm diameter (30°) arthro-
scope is inserted through the lateral portal, while 
the surgical devices are inserted through the 
medial portal (Fig.  26.8). A motorized shaver 

Fig. 26.5  Position of the patients. The patient is placed in 
the supine position to elevate the affected foot by approxi-
mately 15 cm with a leg holder

a b c

Fig. 26.6  Making a medial portal. Under fluoroscopy, a 
needle (arrowhead) is inserted 5 mm superior to the plan-
tar fascia and 10 mm anterior to its origin on the calcaneus 

(a). A 5-mm vertical incision is made only in the skin (b), 
and blunt dissection is done with Pean’s mosquito forceps 
to only the supra-medial aspect of the plantar fascia (c)

a b

Fig. 26.7  Making a lateral portal. A blunt troche through 
the medial portal superior and perpendicular to the plantar 
fascia and across to the lateral aspect of the foot. A verti-

cal skin incision is created in a tent of skin which is 
pushed up by the troche (a), and a blunt troche is pene-
trated (b)
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with a diameter of 3.5 mm is used for making a 
working space to excise the adipose tissue and a 
plantar part of the flexor digitorum brevis, as 
minimally as possible, to obtain a good view 
(Fig. 26.9). For leading the shaver into the field of 
vision of the endoscopy, it is helpful that the tip 
of the shaver is outside of the medial portal and 
afterwards moves into the working space. In 
making the working space, the anterior wall of 
the calcaneus and the calcaneal attachment of the 
plantar fascia should be identified as landmarks. 
In most cases with a calcaneal spur, the upper 
side of the calcaneal spur is covered with the 

flexor digitorum brevis and the lower side is cov-
ered with the plantar fascia. After detaching these 
structures from the spur using the arthroknife 
(Fig. 26.10a), the calcaneal spur is resected using 
an abrader burr (Fig. 26.10b). The plantar fascia 
can be observed after removing the calcaneal 
spur. A width of plantar fascia is measured with a 
probe, and an area less than the medial one-third 
of the plantar fascia is resected using an 
arthroknife (Fig. 26.11). Care should be taken to 
remove all layers of the plantar fascia to ensure 
no residual plantar pain after surgery. The plantar 
fascia should be removed until the plantar adipose 

ba

Fig. 26.8  Inserting an arthroscope through the lateral portal. A 4.0-mm diameter (30°) arthroscope is inserted through 
the lateral portal, while the surgical devices are inserted through the medial portal

Fig. 26.9  Making a working space. A motorized shaver with a diameter of 3.5 mm is inserted via medial portal to 
resect a part of flexor digitorum muscle for making a working space
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tissue is exposed, which is a sign that the plantar 
fascia has been completely resected toward its 
deeper layer.

Active range-of-motion exercises of the foot 
and ankle are performed 1  day after surgery. 
Partial weight-bearing is allowed 3  days after 
surgery and gradually increases to full weight-
bearing in accordance with patient tolerance.

A previous report of endoscopic surgery using 
the deep fascial approach for 10  ft. of eight 
patients [23] showed that the mean AOFAS score 
was 64.2  ±  6.3 points before surgery and 
92.6  ±  7.1 points at 2  years after surgery 
(p  <  0.001). In a recent study conducted by 
authors for 33 ft. of 33 runners, the mean AOFAS 
score was 65.8 ± 8.8 points before surgery and 
90.4  ±  7.6 points at 1  years after surgery 

(p < 0.001). The duration to full weight-bearing 
after surgery was a mean 4.2 ± 6.3 days (range 
1–14 days), and the duration to jogging after sur-
gery was a mean 4.5  ±  8.3  weeks (range 
2–6 weeks). All patients had returned to full ath-
letic activities by a mean of 11.7  ±  5.6  weeks 
(range 6–18 weeks). There were no serious com-
plications, but four patients showed dysfunction 
of abductor digiti minimi. The dominant nerve of 
the abductor digiti minimi is the lateral plantar 
nerve (Baxter’s nerve). It runs about 9 mm away 
from the incision of the plantar aponeurosis, and 
it can be damaged during surgery. Although this 
is a mild complication that does not interfere with 
daily life and sports activities, it is necessary to 
fully explain the possibility of this disorder to 
patients before surgery.

S

a b

S

Fig. 26.10  Resection of the calcaneal spurs. S indicates a calcaneal spur. After detaching these structures from the spur 
using the arthroknife (a), the calcaneal spur is resected using an abrader burr (b)

F F

Fig. 26.11  Partial resection of the plantar fascia. An area less than the medial half of the plantar fascia is resected using 
an arthroknife
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Nerve Injuries in the Foot 
and Ankle: Neuromas, Neuropathy, 
Entrapments, and Tarsal Tunnel 
Syndrome
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27.1	 �Morton’s Neuroma

Morton’s neuroma results in metatarsalgia from 
the entrapment of the third interdigital nerve 
between the transverse intermetatarsal ligament 
and fascia [1]. Interdigital nerves arise from the 
medial and lateral plantar nerves. They course 
along the metatarsals and cross the deep trans-
verse metatarsal ligaments. Symptoms are 
thought to be due to mechanical compression of 
the nerve, with incidence high in sports requiring 
relatively higher strain on the foot. The compres-
sion is thought to result in demyelination of the 
nerve as well as a fibrotic nodule with “peri-

neural fibrosis” [2]. Patients will describe pain in 
the forefoot with shooting pain to the toes upon 
compression. Diagnosis is made via a combina-
tion of clinical evaluation and imaging; typically, 
ultrasonography or magnetic resonance imaging 
(MRI). Hallmarks of nonoperative treatment 
include use of oral nonsteroidal anti-inflammatory 
drugs (NSAIDs), cessation of athletic activity, 
change in footwear and corticosteroid injection 
[1]. Surgical treatment is considered only if 
symptoms are recurrent or persistent. The goal of 
surgery is to decompress the nerve with or with-
out neuroma excision. Both dorsal and plantar 
approaches have been described; however, there 
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is little data in regards to the ideal surgical 
approach [2]. Konstantine et al. describe a plantar 
approach in which sharp dissection is carried out 
to identify the common digital nerve and traced 
to its bifurcation. Branches are isolated and the 
common digital nerve is released proximal to the 
head of the metatarsal. A study by Konstantine 
et al. [1] found the majority of their patients had 
significant improvement of symptoms 
postoperatively.

27.2	 �Superficial Peroneal Nerve 
Entrapment

Superficial peroneal nerve entrapment (SPNE) is 
most commonly found in running athletes in their 
late twenties and early thirties. However, the gen-
eral population can succumb to this injury as 
well. The incidence of men and women present-
ing with superficial peroneal nerve entrapment is 
fairly equal [3]. It is important to note that both 
the superficial and deep branches of the peroneal 
nerve may be at risk from forceful, repetitive 
movements such as those required to carry out 
the act of running [4]. However, we found no 
studies specific to superficial peroneal nerve dys-
function and running athletes.

The superficial peroneal nerve provides both 
motor and sensory innervation throughout its 
course. From a motor standpoint, this nerve 
allows the peroneus longus and brevis muscles to 
evert and plantarflex the foot and ankle, respec-
tively. It also sends sensory information to the 
dorsum of the foot [5].

There are several possible etiologies that can 
lead to SPNE.  Chronic inversion ankle sprains 
account for the majority of cases. However, this 
condition can also result from fibula fractures, 
exertional compartment syndrome, and poten-
tially unknown etiologies in some cases [3].

The diagnosis of a superficial peroneal nerve 
entrapment can be quite elusive. Styf and 
Morberg reported only 3.5% of patients present-
ing with chronic leg pain to have entrapment of 
said nerve [6].The neuropathy is oftentimes a 
clinical diagnosis. Matsumoto et al. found that all 
of their patients reported pain and paresthesia at 

the lateral leg and dorsum foot [7]. Additionally, 
a positive Tinel’s sign was present. Brown et al. 
reported tenderness to palpation at the fascial exit 
point for 87% (40/46) of their patients and a posi-
tive Tinel’s sign for 84% [8]. Bregman and 
Schuenke introduced the use of a diagnostic 
nerve block to better identify this neuropathy [9]. 
Injecting lidocaine into the subcutaneous tissue 
at the point of maximum tenderness has shown to 
be therapeutic and a successful indicator for post-
operative outcomes [8, 9]. Brown et al. also found 
a nerve block clinically useful at diagnosing this 
neuropathy. In their study, 31/44 (70%) of their 
patients reported pain relief after the nerve block. 
Many nonsurgical treatments are available for 
nerve dysfunction: without intervention, various 
medication classes, physical therapy, and psy-
chosocial therapy [9, 10].

Surgical management of nerve entrapment 
involves decompression and neurolysis [10]. To 
do so, the surgeon must release the entrapped 
nerve circumferentially. Additionally, care must 
be taken to ensure the blood supply to the freed 
nerve is not compromised [10]. Bregman and 
Schuenke stated surgeons should locate the point 
of maximum tenderness preoperatively. This 
increases postoperative symptom relief. Brown 
et  al. supported such claims [8, 9]. Eighty-four 
percent of their patients undergoing an isolated 
decompression reported symptom improvement 
postoperatively.

27.3	 �Sural Nerve Entrapment

Sural nerve entrapment is not very common in 
comparison to other pathologies involving the 
lower limb. However, it is important to be aware 
of because diagnosis can be difficult and if 
delayed, can lead to poor long-term outcomes for 
patients. It typically affects running athletes but 
can occur in anyone who maintains an active life-
style [5].

The sural nerve is purely sensory, and its jour-
ney begins midway down the posterior aspect of 
the gastrocnemius muscle. It then terminates at 
the base of the fifth metatarsal [3]. Unfortunately, 
the sural nerve can become entrapped anywhere 
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along its course, but it most commonly occurs 
along the lateral portion of the heel.

There are several causes that can contribute to 
this pathology; however, a large number of cases 
are due to some sort of trauma to the area, ulti-
mately affecting the nerve. An acute or recurrent 
ankle injury precedes patient complaints involv-
ing the distribution of the sural nerve [3]. One 
can imagine how edema, scar tissue, or nerve 
stretching secondary to an ankle injury can lead 
to symptomatic nerve compression and 
irritation.

Most patients will present with loss of sensa-
tion or neuropathic pain (numbness, tingling, 
burning) along the sural nerve pathway: between 
the medial and lateral heads of the gastrocnemius 
muscles and posterolateral to Achilles tendon. 
Additionally, patients can present with calf pain 
that becomes exacerbated at night or with physi-
cal activity [5, 11].

Similar to superficial peroneal nerve entrap-
ment, sural nerve entrapment is also a clinical 
diagnosis. Although if necessary, imaging can be 
obtained to rule out bony malformations and vas-
cular or soft tissue pathologies that may be 
related to patient symptoms [5].

Prior to surgical treatment, trying supplemen-
tation with Vitamin B6, gabapentin, and nonste-
roidal anti-inflammatory drugs (NAIDS) may 
prove to be beneficial when treating isolated sural 
neuralgia [5]. Several studies discussed Vitamin 
C supplementation and its possible benefits for 
orthopedic pain and complex regional pain syn-
drome [12, 13]. Although no studies specifically 
report pain improvement for nerve entrapment, 
several reported success after wrist fractures 
using high dose Vitamin C [14, 15]. Sural nerve 
entrapment cannot always be treated with conser-
vative management. Fabre et  al. reported sural 
nerve decompression and neurolysis as the pro-
cedures of choice to relieve patient symptoms 
when pursuing surgical intervention [11].

Regarding return to play outcomes, Fabre 
et al. found that 12 out of 13 athletes returned to 
the same level of activity after nerve decompres-
sion. The same athletes returned to play within 
2–25 weeks with a mean of 8 weeks after surgery 
[11]. Fabre also reported the following complica-

tions postoperatively: superficial hematoma on 
postoperative day 3, persistent lateral knee pain 
with radiation to anterolateral side of lower leg 
during physical activity, and persistent focal pain 
along the sural nerve pathway leading to a bilat-
eral neurectomy [11].

It should be noted that there was a paucity of 
literature relating to both superficial peroneal and 
sural nerve entrapment specifically associated 
with runners and track and field athletes. 
Therefore, peripheral nerve entrapment in these 
populations should be an area of future research.

27.4	 �Tarsal Tunnel Syndrome

Briefly, the tarsal tunnel is a continuation of the 
deep posterior compartment of the leg that is 
bounded by the medial malleolus anterosuperi-
orly, by the posterior talus and calcaneus later-
ally, and held against the bone by the flexor 
retinaculum. The tarsal tunnel contains many 
important structures: the tendons of the posterior 
tibialis, flexor digitorum longus, flexor hallucis 
longus muscles, posterior tibial artery/vein, and 
the posterior tibial nerve. Notably, compression 
or entrapment of the tibial nerve occurs in the 
region where the nerve passes under the trans-
verse tarsal ligament, leading to the primary 
symptoms of tarsal tunnel syndrome.

Tarsal tunnel syndrome has a number intrinsic 
and extrinsic causes [16, 17]. Extrinsic causes 
include anatomic and biomechanical abnormali-
ties (tarsal coalition, valgus/varus hindfoot), 
poorly fitting shoes, post-traumatic or postsurgi-
cal scarring, diabetes, and inflammatory diseases. 
Intrinsic causes include osteophytes, (perineural) 
fibrosis, tendinopathy, tenosynovitis, hypertro-
phic retinaculum, and space-occupying or mass 
effect lesions. Trauma, with incidence of up to 
43%, is the most common cause—specifically 
fracture or dislocation involving the talus, calca-
neus, or medial malleolus [18–20].

Tarsal tunnel syndrome is a rare and underdi-
agnosed disease. The incidence is unknown, but 
there is a higher rate in women than men [18]. 
Tarsal tunnel syndrome is most commonly diag-
nosed in patients with prior foot trauma, whereas 
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“idiopathic” tarsal tunnel syndrome, unlike other 
nerve entrapments such as carpal tunnel 
syndrome, is quite rare. Based on clinical data 
from 1986 to 2020, Kinoshita et al. reported that 
an average of 2.7 patients (3.4  ft.) were treated 
annually, and relatively large percentage were 
sport-related cases (39%) [21].

The diagnosis of tarsal tunnel syndrome is 
usually made with a detailed history and clinical 
examination. The general population and athletes 
alike typically present with aching and concomi-
tant paresthesia [22]. The pain and tenderness 
usually localize to the location of the tarsal tunnel 
and radiate to the arch or to the plantar foot. 
There may be associated radiation up to the calf 
or higher, mimicking sciatica. The patient may 
also note weakness in the muscles of the foot. 
Generally, the symptoms are worse at night, with 
standing and walking, and get better with rest; 
nocturnal dysesthesias are reported to be the most 
irritating. However, these symptoms are less 
common in the athletic population [22]. Chronic 
cases can lead to lower motor neuron pathology 
signs (atrophy, weakness of the intrinsic foot 
muscles, and contractures of the toes). Patients 
may also have diminished plantar sensation in the 
distribution of the tibial nerve (either the medial 
or lateral plantar nerve). Overall, the symptoms 
of tarsal tunnel syndrome can be quite vague, 
making diagnosis very difficult.

The physical exam may be relatively benign, 
but recreation of the symptoms can be elicited in 
some patients via repetitive tapping over the tar-
sal tunnel, also called the Tinel sign. Pain or par-
esthesia in the distribution of the tibial nerve 
indicates a positive test.

Plain radiographs of foot and ankle are the 
preferred initial study to identify structural 
abnormalities. MRI is not sensitive for the diag-
nosis but may be helpful in excluding alternate 
diagnoses. Both, ultrasound and MRI, may be 
helpful in the evaluation of other soft tissue 
abnormalities such as tenosynovitis, tendonitis, 
or space-occupying lesions (e.g., lipomas) [23, 
24]. Electromyography and nerve conduction 
studies have been used in some cases; however, 
the sensitivity and specificity are suboptimal and 
false-negatives are not uncommon [18].

Treatment initially includes nonoperative 
measures. Corrections of overpronation (e.g., pes 
planus deformity), with accommodative orthot-
ics, arch support, and medial wedge are useful 
first steps in management. Physical therapy 
should be instituted with focus on strengthening 
medial flexors. Immobilization is also an option 
to rest the irritated tibial nerve. Nonsteroidal anti-
inflammatory medications are first line, but topi-
cal compound creams (e.g., lidocaine) have also 
been used. A steroid injection can also be consid-
ered with failure of the previously noted less 
invasive methods. Surgery may be indicated in a 
patient who does not respond to these treatments. 
Decompression is effective in some patients—a 
retrospective study with 47 patients over a 
10-year period, 72% of patients reported improve-
ment of their symptoms [25]. Other studies have 
reported more variable results [26, 27].

There is a paucity of literature regarding tarsal 
tunnel syndrome in general. Of the literature 
available, much of it is outdated and not relevant 
for track and field athletes. Despite the low inci-
dence, tarsal tunnel syndrome should be a future 
area of study to improve clinical and performance 
outcomes in these patients.

27.5	 �Baxter’s Neuropathy

For the track and field athlete, especially those in 
running disciplines, who report plantar heel pain, 
Baxter’s neuropathy should be a key part of the 
differential diagnosis [28]. The Baxter nerve, 
otherwise known as the inferior calcaneal nerve 
or the motor branch of the abductor digiti quinti, 
is the first branch of the lateral plantar nerve. It 
originates near the bifurcation of the tibial nerve 
or may arise before the bifurcation. At this level, 
the nerve courses close to the superior border of 
the abductor hallucis and quadratus plantae mus-
cles. Here, there is a thicker layer of fascia later-
ally due to interfascicular ligament traveling with 
the medial intermuscular septum [29]. There is 
supported evidence for multiple areas of possible 
entrapment of the nerve. One of which is the 
point at which the nerve runs laterally between 
the thick fascia of the abductor hallucis and the 
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medial border of the quadratus plantae [30]. 
Another possible point is anterior to the medial 
calcaneal tuberosity, in this case, hypertrophy of 
the muscle, pronation of the midfoot can increase 
contact area and lead to impingement [31]. Other 
considerations at this area are local trauma and 
venous engorgement [32].

Heel pain is a common foot and ankle com-
plaint for the track and athlete. Many different 
pathologies can lead to pain in this area, some of 
which include plantar fasciitis, heel pad atrophy, 
tarsal tunnel syndrome, and calcaneal stress frac-
tures. Reaching the distinct diagnosis of Baxter’s 
neuropathy can prove challenging due to the 
overlapping signs and symptoms from similar 
diagnoses. Symptoms of this nerve entrapment 
include tenderness over the area of the origin of 
the abductor hallucis, other areas of the heal just 
proximal to the plantar fascia [33]. Pain may be 
brought on by performing the Phalen’s maneuver 
and Tinel sign may be elicited [33, 34]. In some 
chronic cases, abduction of the fifth digit may be 
limited. It is important to compare with the con-
tralateral side as some patients may lack this abil-
ity inherently [35].

Imaging can aid in diagnosis. Plain films can 
demonstrate osseous pathologies like calcaneal 
enthesophyte, and MRIs may show hypertrophy 
of the surrounding musculature and reveal pos-
sible inflammation. Lack of significant inflam-
mation can support the diagnosis of entrapment 
as the cause of heel pain. If there is fatty replace-
ment and increased water signal of the abductor 
digiti minimi, this may indicate atrophy caused 
by nerve entrapment [36]. Meadows et al. sug-
gest that a nerve block administered between 
the abductor hallucis and quadratus plantae that 
results in relief of pain is diagnostic of the con-
dition [33]. Treatment for Baxter’s neuropathy 
begins with conservative measures akin to those 
prescribed for plantar fasciitis. The use of heel 
gel cups, soft sole shoes, night splints, physical 
therapy may prove beneficial although not as 
effective as in treatment for plantar fasciitis [33, 
34]. Corticosteroid injections can also be uti-
lized. If this option is taken, it should be noted 
that the injection should only be directed to the 
Baxter’s nerve. If pain is decreased but recurs in 

short duration, surgical nerve decompression, 
and fascial release can provide good results [36, 
37]. Hendrix et  al. reported that a majority of 
athletes were asymptomatic after decompres-
sion and had a return to sport time of 5–8 weeks 
[38].
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Foot and Ankle Stress Fractures 
in Athletics
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28.1	 �Introduction

Although stress fractures are rare, they present a 
significant burden for athletes as they are asso-
ciated with prolonged absence from sports and 
high rates of reoccurrence [1–3]. The aim of this 
chapter is to outline the most common stress 
fractures of the lower extremity and provide 
specific guidelines for the diagnosis, treatment, 
and return to sport in the (elite) track and field 
athlete.

28.2	 �Epidemiology

In elite sports, stress fractures most commonly 
occur in the lower extremity. As observed during 
the Rio de Janeiro Olympics, stress injuries were 
most common among Track and Field athletes 
(44%) and affected the lower limb in 84% of the 
cases [4]. In nonelite athletes, a similar pattern is 
observed, with stress fractures primarily affect-
ing the foot (34.9%) [5]. As established in colle-
giate student-athletes (NCAA), the incidence of 
stress fractures ranges from 16.23 per 100.000 
Athlete-Exposures for indoor Track and Field 
sports to 29.46 per 100.000 Athlete-Exposures 
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for outdoor Track and Field sports, predomi-
nantly affecting female athletes [5]. Stress frac-
tures of the lower extremity are most prevalent in 
the tibia, the navicular bone, and the (fifth) meta-
tarsals [1, 5] (Fig. 28.1).

28.3	 �Etiopathogenesis

Load applied to the bone during sports activities 
or normal weight-bearing activities results in 
external forces (strain) and internal forces 
(stress), both of which are vital for the mainte-
nance of normal bone strength [6]. Stress frac-
tures occur when the mechanical forces (e.g., 
repetitive cyclic loads) exceed the physiological 
forces that result in normal bone remodeling.

In the event of persistent overload (i.e., 
mechanical forces exceeding physiological 
forces), the regenerative and reparative capacities 
of the involved bone are insufficient to manage 
the resulting microtrauma. Failure to repair 
microtrauma leads to bone fatigue and loss of 
structural strength due to the predominance of 
osteoclastic activity (stress reaction). When over-
load persists, formation and propagation of 
microscopic “cracks” inside the bone may further 
affect bone strength [7–9]. Finally, the areas of 
fragility may accumulate to form a frank fracture 
pattern [1].

The odds of an athlete sustaining a stress frac-
ture is correlated with the presence of intrinsic 
and extrinsic risk factors (Table  28.1) [1]. An 
important risk factor associated with stress frac-
tures is “Relative Energy Deficiency in Sport 
(RED-S)”, which is discussed in this Track and 
Field ISAKOS book as well.

28.4	 �Clinical Assessment 
and Radiological Evaluation

The presence of a stress fracture should be sus-
pected in athletes with a gradual onset of atrau-
matic pain. Symptoms are often associated with 
an increase in workload. When a stress injury has 
evolved into a complete stress fracture, pain may 
be present continuously and affect athletic per-
formance and daily activities [10].

Clinical examination should aim to localize 
the point of tenderness [11]. In some stress frac-
tures, periosteal thickening (sign of inadequate 
callus formation) or the presence of swelling 
might be noticeable upon palpation [12]. In ath-
letes suspected of a stress fracture, it is impera-
tive to inquire about recent increases in training 
load, type of footwear, and type of training sur-
face. Furthermore, evaluation of limb length and 
axis, range of motion, muscular asymmetry, and 
gait should be performed [12]. When suspecting 
a stress fracture of the foot, investigation of the 
plantar arch should be undertaken [13].

Radiographic evaluation of stress fractures is 
not always reliable. During the first 2–3  weeks 
after onset of symptoms up to 87% of cases are 

Fig. 28.1  Higher (red) and lower (blue) risk anatomical 
sites for stress fractures, in foot and ankle, are shown

Table 28.1  Risk factors for stress fractures of foot

Extrinsic factors Intrinsic factors
Footwear/insole/
orthotics

Foot morphology and lower 
limb alignment

Type of activity Bone turnover
External loadings Bone geometry
Field surface Hormonal factors
Improper technique Recovery periods
New excessive 
training regimen

Genetic predisposition

Nutritional aspects
Age, sex, BMI
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not visible on radiographs [11, 14]. Computed 
Tomography (CT) imaging is a valuable alterna-
tive to detect stress fractures and may aid to dis-
tinguish stress injuries from stress fractures [11]. 
CT imaging has demonstrated 100% sensitivity 
and 90% specificity for tibial stress fractures [15].

Magnetic Resonance (MR) imaging is consid-
ered the golden standard in identifying stress 
fractures. MR imaging can accurately delineate 
the exact anatomic location and the extent of the 
stress injury, by detecting bone edema and 
changes in cortical density [16, 17].

28.5	 �General Treatment Concepts

Stress fractures can be subdivided into low-risk 
and high-risk stress fractures, based on their heal-
ing potential. Treatment should be tailored to the 
healing tendency of the stress fracture and the 
athletes’ intrinsic and extrinsic risk factors 
(Table 28.1).

Low-risk stress fractures generally have a high 
healing propensity when treated conservatively. 
This includes modification of training regiments 
to reduce the load on the affected limb, adapta-
tion of footwear or training surface, and evalua-
tion of athletes’ hormonal and nutritional status.

High-risk fractures often warrant surgical 
treatment due to poor healing propensity. In elite 
athletes, surgical treatment of high-risk stress 
fractures may be considered as a first-line treat-
ment in order to improve return to sports. 
However, a recent systematic review showed that 
there was only low-quality evidence comparing 
surgery with conservative treatment for the treat-
ment of high-risk stress fractures of the lower 
limb [18].

28.6	 �Tibial Stress Fractures

Tibial stress fractures are one of the most com-
mon stress fractures in athletes, with elite Track 
and Field athletes being particularly susceptible 
to this type of injury [3, 4]. In the current litera-
ture, tibial stress fractures have been stated to 

account for 19–63% of all stress injuries observed 
in athletes [19]. Tibial stress fractures can be cat-
egorized into two different entities; (1) low-risk 
posteromedial tibial cortex and (2) high-risk 
anterior tibial cortex stress fractures [20].

28.6.1  �Etiopathogenesis

In the majority of the cases (~80%), stress inju-
ries of the tibia affect the posteromedial cortex 
[21, 22]. This occurs as a result of repetitive 
impact forces and pulling of the calf muscles, 
experienced in long-distance runners. Anterior 
tibial cortex stress fractures occur only in 5–15% 
of all tibial stress fractures and are primarily 
associated with repetitive jumping [21, 22]. 
Anterior tibial stress fractures have a poor heal-
ing tendency as they occur on the tension side of 
the tibia [23, 24].

28.6.2  �Clinical Assessment 
and Radiological Evaluation

Clinical symptoms include exercise-induced 
pain, swelling, and point tenderness. However, 
classic symptoms may be lacking. Conventional 
radiography is the primary imaging modality, 
despite limited sensitivity due to a delay in radio-
graphic findings [25].

In case of negative radiographs, despite high 
clinical suspicion, Magnetic Resonance Imaging 
(MR imaging) should be considered. With a 82% 
sensitivity and 100% specificity, MR imaging is 
considered the golden standard and it can be used 
to classify tibial stress fractures according the 
modified Fredericson classification [26] 
(Table 28.2).

28.6.3  �Management

It is imperative to differentiate between posterior 
and anterior tibial stress fractures. The manage-
ment of the individual athlete should be tailored 
to the healing propensity of the fracture [23, 24].
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Posteromedial stress fractures can often be 
managed successfully with conservative treat-
ment. Conservative treatment consists of reha-
bilitation, load management, and continued 
weight-bearing as tolerated. Gradual return to 
sports can be commenced after the patient has 
been able to bear weight pain free for 2 weeks 
corresponding to return to sports after a mean 
period of 3 months [27].

Anterior tibial cortex stress fractures have 
demonstrated poor outcomes when treated con-
servatively, with a large subset of fractures (53%) 
resulting in nonunion [18, 20]. When successful, 
conservative treatment allows athletes to return to 
sports after a mean 6  months with a return to 
sports rate of 55% [20]. In case of persisting 
symptoms or nonunion, surgical intervention is 
indicated (compression plating, drilling, intra-
medullary nailing, excision of the lesion). 
Chaudhry et al. recently concluded that the differ-
ent surgical interventions resulted in resolution of 
symptoms in 88% [28]. Return to sports was pos-
sible in 95% of the patients and return to preinjury 
level of sports in 73%. Nonunited stress fractures 
treated with subsequent surgery returned to sports 
at 28  weeks postoperatively, as concluded by 
Orava et al. [18, 20]. Despite reasonable outcomes 
after surgical treatment, operative treatment is 
associated with high complication rates (25%) 
and need for subsequent surgery (15%) [28].

Therefore, high quality evidence prospec-
tively comparing primary surgical treatment with 
nonoperative treatment in the management of 
posteromedial and anterior cortex stress fractures 
is warranted [18, 29, 30].

28.7	 �Fifth Metatarsal Stress 
Fractures

Fifth metatarsal stress fractures usually occur in 
the proximal metaphysis and diaphysis of the 
fifth metatarsal and have a higher prevalence in 
athletes [31]. It is imperative to differentiate 
stress fractures from the proximal avulsion frac-
tures of the fifth metatarsal, as stress fractures 
have a lower healing propensity [32, 33].

28.7.1  �Etiopathogenesis

Stress fractures may occur as a result of forces 
that act upon the fifth metatarsal. Several tendons 
and ligaments insert on the base of the fifth meta-
tarsal [34, 35]. The plantar fascia inserts on the 
plantaro-lateral aspect of the tuberosity while the 
peroneus brevis inserts on the dorso-lateral side. 
The peroneus tertius inserts on the dorsal metaph-
ysis. The aformentioned structures mainly deter-
mine the tensile forces, while the 
capsulo-ligamentous structures around the 
cuboid, the fourth and fifth metatarsals determine 
rigidity. The diaphysis of fifth metatarsal is rela-
tively mobile and therefore, stress fractures are 
more prone to form in the metaphyseal-diaphyseal 
junction of the bone.

28.7.2  �Clinical Assessment 
and Radiological Evaluation

The clinical presentation of a fifth metatarsal 
stress fracture is characterized by pain on the 
lateral aspect of the forefoot (aggravated by 
weight-bearing), tenderness on palpation, and 
localized swelling. Often patients are unable to 
walk on tiptoes [1]. Resisted foot eversion can 
be used as a provocative clinical test to differen-
tiate proximal avulsion fractures. Various clas-
sifications based on anatomical and radiological 
features have been described, including: (1) the 
Lawrence and Botte’s Classification [36] 
(Fig.  28.2) and (2) Torg’s Classification [37] 
(Table 28.3).

Table 28.2  Modified Fredericson classification for tibial 
stress fractures

Grade 0 No abnormality
Grade 1 Periosteal edema with no associated bone 

marrow signal abnormalities
Grade 2 Periosteal edema and bone marrow edema 

visible only on T2-weighted images
Grade 3 Periosteal edema and bone marrow edema 

visible on both T1- and T2-weighted images
Grade 4A Multiple focal areas of intracortical signal 

abnormality and bone marrow edema 
visible on both T1-weighted and 
T2-weighted images
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28.7.3  �Management

Fractures of the metaphysis and diaphysis of the 
fifth metatarsal are predisposed to delayed heal-
ing as a result of the vascular watershed zone 
between the insertion of peroneus brevis and the 
diaphyseal blood supply [33]. Fractures interrupt 
the vascular channels in this area, leading to a 
poor healing tendency.

Fifth metatarsal stress fractures can be treated 
both conservatively and surgically. Josefsson 
et  al. [38] reported a 95% union rate and good 
functional results with nonoperative treatment. In 

athletes, the treatment is mostly surgical because 
of the prolonged recovery time and higher risk of 
nonunion with conservative treatment [39, 40].

Various surgical techniques have been 
described, but the most commonly applied tech-
nique is percutaneous screw fixation with a 
5.5 mm intramedullary screw. Other techniques 
such as tension band wiring have been used with 
similar outcomes [39, 41]. Postoperative rehabil-
itation [39] consists of immobilization with a 
short leg cast or plaster splint for 1–2 weeks, fol-
lowed by a walking boot for 2  weeks. After 
6–8 weeks postoperatively, full weight-bearing is 
allowed and normal activities can be resumed. In 
general, full sport activities can be resumed 
10 weeks postoperatively. The use of functional 
bracing or orthotics upon return to sports may 
reduce the rate of reinjury [42].

28.8	 �Navicular Stress Fractures

Stress fractures of the navicular bone account for 
up to 35% of all foot and ankle stress fractures 
[43]. Navicular fractures are typically seen in 
athletes engaged in explosive push-off activities 
such as track and field athletes (e.g., sprinting 
athletes), professional tennis players, and jump-
ing athletes.

28.8.1  �Etiopathogenesis

Biomechanically, the navicular bone is consid-
ered a keystone in the medial column, connecting 
the midfoot to the hindfoot. With sudden move-
ments, such as sprinting, striking or cutting, the 
navicular bone undergoes maximal shear and 
compressive forces, thereby affecting the central 
third of the navicular bone. Its function can be 
influenced by anatomical variations in foot mor-
phology such as: short first and long second 
metatarsal bones, pes cavovarus, limited ankle 
dorsiflexion, and metatarsus adductus. In addi-
tion, contraction of the tibialis posterior tendon 
increases the medial stress over the navicular 
bone. Due to a relatively poor vascular supply in 
the central third of the navicular bone, these 

Fig. 28.2  Lawrence and Botte’s Classification of 
Proximal Fifth Metatarsal Fractures (Zones 1, 2, and 3). 
This classification is the mostly used and it distinguishes 
the three Zones of proximal fifth metatarsal fractures 
based on the mechanism of injury, location, treatment 
options, and prognosis: Zone 1 (tuberosity area), Zone 2 
(tuberosity—metaphyseal area), and Zone 3 (metaphyseal-
diaphyseal area)

Table 28.3  Torg Classification of Proximal Fifth 
Metatarsal Stress Fractures

Type Description
Type I Acute
Type II Delayed union with periosteal and 

intramedullary bone formation
Type III Nonunion

This classification is based on the radiographic character-
istics of the fracture and provides an additional treatment 
plan: Type 1 (acute fracture), Type 2 (delayed union and 
radiographs show periosteal new bone formation, resorp-
tion, and sclerosis at the fracture line), Type 3 (nonunion 
with complete obliteration of the medullary canal by the 
sclerotic bone). Type 1 can be treated conservatively by 
nonweight-bearing for approximately 10 weeks, whereas 
type 2–3 fractures are advised to be treated surgically in 
combination with an autologous bone augmentation (Type 
3) to assist in fracture healing
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stress fractures are considered to be at high-risk 
of nonunion [44].

28.8.2  �Clinical Assessment 
and Diagnosis

Patients usually complain of exercise-induced 
pain over the dorsal aspect of the midfoot and/or 
the medial arch, with an insidious onset. Evident 
ecchymosis or swelling is rare. Provocative tests 
include a hop test on the affected foot and stand-
ing on tiptoes. The palpable point of tenderness 
(“N-spot”) is located between the tibialis ante-
rior and extensor hallucis longus tendons, corre-
sponding to the area of the central third of the 
navicular bone. Due to the atypical presentation, 
the diagnosis is often delayed 4–7 months from 
the onset of symptoms [45]. MR imaging is a 
sensitive method for diagnosis, although CT 
imaging is currently considered the golden stan-
dard [46].

28.8.3  �Clinical Assessment 
and Radiological Evaluation

Navicular stress fractures are considered high-
risk stress fractures [47]. However, conservative 
treatment in a nonweight-bearing plaster cast or 
boot for 5 weeks followed by 4–6 weeks of reha-
bilitation is recommended in the general popula-
tion [45, 48, 49]. Currently, there is no consensus 
on the best therapeutic strategy in athletes. 
According to Saxena’s classification [50], con-
servative treatment should be considered in type 
1 stress fractures (involvement of the dorsal cor-
tex only) and surgery in both type 2 (propagation 
of the fracture into the navicular body) and type 3 
(bicortical disruption) stress fractures. Various 
case series [14, 48, 51] have demonstrated a 
100% healing rate after 6 weeks of nonweight-
bearing cast immobilization. However, similar 
studies contradict these results and reported per-
sistent pain, delayed-union or nonunion with 
conservative management [45]. In elite and high-
level athletes, primary surgical treatment can be 
considered in order to promote a rapid return to 

play [52]. Saxena et al. [53] reported that patients 
treated conservatively with nonweight-bearing 
cast had a 86% healing rate with a mean 
5.6  months to return to activity, while patients 
treated surgically had a 83% healing rate with a 
mean 3.8 months to return to activity.

28.9	 �Medial Malleolus Stress 
Fractures

Medial malleolus stress fractures are relatively 
uncommon. They account for 0.6–4.1% of all 
stress fractures [31, 43, 53]. They typically occur 
in high-level runners and jumpers. They occur as 
a result of repetitive impingement of the talus on 
the medial aspect of the distal tibia during forced 
dorsiflexion of the ankle.

Shelbourne et al. [54] established three crite-
ria useful in evaluation of medial malleolus stress 
fracture: (1) localized tenderness medial to the 
anterior tibialis tendon, (2) pain during activities, 
and (3) evidence of a vertical fracture line on 
diagnostic images. On X-rays, cortical or medul-
lary radiolucency, regional osteopenia or callus 
formation (in advanced cases) can be noted. In 
case of acute onset of pain, with negative plain 
radiographs, MRI (more sensitive) or CT scan 
can be used to demonstrate an intramedullary 
fracture line [55, 56].

The treatment of medial malleolus stress frac-
tures is controversial and various authors suggest 
contradicting methods of management [57]. In 
our experience, management should depend on 
various aspects, such as the presence of a fracture 
line, displacement, athletic level, and season sta-
tus. Conservative management involves 
4–8 weeks of functional rest with a gradual return 
to activities. Plaster cast and boot immobilization 
have been described as well as protected weight-
bearing [58]. Mean return to sports of 7.6 weeks 
have been reported, although complete resolution 
of symptoms may take up to 4–5 months.

In case of a clear fracture line or displacement, 
especially in elite and “in season” athletes, Open 
Reduction and Internal Fixation (ORIF) is 
recommended [54, 55, 59, 60]. Operative man-
agement may allow faster and safer mobilization, 
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considering that conservative treatment may 
result in delayed or nonunion in up to 10% of the 
cases. Time to return to sport after ORIF has been 
reported in two studies and ranged from 24 days 
to 6 months [59, 60].

28.10	 �Second Metatarsal

Metatarsal stress fractures represent 8.8% of all 
stress fractures of the lower limb and are often 
referred to as “march fractures” due to their high 
incidence in military recruits [1]. The second 
metatarsal is most frequently affected [1]. Stress 
fractures most commonly occur in the distal part 
of the second metatarsal, as a result of high bend-
ing forces in the meta-diaphyseal region. 
Although no direct link with a specific forefoot 
morphology has been reported, a shorter and 
hypermobile first metatarsal or a longer second 
metatarsal is hypothesized to increase the risk of 
a stress fracture [1, 61]. In general, distal frac-
tures of the second metatarsal have a good prog-
nosis with a relatively fast recovery when treated 
conservatively. In these patients, rest and partial 
to full weight-bearing in a Controlled Ankle 
Motion (CAM) boot is recommended.

28.11	 �Other Stress Fractures 
of the Foot

28.11.1  �Calcaneal

Calcaneal stress fractures are rare and most stud-
ies report on the occurrence of these fractures in 
army recruits rather than in athletes. Symptoms 
include localized tenderness at the heel with 
increased activity which subsides with rest or 
immobilization. The diagnosis is often delayed as 
symptoms are often misinterpreted as plantar fas-
ciitis, achilles tendinopathy, neuropathy of the 
inferior calcaneal nerve or calcaneal apophysitis. 
At radiographic evaluation, a thin radiolucent or 
sclerotic line may become apparent, 2–3 weeks 
after the onset of symptoms. MR imaging can be 
a useful tool to identify early bone morrow edema 
or fracture lines. Calcaneal stress fractures can be 

managed with nonoperative treatment and activ-
ity modification in most cases.

28.11.2  �Talus

Talar stress fractures are a relatively rare entity 
but may present in athletes as a result of repeti-
tive cycles of axial loading. Talar stress fractures 
are often associated with concomitant stress inju-
ries of the foot. A study by Sormaala et  al. 
revealed stress fractures of the talar head to be 
associated with navicular stress injuries in 60% 
of the cases and talar body stress fractures with 
calcaneal stress injury in 78% of the cases [62]. 
MR imaging is required as conventional radio-
graphs are often unable to visualize talar stress 
fractures. When deciding on the treatment of 
talar stress fractures, the possibility of secondary 
displacement should be considered. Conservative 
management by 6  weeks of nonweight-bearing 
cast or boot immobilization is often advocated 
for undisplaced talar fractutres. In case of sec-
ondary displacement, surgical fixation is indi-
cated to reduce the risk of avascular necrosis and 
to improve return to play [63].

References

	 1.	Mayer SW, Joyner PW, Almekinders LC, et al. Stress 
fractures of the foot and ankle in athletes. Sports 
Health. 2014;6(6):481–91.

	 2.	Miller TL, Jamieson M, Everson S, et  al. Expected 
time to return to athletic participation after stress frac-
ture in division I collegiate athletes. Sports Health. 
2018;10(4):340–4.

	 3.	Rizzone KH, Ackerman KE, Roos KG, et  al. The 
epidemiology of stress fractures in collegiate student-
athletes, 2004-2005 through 2013-2014 academic 
years. J Athlet Train. 2017;52(10):966–75.

	 4.	Guermazi A, Hayashi D, Jarraya M.  Sports inju-
ries at the Rio de Janeiro 2016 Summer Olympics: 
use of diagnostic imaging services. Radiology. 
2018;287(3):922–32.

	 5.	Changstrom BG, Brou L, Khodaee M, et  al. 
Epidemiology of stress fracture injuries among US 
high school athletes, 2005-2006 through 2012-2013. 
Am J Sports Med. 2014;43(1):26–33.

	 6.	Bennell K, Matheson G, Meeuwisse W, et  al. 
Risk factors for stress fractures. Sport Med. 
1999;28(2):91–122.

28  Foot and Ankle Stress Fractures in Athletics

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469



308

	 7.	Carter DR, Hayes WC. Compact bone fatigue dam-
age  – I: residual strength and stiffness. J Biomech. 
1977;10:325–37.

	 8.	Schaffler MB, Radin EL, Burr DB. Long-term behav-
ior of compact bone at low strain magnitude and rate. 
Bone. 1990;11:321–6.

	 9.	Mori S, Burr DB. Increased intracortical remodeling 
following fatigue damage. Bone. 1993;14:103–9.

	10.	Harrast MA, Colonno D. Stress fractures in runners. 
Clin Sports Med. 2010;29(3):399–416.

	11.	Kaeding CC, Yu JR, Wright R, Amendola A, Spindler 
KP. Management and return to play of stress fractures. 
Clin J Sport Med. 2005;15(6):442–7.

	12.	Kaiser PB, Guss D, DiGiovanni CW. Stress fractures 
of the foot and ankle in athletes. Foot Ankle Orthop. 
2018;3(3):1–11.

	13.	Boden BP, Osbahr DC, Jimenez C.  Low-risk stress 
fractures. Am J Sports Med. 2001;29:100–11.

	14.	Murray SR, Reeder M, Ward T, et al. Navicular stress 
fractures in identical twin runners: high-risk frac-
tures require structured treatment. Phys Sportsmed. 
2005;33(1):28–33.

	15.	Gaeta M, Minutoli F, Scribano E. CT and MR imag-
ing findings in athletes with early tibial stress inju-
ries: comparison with bone scintigraphy findings 
and emphasis on cortical abnormalities. Radiology. 
2005;235(2):553–61.

	16.	Arendt EA, Griffiths HJ.  The use of MR imaging 
in the assessment and clinical management of stress 
reactions of bone in high-performance athletes. Clin 
Sports Med. 1997;16(2):291–306.

	17.	Lee JK, Yao L.  Stress fractures: MR imaging. 
Radiology. 1988;169(1):217–20.

	18.	Mallee WH, Weel H, van Dijk CN, et al. Surgical ver-
sus conservative treatment for high-risk stress frac-
tures of the lower leg (anterior tibial cortex, navicular 
and fifth metatarsal base): a systematic review. Br J 
Sports Med. 2015;49(6):370–6.

	19.	Bennell KL, Brukner PD.  Epidemiology and site 
specificity of stress fractures. Clin Sports Med. 
1997;16:179–96.

	20.	Orava S, Karpakka J, Hulkko A, et al. Diagnosis and 
treatment of stress fractures located at the mid-tibial 
shaft in athletes. Int J Sports Med. 1991;12:419–22.

	21.	Liimatainen E, Sarimo J, Hulkko A, et  al. Anterior 
mid-tibial stress fractures. Results of surgical treat-
ment. Scand J Surg. 2009;98:244–9.

	22.	Orava S, Hulkko A. Stress fracture of the mid-tibial 
shaft. Acta Orthop Scand. 1984;55:35–7. https://doi.
org/10.3109/17453678408992308.

	23.	Batt ME. Delayed union stress fractures of the ante-
rior tibia: conservative management. Br J Sports Med. 
2001;35:74–7.

	24.	Beals RK, Cook RD. Stress fractures of the anterior 
tibial diaphysis. Orthopedics. 1991;14:869–75.

	25.	Kijowski R, Choi J, Mukharjee R, de Smet 
A.  Significance of radiographic abnormalities 
in patients with tibial stress injuries: correlation 
with magnetic resonance imaging. Skelet Radiol. 
2007;36:633–40.

	26.	Kijowski R, Choi J, Shinki K, et al. Validation of MRI 
classification system for Tibial stress injuries. Am J 
Roentgenol. 2012;198:878–84.

	27.	Robertson GAJ, Wood AM.  Return to sports after 
stress fractures of the tibial diaphysis: a systematic 
review. Br Med Bull. 2015;114:95–111.

	28.	Chaudhry ZS, Raikin SM, Harwood MI, et  al. 
Outcomes of surgical treatment for anterior Tibial 
stress fractures in athletes: a systematic review. Am J 
Sports Med. 2019;47:232–40.

	29.	Borens O, Sen MK, Huang RC, et  al. Anterior ten-
sion band plating for anterior Tibial stress fractures in 
high-performance female athletes. J Orthop Trauma. 
2006;20:425–30.

	30.	Cruz AS, de Hollanda JPB, Junior AD, Neto 
JSH.  Anterior tibial stress fractures treated with 
anterior tension band plating in high-performance 
athletes. Knee Surg Sport Traumatol Arthrosc. 
2013;21:1447–50.

	31.	Tsukada S, Ikeda H, Seki Y, et  al. Intramedullary 
screw fixation with bone autografting to treat proxi-
mal fifth metatarsal metaphyseal-diaphyseal fracture 
in athletes: a case series. Sports Med Arthrosc Rehabil 
Ther Technol. 2012;4(1):25.

	32.	Jones R.  Fractures of the base of the fifth meta-
tarsal bone by indirect violence. Ann Surg. 
1902;35(6):697–700.2.

	33.	Smith JW, Arnoczky SP, Hersh A.  The intraosse-
ous blood supply of the fifth metatarsal: implica-
tions for proximal fracture healing. Foot Ankle. 
1992;13(3):143–52.

	34.	DeVries JG, Taefi E, Bussewitz BW, et al. The fifth 
metatarsal base: anatomic evaluation regarding frac-
ture mechanism and treatment algorithms. J Foot 
Ankle Surg. 2015;54(1):94–8.

	35.	Cheung CN, Lui TH. Proximal fifth metatarsal frac-
tures: anatomy, classification, treatment and compli-
cations. Arch Trauma Res. 2016;5(4):e33298.

	36.	Lawrence SJ, Botte MJ. Jones’ fractures and related 
fractures of the proximal fifth metatarsal. Foot Ankle. 
1993;14(6):358–65.

	37.	Torg JS.  Fractures of the base of the fifth meta-
tarsal distal to the tuberosity. Orthopedics. 
1990;13(7):731–7.

	38.	Josefsson PO, Karlsson M, Redlund-Johnell I, et al. 
Closed treatment of Jones fracture. Good results 
in 40 cases after 11-26 years. Acta Orthop Scand. 
1994;65(5):545–7.

	39.	Delee J, Evans J, Julian J. Stress fracture of the fifth 
metatarsal. Am J Sports Med. 1983;11:349–53.

	40.	Clapper M, O’Brien T, Lyons P. Fractures of the fifth 
metatarsal: analysis of a fracture registry. Clin Orthop 
Relat Res. 1995;315:238–41.

	41.	Lee KT, Park YU, Young KW, et al. Surgical results of 
5th metatarsal stress fracture using modified tension 
band wiring. Knee Surg Sports Traumatol Arthrosc. 
2011;19:853–7.

	42.	Larson CM, Almekinders LC, Taft TN, et  al. 
Intramedullary screw fixation of Jones fractures. 
Analysis of failure. Am J Sports Med. 2002;30:55–60.

S. Caravelli et al.

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

https://doi.org/10.3109/17453678408992308
https://doi.org/10.3109/17453678408992308


309

	43.	Brukner P, Bradshaw C, Khan KM, et  al. Stress 
fractures: a review of 180 cases. Clin J Sports Med. 
1996;6:85–9.

	44.	McKeon KE, McCormick JJ, Johnson JE, 
Klein SE.  Intraosseous and extraosseous arte-
rial anatomy of the adult navicular. Foot Ankle Int. 
2012;33(10):857–61.

	45.	Khan K, Fuller P, Brukner P, et al. Outcome of con-
servative and surgical management of navicular stress 
fracture in athletes: 86 cases proven with computer-
ized tomography. Am J Sport Med. 1992;20:657–66.

	46.	Scott GB, Mahoney CM, Forster BB, et  al. Tarsal 
navicular stress injury: long-term outcome and 
clinicoradiological correlation using both computed 
tomography and magnetic resonance imaging. Am J 
Sports Med. 2005;33(12):1875–81.

	47.	Kaeding CC, Yu JR, Wright R, et al. Management and 
return to play of stress fractures. Clin J Sport Med. 
2005;15(6):442–7.

	48.	Fowler JR, Gaughan JP, Boden BP, et  al. The non-
surgical and surgical treatment of tarsal navicular 
stress fractures. Sports Med. 2011;41(8):613–9.

	49.	Torg JS, Moyer J, Gaughan JP, et al. Management of 
tarsal navicular stress fractures: conservative versus 
surgical treatment: a meta-analysis. Am J Sport Med. 
2010;38(5):1048–53.

	50.	Saxena A, Fullem B, Hannaford D. Results of treat-
ment of 22 navicular stress fractures and a new 
proposed radiographic classification system. J Foot 
Ankle Surg. 2000;39(2):96–103.

	51.	Towne L, Blazina M, Cozen L. Fatigue fracture of the 
tarsal navicular. A retrospective review of twenty-one 
cases. J Bone Joint Surg Am. 1970;52:376–8.

	52.	Jacob KM, Paterson RS.  Navicular stress fractures 
treated with minimally invasive fixation. Indian J 
Orthop. 2013;47(6):1048–53.

	53.	Iwamoto J, Takeda T.  Stress fractures in ath-
letes: review of 196 cases. J Orthop Sci. 
2003;8(3):273–8.

	54.	Shelbourne KD, Fisher DA, Rettig AC, McCarroll 
JR.  Stress fractures of the medial malleolus. Am J 
Sports Med. 1988;16:60–3.

	55.	Sherbondy PS, Sebastianelli WJ.  Stress fractures of 
the medial melleolus and distal fibula. Clin Sports 
Med. 2006;25:129–37.

	56.	Steinbronn DJ, Bennett GL, Kay DB.  The use of 
magnetic resonance imaging in the diagnosis of stress 
fractures of the foot and ankle: four case reports. Foot 
Ankle Int. 1994;15(2):378–9.

	57.	Miller TL, Kaeding CC. Stress fractures in athletes: 
diagnosis and management. New  York: Springer; 
2014.

	58.	Okada K, Senma S, Abe E, et al. Stress fractures of 
the medial malleolus: a case report. Foot Ankle Int. 
1995;16(1):49–52.

	59.	Shabat S, Sampson KB, Mann G, et  al. Stress frac-
tures of the medial malleolus: review of the literature 
and report of a 15-year-old elite gymnast. Foot Ankle 
Int. 2002;23(7):647–50.

	60.	Orava S, Karpakka J, Taimela S, et  al. Stress frac-
ture of the medial malleolus. J Bone Joint Surg Am. 
1995;77(3):362–5.

	61.	Gross TS, Bunch RP. A mechanical model of meta-
tarsal stress fracture during distance running. Am J 
Sports Med. 1989;17:669–74.

	62.	Sormaala MJ, Niva MH, Kiuru MJ, et  al. Bone 
stress injuries of the talus in military recruits. Bone. 
2006;39:199–204.

	63.	D’Hooghe P, Wiegerinck JI, Tol JL, et al. 22-year-old 
professional soccer player with atraumatic ankle pain. 
Br J Sport Med. 2015;49(24):1589–90.

28  Foot and Ankle Stress Fractures in Athletics

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660



Part VII

Special Considerations

1

2



313© ISAKOS 2022 
G. L. Canata et al. (eds.), Management of Track and Field Injures, 
https://doi.org/10.1007/978-3-030-60216-1_29

Injury Prevention in Track 
and Field

Pascal Edouard

29.1	 �Introduction

The practice of track and field leads to a risk of 
injuries [1]. During a track and field season, 
about two-third of athletes occur an injury [2–4]. 
During an international championships, about 
10% of athletes occur an injury [5–9]. The conse-
quences of injury will depend on the injury loca-
tion, type, and severity according to the track and 
field disciplines, but injury has always a negative 
impact on practice, because it can decrease train-
ing participation, decrease performance, and lead 
to pain [10]. Even if the injury is a minor ana-
tomical lesion or leads to minor resounding on 
practice, there will be at least an impact on the 
musculoskeletal and psychological aspects, and 
can also negatively impact other domains of the 
life (e.g., social, professional, family, school, 
financial) at the short- or long-term [1]. Therefore, 

the prevention of injuries in track and field repre-
sents an important area for athletes and all stake-
holders, such as coaches, health professionals, 
family, sports scientists, managers, sponsors, as 
well as international and national govern bodies 
[1, 11–13].

29.2	 �Prevention: A Multisteps 
Challenge!

In order to reach this injury prevention challenge, 
Van Mechelen et al. [14] described a four-steps 
methodological sequence of evidence-based 
injury prevention (Fig.  29.1): (1) determine the 
extent of the problem in terms of the incidence, 
severity, and characteristics of the sports injuries; 
(2) determine the risk factors (intrinsic and 
extrinsic) and injury mechanisms that play a role 
in the occurrence of sport injuries; (3) develop 
preventive measures that are likely to reduce the 
future risk and/or severity of injuries, based in 
particular on the knowledge acquired during the 
second step; and (4) evaluate the effectiveness of 
prevention measures especially developed in the 
third step.

In 2006, Finch [15] proposed a new sports 
injury research framework: the Translating 
Research into Injury Prevention Practice frame-
work (TRIPP). This model was based on the fact 
that only research that can, and will, be adopted 
by sports participants, their coaches and sporting 

P. Edouard (*) 
Inter-university Laboratory of Human Movement 
Science (LIBM EA 7424), University of Lyon, 
University Jean Monnet, Saint Etienne, France 

Department of Clinical and Exercise Physiology, 
Sports Medicine Unit, Faculty of Medicine, 
University Hospital of Saint-Etienne,  
Saint-Etienne, France

European Athletics Medical & Anti Doping 
Commission, European Athletics Association (EAA), 
Lausanne, Switzerland
e-mail: Pascal.Edouard@univ-st-etienne.fr

291

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

https://doi.org/10.1007/978-3-030-60216-1_29#DOI
mailto:Pascal.Edouard@univ-st-etienne.fr


314

bodies will reduce the occurrence of injuries. 
This means that studies on injury prevention 
should include information on key implementa-
tion factors (e.g., athletes’ recruitment, reasons 
for use/nonuse the implementation). Based on the 
four-step sequence from Van Mechelen et  al. 
[14], the TRIPP added two steps: (5) describe 
intervention context to inform implementation 
strategies; and (6) evaluate effectiveness of 
preventive measures in implementation context 
[15]. This proposed framework highlights that 
the use and thus the efficacy of an injury preven-
tion measure in real life needs that the injury pre-
vention measure should be developed by thinking 
and taking into account the acceptability, feasi-
bility, and implementability in real life. The con-
text of experimental research could be different 
than the context of the real life. There is thus a 
need to take into account the real life context and 
barriers from real life to develop injury preven-
tion measure than will be use in practice.

In agreement with this proposed framework 
[15], Bolling et al. [16] recently revisited the first 
step of the “sequence of prevention” of sports 
injuries from Van Mechelen et al. [14]. Given the 
complex nature of the sports injuries, they sug-
gested that the first step of the sequence should 
be improved by better understanding this com-
plex nature by a more global approach. They pro-
posed an alternative approach to explore and 
understand the context of the sports injuries at 
multiple levels, i.e., individual, sociocultural, and 

environmental [16]. Indeed, a better understand-
ing of the context of the injury problem will 
guide more context-sensitive studies [16], and 
thus can improve implementation and use of the 
injury prevention measures.

Given the complex nature of sports injuries, 
the sports injury prevention measures should be 
appropriated to this complex nature and to the 
context of the sports injury in order to be efficient 
[17]. A step-by-step approach allows simplifying 
this complex challenge. This step-by-step 
approach aimed to understand and describe all 
components of the sports injury in order to build, 
develop, or create measures, strategies, and/or 
programs that can reduce the occurrence of 
injuries.

For track and field injury prevention, the mag-
nitude of the injury problem was described in the 
chapter “The Burden and Epidemiology of Injury 
in Track and Field” of the present book, and there 
is now need to better understand the context of 
the track and field injuries as recommended by 
Bolling et al. [16]. For the second step, studies on 
track and field injuries reported that some factors 
seem to be associated with higher injury rates: a 
first episode of injury [4, 18–21], male sex [2–4, 
6], increased age [2, 3, 7], participation in certain 
disciplines [5–9], training load [4], or maladap-
tive coping practice of self-blame [22]. However, 
work in this area should continue through spe-
cific studies on populations of athletes, taking 
into account the differences between disciplines 

Fig. 29.1  The 
four-steps injury 
prevention sequence 
inspired from van 
Mechelen et al. [14]
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and the large variety of potential risk factors 
(intrinsic, extrinsic, physical, psychological, 
social…) [12, 13]. This information can help to 
propose some ideas for injury prevention in track 
and field described in the next paragraph, as well 
as the current knowledge on the steps three and 
four.

29.3	 �What Can we Do to Reduce 
the Risk of Injuries in Track 
and Field?

Unlike other sports [23–25], currently and to the 
best of my knowledge, there is no scientific pub-
lished evidence proven by randomized controlled 
trials or other high-quality studies on the efficacy 
of injury prevention measure, program or strat-
egy in track and field. This thus represents an 
important challenge and perspective for track and 
field injury prevention.

It is however to note that a 40-week prospec-
tive cohort study (level of evidence 2), was con-
ducted by Edouard et  al. [26], including 63 
inter-regional and national-level athletes. 
Athletes were asked to regularly perform an ath-
letics injury prevention program (AIPP) includ-
ing eight exercises addressing core stability, 
hamstring, leg and pelvic muscles strengthening 
and stretching, and balance exercises. These 
exercises have been chosen to target the most 
common athletics injuries [1–5, 7, 8, 12, 13, 27]: 
hamstring muscle injuries, Achilles and patellar 
tendinopathies, low back pain, ankle sprains, 
while being time-efficient and feasible. The pro-
gram was based on the literature on the epidemi-
ology of athletics injuries, injury risks factors, 
and current evidence-based injury prevention 
programs. Exercises used successfully for pri-
mary and/or secondary prevention were selected: 
eccentric strengthening to prevent hamstring 
injuries [28, 29], Achilles tendinopathies [30], 
and patellar tendinopathies [31]; strengthening 
and neuromuscular control to prevent ankle 
sprains [32]; and core stability to guard against 
low back pain [33]. The AIPP included eight 
exercises with levels of progression: core stabil-
ity (plank and side plank), postural control (one-

leg balance), pelvic strengthening (lunges and 
hip abductor strengthening), hamstring exercises 
(stretching and isometric, concentric and eccen-
tric strengthening), and lower leg exercises 
(stretching and eccentric strengthening). At 
12 weeks of follow-up, performing the AIPP was 
associated with a significant lower risk of par-
ticipation restriction injury complaint, with haz-
ard ratio of 0.29 (95% CI: 0.12–0.73). After 
40 weeks of follow-up, there was no significant 
association. These results are encouraging and 
are in favor of the use in practice of this pro-
gram. However, they should be taken with cau-
tion before promoting its use, given some 
limitations of the study (e.g., it is not a random-
ized controlled trial leading to selection bias, 
there was a small sample size, the choice in per-
forming the program or not can also influence 
the outcome) [26].

Therefore, a controlled randomized trial called 
PREVATHLE has been conducted during a 
40-week period in a population of track and field 
athletes aged from 16 to 40 years. It was reviewed 
and approved by the Committee for the Protection 
of Persons (CPP Ouest II—Angers, number: 
2017-A01980-53), and was registered at 
ClinicalTrials.gov (ClinicalTrials.gov Identifier: 
NCT03307434). It was aimed at including 880 
athletes randomly divided into two groups: one 
control group continuing its usual training and 
one intervention performing the AIPP at least two 
times a week in addition to its usual training. We 
expect that the results of this PREVATHLE con-
trolled randomized trial will help to define 
whether the AIPP is relevant to help reducing the 
occurrence of injuries in track and field.

According to these results, this athletics injury 
prevention program can be considered as a first 
step in the development of an exercise-based 
injury prevention program. One way of improve-
ment can be to individualize the program to the 
sex and the disciplines of athletes. Indeed, since 
injury characteristics varied according to sex and 
disciplines [8], it seems relevant to adapt the 
selection of exercises of the injury prevention 
program in order to target the main injuries incur-
ring for a discipline and by sex. For example, the 
main injuries in female long-distance runners 
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will be different than in male sprinters [8]. 
Consequently, it is logical to think that exercises 
included in an exercises-based program, which 
can help to reduce the occurrence of these inju-
ries, will be different. Thus, the next step when 
reflecting at an injury prevention program will be 
to adapt it to the discipline and sex. After that, 
another next step will be to individualize it to the 
individual characteristics of each athlete. This 
can be reached by individual screening of ath-
lete’s deficiencies [34], in order to develop 
exercises-based injury prevention program 
appropriate to discipline, sex, and individual 
characteristics.

In addition, the preventative approach should 
not only consider exercises aiming at improv-
ing strength, flexibility, neuromuscular control. 
The preventative approach should be global, 
multimodal, and multifactorial. Since there is 
no scientific published evidence proven by ran-
domized controlled trials or other high-quality 
studies on the efficacy of injury prevention 
measure, program or strategy in track and field, 
injury prevention measures could be proposed 
based on evidence-based approach combining 
evidences from other sports and expert experi-
ence in track and field. In this way, Edouard 
et al. [12, 13, 35] proposed, based on a nonex-
haustive review and brainstorming between the 
coauthors, some measures that may help for 
injury prevention:

	1.	 Physical conditioning of athletes for improve-
ment of sensorimotor control by, for instance 
stretching, muscular strengthening particu-
larly eccentric, proprioceptive, balance, 
increased resistance to fatigue.

	2.	 Technical movement and biomechanics 
improvements to avoid technopathies and/or 
technical mistakes that may result in injury.

	3.	 Sports equipment and rules (e.g., modification 
of rules to improve safety, changes in compe-
tition schedules according to weather condi-
tions, the circadian cycle).

	4.	 Lifestyle (e.g., improved recovery, sleep, and/
or nutrition).

	5.	 Psychological approach (e.g., mental prepara-
tion, mental imagery, psychological follow).

	6.	 Coordinated and consistent medical care of 
athletes (e.g., medical staff, early and correct 
care of injury, athletes’ health monitoring).

	7.	 Systematic and sustained approach by all 
stakeholders: the top management of national 
and international athletics federations should 
support injury prevention and safety promo-
tion initiatives.

Finally, as for the general injury and illness 
prevention at major athletics championships, the 
10 tips “PREVATHLES” proposed by Edouard 
et al. [36] could be relevant to help to reduce the 
occurrence of injuries in track and field:

	1.	 When there is a travel, it is important to antici-
pate and prepare it (e.g., medical checking, 
vaccine, time-zone, jet lag, culture, food 
habits).

	2.	 As stated above, it is relevant to respect ath-
lete characteristics and discipline specificity 
when developing injury prevention program 
or strategy (e.g., sex, endurance/explosive).

	3.	 Education of athletes and their entourages is 
important to make them actively participate in 
athlete’s health protection and athlete’s injury 
prevention; being vigilant of painful symp-
toms and subclinical illness markers.

	4.	 Prevent illness can limit new injuries, so 
avoiding infection risk by, for instance wash-
ing hands, safe food and drink, avoid contact 
with sick people, could be of help.

	5.	 Train appropriately and optimally (not too 
much and not too less), including for instance 
physical conditioning, technical training, load 
management, psychological preparation.

	6.	 Taking into account the health status (e.g., 
history of previous injuries, well-being in the 
month before championships) seems relevant 
to individualize injury prevention strategies.

	7.	 Improving lifestyle is relevant to reduce the 
risk of injuries, e.g., good sleep, regular 
hydration and nutrition with safe water/food, 
regular fruits and vegetables, improve recov-
ery strategies.

	8.	 It seems relevant to take into consideration the 
environmental conditions (e.g., heat, cold, air 
cleaning, changes or climatic conditions).
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	9.	 Finally, it is important to have a safety prac-
tice and lifestyle (e.g., equipment, rules, own-
practice in athletics and extra-sport 
activities).

29.4	 �Conclusions

Given the risk of injuries lead by the track and 
field practice, the prevention of injuries in track 
and field represents an important area for athletes 
and all stakeholders, such as coaches, health pro-
fessionals, family, sports scientists, managers, 
sponsors, as well as international and national 
govern bodies. Using a step-by-step approach 
that aims to understand and describe all compo-
nents of the sports injuries seems relevant to 
develop measures, strategies, and/or programs 
that can reduce the occurrence of injuries. Unlike 
other sports, currently and to our knowledge, 
there is no scientific published evidence proven 
by randomized controlled trials or other high-
quality studies on the efficacy of injury preven-
tion measure, program or strategy in track and 
field. Injury prevention approach should thus tar-
get the main injuries, taking into account the spe-
cific injury characteristics by disciplines and sex, 
and if possible, of each individual athlete’s char-
acteristic. In addition, the preventative approach 
should be global, multimodal, and multifactorial, 
including but not limited to, improvements of 
physical conditioning, technical movement and 
lifestyle, psychological approach, adaptation of 
sports equipment and rules, coordinated and con-
sistent medical care of athletes, and systematic 
and sustained approach by all stakeholders to 
support and promote injury prevention and safety 
practice.
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Management of Track and Field 
Injuries: Insights into Energy 
Availability in Athletes

Tom G. H. Wiggers, John IJzerman, 
and Petra Groenenboom

30.1	 �Introduction

Elite athletes and trainers are constantly looking 
for the optimal amount of training. Aiming to 
optimize performance, there is a delicate balance 
between executing a high training load and 
simultaneously not exceeding the athlete’s physi-
cal capabilities. Continuity in training is key in 
long-term athlete development, so it is of utmost 
importance to avoid long interruptions of train-

ing. To secure continuity of training and optimal 
training adaptation, adequate energy intake by 
the athlete is key. Athletes performing high train-
ing loads not matching this energy expenditure 
with sufficient energy intake are prone to have 
low energy availability. Low energy availability 
is a systemic problem which affects many aspects 
of physiological function and consequently the 
athlete’s health and sports performance.

Effects of insufficient energy availability in 
elite athletes are first recognized in female ath-
letes. This phenomenon is called the Female 
Athlete Triad (FAT) and consists of disordered 
eating, amenorrhea, and osteoporosis [1]. We dis-
cuss the interconnection of these three triad com-
ponents later. The FAT has been extensively 
studied in the 80s and 90s of the last century. 
Especially in athletes with a high energy flux 
(middle-long distance runners) and/or low body 
weight advantage (e.g., high jumpers), health 
issues and underperformance are frequently 
caused by low energy availability. This complex 
phenomenon, which incorporates the FAT, has 
recently been described in scientific literature as 
the model of Relative Energy Deficiency in Sport 
(RED-S) [2–4].

Trainers, physiotherapists, physicians, and 
others working with (elite) athletes must be 
familiar with the concepts of FAT and RED-S, 
because it is important to emphasize that together 
we have the responsibility to protect the health of 
the athlete. Moreover, prevention, early 
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recognition, and treatment of this problem have a 
direct effect on sports performance because good 
health is a prerequisite for elite performance. The 
aim of the present chapter is to provide an over-
view of the underlying principles of energy avail-
ability and discuss the clinical approach in 
prevention and treatment of this condition.

30.2	 �Low Energy Availability 
in Sports

The International Olympic Committee (IOC) 
expert working group defined the syndrome of 
RED-S as follows [2]:

The syndrome of RED-S refers to impaired physi-
ological function including, but not limited to, 

metabolic rate, menstrual function, bone health, 
immunity, protein synthesis, cardiovascular health 
caused by relative energy deficiency.

The key problem of FAT and RED-S is low 
energy availability. This is characterized by a 
mismatch between the athlete’s energy intake 
(diet) and the energy expended in exercise. 
Low energy availability for a prolonged time 
results in down-regulation of physiological 
systems that are essential for growth, develop-
ment, and health in order to fulfill the physical 
demands of the training [1–3]. It is important 
to realize that low energy availability can be 
present with normal energy balance because of 
the energy shift between biological systems 
[5]. Energy availability is calculated by the fol-
lowing formula [2, 3]:

	energy availability energy intake energy cost of exercise = - rrelative to fat free mass 	

30.2.1	 �Energy Intake

Energy intake (in kcal/day) is best estimated by 
food records, preferably for 4–7 days [6, 7]. The 
expertise of a (sports) dietician is useful in mak-
ing the most accurate estimation of energy intake.

30.2.2	 �Exercise Energy Expenditure

Exercise energy expenditure (kcal/day) is best 
estimated via training diaries, including exact 
mode, duration, and intensity of the training; 
preferably including data as heart rate or running 
pace [6, 7]. Exercise energy expenditure is 
expressed relative to fat-free mass (FFM) repre-
senting the most metabolically active tissues [3].

30.2.3	 �Interpretation

Energy availability is categorized as low, moder-
ate or optimal [3, 6].

•	 Low energy availability: <30  kcal/kg FFM/
day.

•	 Moderate energy availability: 30–45  kcal/kg 
FFM/day.

•	 Optimal energy availability: >45  kcal/kg 
FFM/day.

It should be stated that these values suggest a 
specific threshold of energy availability below 
which problems arise; however, this is not always 
the case. Rather, the concept can be considered as 
a continuum with a linear increase of negative 
health consequences as the energy availability 
decreases [8, 9].

In discussing the components of low energy 
availability, we adopt the structure of the 
updated 2018 IOC consensus statement on 
RED-S distinguishing health aspects and per-
formance consequences [3, 10]. We start by 
reviewing the classical FAT which is still 
regarded as the fundament of the concept of 
low energy availability. After that, we discuss 
the development from FAT as a triad to a con-
tinuum and to the more comprehensive con-
cept of RED-S. Finally, we outline strategies 
for prevention, early recognition, and man-
agement of low energy availability in 
athletes.

T. G. H. Wiggers et al.

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121



321

30.3	 �Health Aspects of Low 
Energy Availability–Female 
Athlete Triad

The relation between disordered eating, low body 
fat, menstrual irregularities, and bone health in 
elite and collegiate female athletes had already 
been recognized before the term Female Athlete 
Triad was introduced in 1992 [8, 11, 12]. We start 
reviewing the three components of the classical 
FAT, namely disordered eating, amenorrhea, and 
osteoporosis.

30.3.1	 �Disordered Eating

Disordered eating is a key component of the 
FAT.  The prevalence of eating disorders like 
anorexia nervosa and bulimia nervosa is higher in 
athletes than in nonathletes, especially in sports 
emphasizing low body weight and esthetic sports 
[1]. In a Norwegian study, prevalence of subclini-
cal or clinical eating disorders was 13.5% in elite 
athletes and 4.6% in the general population 
(p < 0.001) [13]. More prevalent than clinical eat-
ing disorders are athletes with disordered eating 
patterns, characterized by deliberate attempts to 
lose weight, the elimination of specific foods 
from their diet or obsessive attention to their diet 
[1]. Disordered eating as a component of the FAT 
was substituted by low energy availability with or 
without an eating disorder in updated definitions 
[14, 15]. This shows that low energy availability 
can occur in an unintentional manner when 
increased training load is not matched with 
increased energy intake. Mismatch between 
intake and expenditure is essential, because 
insufficient energy intake in relation to the train-
ing load results in low body fat mass, thereby 
starting the cascade leading to the clinical syn-
drome of the FAT.

30.3.2	 �Amenorrhea

Amenorrhea is the second component of the 
FAT.  Prevalence of menstrual irregularities is 
higher in athletes than in nonathletes [1]. 
Prevalence rates vary depending on the definition 

of menstrual irregularities and type of sport. 
However, prevalence rates have been reported to 
occur between 7% and 37% [9]. The highest 
prevalence has been consistently found in danc-
ers and runners [1]. Menstrual irregularities can 
be classified as oligomenorrhea, primary amen-
orrhea, and secondary amenorrhea [14, 16]. The 
menstrual cycle is directly influenced by release 
of gonadotropin-releasing hormone (GnRH) by 
the hypothalamus which consequently stimulates 
the pituitary gland to release luteinizing hormone 
(LH) and follicle stimulating hormone (FSH) [1, 
3]. Low energy availability leads to lower pulsa-
tility of GnRH and LH and directly affects the 
ovaries as their main target organ [7, 8]. This 
results in lower levels of circulating estrogen and 
progesterone and consequently menstrual irregu-
larities or postponement of menarche occurs [1, 
3]. Therefore, low energy availability is an impor-
tant etiological factor in menstrual irregularities. 
Female athletes losing their periods or not pre-
senting to have the menarche at the age of 16 can 
be considered alarming signals.

30.3.3	 �Osteoporosis

The third component of the FAT is osteoporosis. 
Osteoporosis is defined by a bone mineral density 
(BMD) equal to or more than 2.5 standard devia-
tions below the BMD of young adults. Bone is an 
active tissue, constantly being turned over by 
activity of bone forming osteoblasts and bone 
resorbing osteoclasts (“bone remodeling”) [17]. 
The net result of this process is dependent on the 
amount of physical activity (axial load), dietary 
intake, and hormonal levels [18, 19]. Estrogens 
are one of these hormones and low estrogen levels 
caused by amenorrhea have direct consequences 
for bone health. Estrogens have an inhibitory 
effect on number and activity of osteoclasts which 
pushes the bone remodeling in favor of bone for-
mation [1, 8, 17]. Low level of estrogens pushes 
this balance the other way and increases the risk 
of stress fractures and osteoporosis [1, 12]. 
Athletes normally have a higher BMD than non-
athletes thereby resulting in significant lower 
fracture risk at older age [19]. However, late men-
arche and secondary amenorrhea resulting from 
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low energy intake and/or excessive exercise are 
associated with low BMD [17, 18]. In a study of 
female collegiate distance runners, athletes with a 
history of amenorrhea were found to have a statis-
tically significant higher lifetime stress fracture 
risk than female distance athletes with history of 
regular periods (32% vs. 6%) [16]. In general, risk 
of stress fractures is 2–4 times higher for amenor-
rheic athletes than regularly menstruating athletes 
[12, 16, 19]. Moreover, BMD of athletes with 
amenorrhea or oligomenorrhea was similar for 
nonathletes, suggesting that these athletes do not 
take advantage of the bone forming effect of 
physical exercise [2, 16]. This is critical, as ado-
lescence and early adulthood are essential periods 
for building peak bone mass [20]. A lower peak 
bone mass at age 25 is associated with higher risk 
(about 50% higher relative risk) of osteoporosis 
and accompanying fractures at older age [20].

30.4	 �Further Development 
of the FAT

Introduced in 1992 as a classical triad, the FAT 
was updated to a continuum in 2007 [14]. This 
continuum starts in an optimal situation in all 
three components and gradually develops 

through a subclinical phase to a situation in 
which one or more components of the FAT are 
present (Fig.  30.1) [14, 15]. Key is to detect 
athletes who deteriorate from the optimal situ-
ation before they develop the full clinical syn-
drome of the FAT. Despite the development of 
the FAT to a continuum, about 20 years after 
the introduction, this clinical syndrome was 
regarded as to narrow [2, 3]. One major factor 
was that similar problems were recognized in 
men. Men are, by definition, not included in 
the FAT [2, 3]. This is why in 2014 a more 
comprehensive concept called the syndrome 
of Relative Energy Deficiency in Sport (RED-
S) was introduced [2]. However, this introduc-
tion was criticized because there was 
insufficient evidence that all the items of the 
RED-S model are in a direct relationship with 
energy deficiency [8, 15]. Another point of 
criticism was that the new concept would min-
imize the importance of the FAT while women 
experience the most severe medical conse-
quences. The key component of both concepts 
however, is low energy availability. The FAT 
consists of three aspects of the spectrum, 
while the RED-S model focuses on all physi-
ological systems that can be hampered by a 
shortage of energy.

Optimal situation Female Athlete Triad

Optimal energy availability

Reduced energy
availability with or

without
disorder eating

Low bone mineral
density

Subclinical menstrual
disorders

Low energy availability with or
withouy an eating disorder

Optimal bone health Osteoporosis

Eumenorrhea
Functional hypothalamic

amenorrhea

Fig. 30.1  Female Athlete Triad as a continuum. Adapted from Nattiv et al. [14]
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30.5	 �Health Consequences of Low 
Energy Availability–
Specifically in Men

The three key components of the FAT have been 
touched upon in the beginning of this chapter. 
Due to the fact that these are only applicable to 
women, we will now shortly discuss the effect of 
low energy availability on reproductive function, 
bone health, and eating disorders in men.

Male athletes with low energy availability 
have lower testosterone concentration and conse-
quently lower libido [5, 6]. Same as in women, 
the responsible mechanism is probably the lower 
LH pulsatility, which is found in trained mara-
thon runners (running 125–200 km/week) [21].

Low energy availability has unfavorable con-
sequences on bone in male as well and is known 
to be a major risk factor in the development of 
stress fractures [3, 5]. Testosterone stimulates the 
activity of bone forming osteoblasts and this is 
why hypogonadal men experience rapid bone 
loss [8, 17]. In a study with elite male distance 
athletes, those with low testosterone were found 
to have significantly more career stress fractures 
in comparison to athletes with normal testoster-
one [6].

Eating disorders are less prevalent in male ath-
letes compared to women. In a cohort of elite 
adolescent Norwegian athletes, prevalence of 
eating disorders was 14.0% and 3.2% (p < 0.001) 
for female and male athletes, respectively [22].

30.6	 �Health Consequences of Low 
Energy Availability–specific 
Components 
of the Syndrome of RED-S

Health consequences of low energy availability 
for almost all physiological systems are described 
in the syndrome of RED-S [2, 3]. We highlight 
some key points on the hematological system, 
cardiovascular system, and the immunological 
system.

Hematological system. Low nutritional intake 
makes the athlete prone for deficiencies in mac-
ronutrients and micronutrients, such as iron. Iron 

is essential for erythrocytes and in muscle con-
traction. Iron deficiency with or without anemia 
is frequent in athletes [5, 23]. Suboptimal hemo-
globin concentrations can be improved by sup-
plementation but certainly also by increasing 
overall energy intake.

Cardiovascular system. Secondary to a 
hypoestrogenic state, unfavorable changes in 
lipid profile (higher total cholesterol and higher 
LDL cholesterol) and endothelial function are 
reported [3, 24]. However, the exact clinical 
implications of these potentially negative cardio-
vascular effects are unknown [24].

Immunological system. Athletes in prolonged 
periods of low energy availability are at 
increased risk of illness and infections [25]. 
Additionally, athletes during periods of heavy 
training already have an increased susceptibility 
for infections, especially upper respiratory tract 
infections [5, 26].

30.7	 �Performance Consequences 
of Low Energy Availability

Inadequate energy availability for a prolonged 
time has detrimental effects on sport perfor-
mance and occurs in athletes in all kind of 
sports [27, 28]. One of the important effects of 
low energy availability is a loss in lean mass 
due to reduced protein balance under influence 
of a lower anabolic environment. Reduced total 
muscle mass leads to reduced muscle force, sta-
bility, and neuromuscular control thereby 
increasing the risk of exercise-related injuries 
[29]. Muscle power is related to better running 
economy by improvement of coordination, tim-
ing, and trunk kinematics [30]. Therefore, loss 
of muscle mass and strength due to low energy 
availability may also hamper running perfor-
mance. Another mechanism that reduces endur-
ance capacity of athletes in low energy 
availability is a decrease in intramuscular and 
hepatic glycogen storage capacity [25]. This is 
mediated among others by low estrogen levels 
and the anorectic effect of chronic inflamma-
tion by cytokines which act on the hypothala-
mus and decrease hunger [31]. Low energy 
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availability works on brain function as well, 
resulting in impaired judgement and decreased 
concentration [25].

30.8	 �Prevention and Early 
Recognition of Low Energy 
Availability

Knowing the components of energy availability 
in athletes, we continue with discussing practical 
aspects of this concept. In the prevention and rec-
ognition of low energy availability, the sports 
medicine physician has a major role. In the begin-
ning, low energy availability presents with small 
decreases in athletes capacities. One can think of 
minor injuries, infections, sleep disturbances, 
irritability, and unexplained underperformance. 
This can occur when there are still normal weight, 
no change in menstruation or changes in eating 
pattern. Nonvoluntary energy deficit can also 
occur because there is no strong biological drive 
to match energy intake to activity-induced energy 
expenditure [7]. Whereas food deprivation 
increases hunger, the same energy deficit pro-
duced by exercise training does not [32]. 
Inadvertent energy deficit occurs in particular 
with a low fat, high carbohydrate diet, which is 
common in endurance athletes [7]. Complicating 
factor is, however the fact that lower body weight 
can have performance enhancing effects in short 
term. On the other side, increasing energy intake 
will not always lead to a decrease in performance, 
in contrast to what athletes often think.

One of the key elements in prevention is creat-
ing awareness, communication, and organization. 
Athletes at risk have to be detected and included 
in a well-organized health surveillance program 
(periodic sports medical examinations; discussed 
below). The collection of longitudinal data on 
personalized health and performance tests is of 
vital importance in monitoring athletes [33]. 
Ideally, data collection starts when the athletes 
enter the performance program. Benefits of mon-
itoring the athlete are understanding of training 
response and explaining changes in performance. 
Based on that analysis, modifications in training 
and competition program can be addressed [34].

Prevention of eating disorders in athletes in 
weight-dependent sports can be associated with a 
number of complicating factors. First, athletes 
know the performance-enhancing effect of a 
lower body weight to a certain level; however, the 
athlete cannot judge the optimal balance. 
Secondly, young athletes regard world-class ath-
letes at major competitions as role models with-
out realizing how these athletes may look like 
off-season and when they were junior athletes. 
Their present appearance is the result of years of 
training and of accurate periodization of their 
body weight and fat percentage throughout the 
year [5]. An intervention program aiming for pre-
vention of disordered eating and eating disorders 
in elite high school athletes found promising 
results [35]. Primary focus of this program was 
enhancing self-esteem of the athletes by teaching 
mental training techniques on motivation and 
goal setting [35].

30.8.1	 �Monitoring Tools

The periodic sports medical examination includes 
several components and can be individualized 
based on athlete characteristics, sporting event, 
and medical background.

The examination starts with an evaluation of 
the previous months and discussing the actual 
situation of the athlete. The athlete should be 
encouraged to come forward with his/her own 
questions. Questionnaires as the POMS (Profile 
of Moods States) can help to reveal important 
issues to discuss. It is important to talk about the 
athlete’s beliefs about body weight, weight loss, 
diet, and performance. Changes in the athlete’s 
ideas about his/her diet and/or preferable weight 
for competition can be a first signal in developing 
a disordered eating pattern. In screening for eat-
ing disorders and disordered eating patterns, 
there are several questionnaires available (e.g., 
Brief Eating Disorder in Athletes Questionnaire 
(BEDA-Q) and Eating Disorder Screen for 
Primary Care (ESP)) [3, 25]. Discussing men-
strual cycle in female athletes and libido in male 
athletes is essential. It should be mentioned that 
menstrual status can be masked by use of oral 
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contraceptives. Therefore, other markers must be 
used to evaluate energy availability [6].

In physical examination, it is vital to define 
the athlete’s somatotype, body weight, and body 
composition (body fat and fat-free mass).

Periodic blood tests can provide evidence for 
low energy availability and underlying problems. 
This includes red and white blood cell count, 
thrombocytes, kidney function (creatinine, urea), 
thyroid function (TSH, triiodothyronine (T3) and 
thyroxine (T4)), liver enzymes, iron status (ferri-
tin, transferrin), vitamins (folic acid, B12, and 
D), cholesterol, insulin growth factor-1 (IGF-1), 
and hormones (cortisol, testosterone, estrogen, 
progesterone). Preferably, a couple of parameters 
which are essential in monitoring the particular 
athlete are defined instead of always ordering the 
same (complete) package of blood tests. 
Measurement of ketone bodies in urine as a 
marker for carbohydrate availability may addi-
tionally be considered.

After this, an (as accurately as possible) esti-
mation of energy availability has to be made by 
determination of energy intake and exercise 
energy expenditure. Several questionnaires can 
be helpful in the determination of energy avail-
ability, e.g., LEAF-Q (Low Energy Availability 
in Females Questionnaire).

Cardiopulmonary exercise testing as a moni-
toring tool can be used in cases of (possible) 
overtraining syndrome.

30.9	 �Management of Low Energy 
Availability in Sports 
Medical Practice

Early signs of low energy availability can be 
detected when accurately monitoring the athlete. 
In the management of this condition, key is to 
make changes in both components of the energy 
availability balance. This entails reducing exer-
cise energy expenditure by reducing training load 
and on the other side increasing energy intake. 
The extent of these interventions must be deter-
mined individually, dependent on the severity of 

the situation. Especially athletes who are not 
monitored periodically can present with severe 
symptoms and must be managed aggressively.

The sports medicine physician can be consid-
ered the case manager in management of low 
energy availability. He/she can define the extent 
of the current problem(s) and has to decide 
which other health care providers are necessary 
to include in the management, such as a (sports) 
dietician, a psychologist and/or a psychiatrist. 
Relatively “simple” cases of disordered eating 
can be managed by the sports medicine physi-
cian, sports dietician, and sports psychologist. 
Athletes with clinical eating disorders or resis-
tant patterns of disorder eating have to be 
referred to specialized psychiatric centers. In 
suspicion of serious medical conditions or 
organic problems, the athlete can be referred to a 
pediatrician, internal medicine specialist or 
gynecologist. Furthermore, it is of utmost impor-
tance to explain to the athlete what exactly the 
problem is and make her/him aware of the seri-
ousness and possible consequences of this con-
dition. This can be a difficult process and can 
take some time to get full understanding and 
cooperation of the athlete. In this process, the 
role of the coach should not be overlooked. Take 
time to educate the coach about energy availabil-
ity and find out his/her beliefs about weight, 
health, and sports performance. Several psycho-
social factors were found to be helpful in female 
collegiate athletes recovering from an eating dis-
order: support from others (friends and profes-
sionals), the desire to be healthy to participate in 
sport, and change in values/beliefs about their 
body, diet, and sport [36].

The sports medicine physician makes the defi-
nite treatment plan, using a shared decision-
making model. This treatment plan must contain 
clear guidelines about training and diet, monitor-
ing tools, and evaluation moments. Usually, mon-
itoring tools are a selection of the tools discussed 
before and depend on the athlete and available 
resources. The RED-S clinical assessment tool 
can be useful as a guide in return to play deci-
sions [37].
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30.10	 �Final Remarks

This present chapter gives an overview of low 
energy availability in sports and their concepts of 
the Female Athlete Triad and the syndrome of 
Relative Energy Deficiency in Sport. Low energy 
availability is a key concept in the athlete’s health 
and has a wide range of health and performance 
consequences. It is of paramount importance that 
everyone involved in the team around the athlete 
is familiar with this concept and that the involved 
team is aware of the key principles in prevention, 
recognition, and management of the condition.
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The Aging Athlete: Influence 
of Age on Injury Risk 
and Rehabilitation

Thaisa Lazari Gomes, Larissa Oliveira Viana, 
Daniel Miranda Ferreira, Mauro Mitsuo Inada, 
Gerson Muraro Laurito, and Sergio Rocha Piedade

31.1	 �Introduction

In the last 50 years, life expectancy of the world 
population has risen by 20 years, and the number 
of elderly has increased dramatically. As a conse-
quence, many countries have changed the base of 
their social pyramid. With this new global sce-
nario, the literature has moved its focus to a com-
prehensive approach to the aging process due to 
the new social demands related to older people [1].

Along time, the human body suffers from a 
gradual process of deterioration, manifested by 
biomechanical and physiological changes that 
impact the biological and metabolic systems neg-
atively. Regarding the cardiovascular system, the 
aging process causes an increase in heart size as 
the myocardium becomes thicker and more rigid 
with bigger cardiac chambers. In addition, there 
is less vasodilation in response to beta-adrenergic 
stimuli, contributing to an increase in afterload 
and a decrease in the cardiac response to physical 
exertion [2, 3].

Moreover, at rest, there may be a slight 
decrease in heart rate, which demanding addi-
tional efforts and resulting in lower heart ability 
to increase heart rate and cardiac output, and in a 
reduction in the induced ejection fraction by 
exercise demand [2].

Furthermore, the literature has pointed out 
that the aging process promotes a progressive 
loss of tendon and muscle elasticity, and a 
decrease in the size and number of muscle fibers 
that will be manifested by lower muscle strength, 
reflecting the reduction in lean mass, muscle 
power, and strength. Additionally, due to joint 
stiffness, biomechanical changes may result in 
gait imbalance that affects walking and running, 
favoring the occurrence of injuries [4–6].

The literature has explored the biological pro-
cess of aging in athletes’ performance and how 
sports practice and regular physical activity 
impact their quality of life [7–9].

Every single athlete faces the same process in 
their career: They go through recruitment and 
selection processes, physical adaptation to their 
sports modality, long periods of training, compe-
titions, impairment of social and family relation-
ships, and socialization in the sports environment 
to reach the highest level they can. All of this 
enhances the interface between musculoskeletal 
units and neuromotor control, playing a vital role 
in the achievement of optimal outcomes in their 
sports career. Athletes’ performance is guided by 
their level of physical conditioning, specific 
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training program to sports modality, adequate 
nutrition and hydration, and psychological bal-
ance. The sports career comprises several phases 
from the beginning to the high performance until 
the ending of the competitive career. In this chap-
ter, we will focus on physiological aging of the 
musculoskeletal system, the role of physical 
exercise and sports activity on aging, patterns 
of performance decline in master athletes, 
psychological and social aspects, injuries in 
track and field athletes, previous injuries, nov-
ice athletes, and rehabilitation of sports 
injuries.

31.2	 �Physiological Aging 
of the Musculoskeletal 
System

The rise of life expectancy is not a guarantee of 
comparable quality of life due to the inexorable 
process of aging. Along time, aging follows a 
progressive and natural biological decline that 
causes biomechanical changes in the musculo-
skeletal system: bone, muscle, and tendon.

Healthy bones are essential for general health, 
functioning as a reservoir of minerals, and vital 
for specific physiological functions such as 
hematopoiesis and regulation of endocrine 
organs. Mechanical stress has a positive effect on 
strengthening of bone structure, but there are bio-
logical and physiological limitations. The body 
mass density (BMD) changes throughout life, 
and its peak occurs from 20 to 30 years old and 
decreases about 1% per year. Around the age of 
80, a person will have lost about 40% of the origi-
nal BMD.  When the original BMD losses are 
higher than 25%, a scenario for spontaneous frac-
tures from minimal or no trauma may occur [9].

Besides bone loss, there are clinical condi-
tions that may potentialize the harmful effect of 
the aging processes such as genetic predisposi-
tion, use of steroids, lack of dietary calcium, vita-
min D deficiency, systemic diseases, diseases 
that cause malabsorption, kidney disease, admin-
istration of heparin or oral anticoagulants, hyper-
parathyroidism, hyperthyroidism, diabetes 
mellitus, excessive use of alcoholic beverages, 

and prolonged immobilization, especially when 
body mass index (BMI) is less than 20  kg/m2 
[10]. Also, in cases of athletes using anabolic ste-
roids to improve their sports performance, a 
“deliberate” weight control, requiring dietary 
restrictions and conditioning and resistance exer-
cises, affects the metabolism and bone quality 
and, consequently, its ability to withstand the 
load. And of course, this harmful effect may be 
potentialized by the aging process.

Moreover, osteoarthritis is a common prob-
lem related to aged athletes. In the early stages, 
the aged athletes with osteoarthritis in the hip or 
knee with little symptomatic may be benefited by 
an exercise program that includes stretching, 
strengthening, flexibility, and stability exercises 
or aquatic exercises, with reduced load in the 
affected region [11].

In recent years, the participation of elderly 
athletes trained in endurance races, such as 5 km, 
10  km, half-marathons, and marathons, has 
increased significantly, with a decrease in run-
ning times, suggesting that runners probably 
have not yet reached their performance limits of 
the races [12–15].

Intense and long-lasting resistance exercises, 
such as the half-marathon and the marathon in 
the elderly, result in high cardiovascular tension 
and also musculoskeletal overloads, with both 
beneficial and harmful clinical repercussions, 
which have been little studied in this age group 
[16, 17].

The elderly marathoners are at the opposite 
end of the spectrum of health and functional eval-
uation compared to the frail and sedentary 
elderly. These older athletes are endowed with 
substantial physical capacity, long-term health, 
high motivation and psychosocial perspective, 
fighting dogma, and negative stereotypes of being 
elderly and aging [12–15].

Another harmful effect of the physiological 
aging is sarcopenia, which pathophysiology 
comprises metabolic, endocrine, and nutritional 
factors that, together with cellular aging, lead to 
muscle mass loss. The reduction in anabolic hor-
monal secretion (growth hormone, testosterone, 
and insulin-like growth factor) and low degrada-
tion of pro-inflammatory cytokines potentialize 
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the catabolic action and, consequently, muscle 
loss [18, 19].

Moreover, the protein absorption and synthe-
sis decrease in muscle cells, causing a progres-
sive fat deposition and lower muscle mass volume 
per body mass, increasing the harmful effects of 
obesity in the population called “sarcopenic obe-
sity” [10, 19].

31.3	 �The Role of Physical Exercise 
and Sports Activity on Aging

The benefits of being physically active and prac-
ticing sports along lifespan are well-established 
in the literature and strengthen the concept that 
these activities should be integrated into the arse-
nal of medical treatment [20, 21].

Regular physical exercise and sports practice 
are health promoters as they boost overall psy-
chological health and well-being, and are clini-
cally related to a decreased risk of clinical 
depression and anxiety, cardiovascular and meta-
bolic risk, and muscle aging delay among active 
athletes [22, 23].

Chodzko-Zajko et  al. [24] have found sig-
nificant associations of exercise and sports 
practice with a reduced coronary risk profile, 
less cardiovascular and metabolic stress during 
exercise, relative preservation of muscle mass 
in the limbs and bone mineral density, less 
total and abdominal body fat, an improved 

capacity to transport and use oxygen (conse-
quently less muscle fatigue), and slower devel-
opment of established disability in old age 
(Fig. 31.1).

The literature has confirmed a tendency of less 
pronounced physiological aging changes in phys-
ically active individuals; however, the needed 
volume, intensity, and frequency of physical and 
sports activity to interfere in these previous mark-
ers remain unclear.

Although physical exercises do not seem to 
have any influence on the size of type I and type 
II skeletal fiber, they may carry out adaptations. 
These can improve the contractile function, type 
I fiber power, and preserve the power of the fast-
twitch type II fibers, increasing the muscle con-
tractile speed.

Therefore, the plasticity of skeletal fibers, at 
the myocellular level, resulting from continuous 
physical stimulation throughout life, seems to be 
able to partially compensate for the biological 
muscle aging in the group of athletes [25].

The type of physical exercise practiced during 
life seems to influence the preservation of mass 
capacity in advanced age. Elderly athletes, who 
trained strength during life, demonstrated a 
higher muscle mass and 30–50% more strength 
than sedentary elderly. They also showed more 
muscle mass and more preserved bone mineral 
density when compared to elderly practitioners 
of aerobic activities such as running and swim-
ming [26].

Fig. 31.1  Advantages 
of continuous exercise in 
the aging process 
(comparing masters 
athletes with their 
sedentary peers). Data 
based on literary review 
by Chodzko-Zajko et al. 
[24]
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However, when compared to younger athletes, 
veteran athletes have a reduction in exercise toler-
ance, an increased risk of heat and cold illnesses, 
and a change in the perception of thirst [27]. A 
decrease in maximum cardiac output is also 
expected with age, and as a result, there is a reduc-
tion in maximum oxygen consumption (O2 max) 
in the order of 0.4–0.5  ml/kg/min/year (1% per 
year in adults). Lower heart rate associated with 
changes in oxygen consumption in the elderly can 
result in a less favorable demand for oxygen to the 
myocardium. Thus, being more alert to the warm-
up period is vital to better prepare the athlete for 
the demands that the exercise will require [28].

31.4	 �Patterns of Performance 
Decline in Master Athletes

Studies state that an individual can maintain his 
maximum resistance performance until approxi-
mately 30–35  years of age [9, 29, 30], when 
physiological transformations inherent to aging 
become predominant (better explained in the pre-
vious topics of this chapter).

Goodpaster et  al. [31] investigated strength 
and muscle mass in 3075 healthy, nonathletes 
elderly for 3 years. Despite noticing a decline in 
strength and muscle mass over the years, the 
study observed that the loss of muscle mass was 
more significant than the loss of strength, sug-
gesting some components in addition to the 
amount of muscle mass, such as the quality of 
these fibers and other extrinsic factors [31].

There are several cited determiners to justify a 
reduction in performance. One of the biggest 
influencers in this drop is the reduction in maxi-
mum oxygen consumption with aging, together 
with the reduction in maximum aerobic capacity, 
resulting in the decreased endurance capacity 
[32, 33]. Master athletes in regular training might 
have these falls possibly lessened [34, 35].

31.4.1	 �Age and Modality

Reviewing the literature, Siparsky et  al. [18] 
found an average decline in strength estimated at 

10–15% per decade until the age of 70, and accel-
erating to 25–40% after age 70 [18]. Ganse et al. 
[36] studied athletes practicing track and field in 
Germany, during the years 2001–2014, finding 
an association in the decrease in the athletes’ 
overall performance with advancing age, but 
varying according to the modality practiced 
within the track and field.

Admitting that each activity differs concern-
ing power, speed, endurance, coordination, and 
others, the decline patterns can vary between run-
ners and field athletes. A greater decline in per-
formance is observed in medium- and 
long-distance runners when compared to jump-
ing and throwing athletes [36]. Similarly, other 
studies compared performance in strength modal-
ities (throwing, jumping) and aerobic modalities 
(swimmers, marathoners), showing a greater 
decrease in the performance of aerobic modali-
ties over the years [30, 37, 38]. A possible expla-
nation proposed for the performance difference 
in these groups is the greater preservation of 
muscle mass and bone mineral density noticed in 
athletes who practiced strength activity for most 
of their life [26, 28]. However, these data are not 
consistent in the literature, and, in some studied 
populations, the performance did not differ 
according to the modality [36]. Future studies on 
the current topic are, therefore, required.

31.4.2	 �Peak Performance Age

The age of the peak performance can be esti-
mated by modalities (as taken from Ganse et al. 
[36] and illustrated in Table 31.1). However, they 
are approximate measures, especially consider-
ing that the peak performance in athletes is influ-
enced by many biopsychosocial variables, as 
pointed out in this topic [29, 34].

31.4.2.1	 �Runners
Once again, we highlight some particularities 
observed in a wide group of runners. Knechtle 
et  al. 2009 [39] collected data that positively 
associate personal experience and older age as 
predictors for better performance, specifically for 
marathon and ultra-marathon runners, a modality 
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that demands longer preparation. Therefore, it is 
estimated that the age of the best performance is 
between 39 and 41 years (older than the age pre-
sented in the other modalities).

Furthermore, it is possible to observe that 
older runners have a different pace than younger 
runners, though they present similar running 
times. Older athletes maintain a more constant 
pace, with no major oscillations during the race. 
Additionally, athletes in older age groups have a 
relatively more uniform pace compared to ath-
letes in younger age groups [40, 41].

The predominance of injuries associated with 
physical training can also contribute to variations in 
the performance of these athletes [29, 42]. The 
interruption of aerobic training leads to a rapid loss 
of cardiovascular fitness, similarly for all ages [43].

31.4.3	 �Psychological and Social 
Aspects

The alterations in the training rhythm can be a 
contributing factor to the performance decrease 
with aging, even in master athletes. Numerous 
factors can affect these modifications: (1) time 
available for training; (2) support from clubs, 
family members, and sports organizations; and 
(3) changes in motivation for physical training 
concerning the intensity, duration, and weekly 
frequency [35, 44, 45].

31.5	 �Injuries in Track and Field 
Athletes

The epidemiological and traumatological under-
standing is crucial for the prevention of sports 
injuries [46]. The variety of activities involved in 
the track and field and the large number of par-
ticipants partially hinder an adequate and unani-
mous analysis in the literature [47].

The risk of injury and the most affected site of 
the body seem to vary with each discipline in 
track and field. Additionally, several contributing 
factors were identified as the responsible ones for 
facilitating injuries in competitors beyond age, as 
gender, personal history, modality, and others [9, 
42, 48].

31.5.1	 �Age and Gender

In various stages of the physical aging process, 
the forces transmitted to the athlete’s body differ 
in terms of their intensity and their influence in 
the body. There is conflicting evidence about 
whether older age is a risk factor for injuries in 
track and field athletes [46].

A systematic review analyzed six high-quality 
studies, and in four of them, older age was 
reported as a significant risk factor for the occur-
rence of running injuries. However, this relation-
ship in the other two studies did not prove to be 
statistically significant [48].

A significant association between genders was 
observed for hamstring tension in an athletic 
championship, with a greater predominance of it 
in men rather than in women. However, further 
work needs to be done on the interference of gen-
der and age in the prevalence of sports injuries 
[42].

31.5.2	 �Championship

Almost 10–14% of all track and field athletes 
incurred an injury during international competi-
tions (mainly in the finals), and half of these were 
expected to be temporarily unfitting for sport [49, 
50]. The risk of injury is about four times greater 

Table 31.1  Peak age of performance according to gen-
der in track and field modalities

Peak of age performance
Gender Female Male
100 m 22.86 18.78
200 m 22.83 19.53
400 m 27.15 23.91
8000 m 23.63 22.39
1500 m 26.06 22.43
5000 m 23.41 23.75
Shot put 18.61 15.75
Discus throw 19.70 13.06
Javelin throw 19.60 18.85
Long jump 17.21 18.57
High jump 19.92 19.54
Pole vault 18.23 23.09
Average 21.60 19.97

Source: Adapted from Ganse et al. [36]
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during competition when compared to the train-
ing period [47].

A team of researchers analyzed the incidence 
and characteristics of injuries in athletes partici-
pating in the 13th World Championship of the 
International Association of Athletics Federations 
in 2011, in Daegu, Korea. A total of 1851 athletes 
were followed during Daegu 2011, and 13.4% of 
injuries were reported, while 48% of them 
resulted in lost time in the sport. The most fre-
quent types of injury were found in the lower 
limb (~74%), and overuse was the predominant 
cause (59%). Posterior thigh injuries (hamstring) 
were the main diagnosis, involving 23.3% of all 
injuries. The most frequent types of injury were 
strains (30.9%), sprains (21.7%), muscle cramps 
(17.3%), and skin laceration (9.2%)—hamstring 
strain was the main. These results were similar to 
those reported in the Berlin (2009) and Osaka 
(2007) Athletics World championships. Most 
injuries occurred in athletes over 30 years of age. 
Differences in the lesion location by age were 
observed, although they were similar in relation 
to the type and severity of the lesion [49].

Athletes practicing more than one sport and 
medium- and long-distance runners had a higher 
incidence of injuries [49].

31.5.3	 �Runners

When studied separately from the other track and 
field modalities, the group of long-distance run-
ners usually presents a different pattern of inju-
ries. Two reviews of the literature on injuries in 
long-distance runners concluded that the most 
common site of lower extremity injuries was the 
knee, lower leg, the foot, and the upper leg. Knee 
injuries were the main ones reported [51, 52].

Indeed, running produces long periods of 
repetitive stress on the musculoskeletal system, 
leading to an overuse of this system, predispos-
ing to injuries. On the other hand, field events 
depend on the generation of maximum strength 
in a short-time period, producing intense muscle 
contractions which also admit injury risks [46].

Limited evidence in a study of marathon ath-
letes accused that older age was positively associ-

ated with front thigh injuries, but protective 
against calf injuries. Female athletes were more 
associated with hip injuries and male athletes with 
a risk of getting hamstring or calf injuries [53].

Training for more than 64 km/week was a sig-
nificant risk factor for runners, most evident in 
the male group [53]. However, increased training 
distance per week was a protective factor, but it 
was significant only for knee injuries [53, 54].

31.5.3.1	 �Previous Injuries
Another significant risk factor for newly reported 
injuries is previous injuries [45]. Benca et  al. 
identified that 67.2% of the injured patients had 
already presented a similar injury in the past, 
notably in iliotibial band syndrome [55].

We must consider that almost three-quarters 
of recurrent injuries might lead to withdrawal 
from training the sport [49]. The Vienna Study 
[55] with runners in injuries recuperation demon-
strates many contributing factors: (1) Scoliosis 
and a higher body mass index (BMI) were the 
main risks for lower back injuries; (2) presence 
of planus foot deformity related to more knee 
injuries; (3) previous injury history was a con-
tributing factor for knee injuries and iliotibial 
band syndrome; and (4) knee malalignment asso-
ciated with more knee injuries, patellofemoral 
pain syndrome, and patellar tendinopathy. Age 
did not have a significantly positive association 
with the increased risk of injury in this study.

31.5.3.2	 �Stress Fractures
Track and field athletes also have the highest 
incidence of stress fractures when compared to 
athletes from other sports (basketball, football, 
and others) [56]. The average time to recover 
after a stress fracture was 12.8 weeks [57]. The 
sites of stress fractures vary according to modal-
ity and age: Stress fractures of the navicular, 
tibia, and metatarsal are more common in track 
and field athletes; however, in distance runners, it 
is the fibula and tibia [58] (Fig. 31.2).

Significant associations have been docu-
mented from the interaction between age and site 
of injury. Femoral and tarsal stress fractures were 
more common in older athletes, while tibial and 
fibular stress fractures in younger athletes [57]. 
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In adolescents, fractures, sprains, and strains are 
more common, whereas inflammatory problems 
such as tendonitis or bursitis gradually increase 
in importance after the age of 30 [46].

31.5.3.3	 �Novice Athletes
There are a rising number of middle-aged run-
ners among the participants of running events. 
For instance, the number of athletes older than 
50 years that participated in the New York City 
marathon (involving recreational and profes-
sional athletes) increased 119% from 1983 to 
1999 [59].

There was conflicting evidence for an associa-
tion between inexperience in running, and more 
injuries, as well as the sites of injury in the body, 
differ in these two groups [51, 60].

For 4 years, a Dutch race and its participants 
were analyzed (2010–2013). Over the years, the 
average age has increased in novices and experi-
enced runners (from 30.0 to 31.3 years in begin-
ners and from 34.1 to 36.3  in experienced 
runners). Moreover, the absolute number of new 
injuries in all runners almost doubled from 
350,000 in 2010 to 640,000 in 2013 [60].

In the group of novice athletes, women are the 
majority, and we must consider that female sex 
was statistically related to a higher risk of injuries 
in this group [60]. The knee is the most com-

monly injured site, both in experienced runners 
as novice ones [55, 60] A significant difference 
for injuries at the Achilles tendon and hip injuries 
was shown, with more Achilles tendon injuries 
prevailing in experienced runners and more hip 
injuries in novice runners (group or runners). 
However, the study reveals the low prevalence of 
these injuries normally in the scenario as a limit-
ing factor (but again, an underlying number of 
injuries was too small for reliable analysis) [60].

In a group of military personnel, injuries to 
calcaneus and metatarsals had a higher incidence 
in novice recruits, and they were related to the 
sudden increase in running and marching without 
adequate preparation [57]. As Kemler et  al. 
observed, novice runners train less than experi-
enced runners over the year (median of 14.6  h 
and 20 weeks for the former ones compared to a 
median of 25 h and 36 weeks for the experienced 
runners) [60].

A training distance of <40 km a week was a 
strong protective factor of future calf injuries in 
recreational male marathon runners [52], while a 
training distance of <60 km a week appears to be 
a protective factor in professional runner athletes 
[54]. Regular interval training proved to be a 
strong protective factor for knee injuries for all 
groups, novices, and experienced athletes 
[52–54].

a b

Fig. 31.2  MRI views showing a stress diaphysis fracture of the third metatarsal of the right foot in (a) sagittal and (b) 
coronal DP FAT SAT images, in a 55-year-old runner
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31.6	 �Rehabilitation of Sports 
Injuries

With aging, the biological competence of muscle 
tissue repair and regeneration worsen. The mecha-
nism of satellite stem cell activation, migration to 
the site of injury, proliferation, fusion with the 
damaged fiber to regenerate the sarcomeric struc-
ture, and synthesis of myofibrillar and non-
myofibrillar proteins are less competent [9, 61, 62]. 
Moreover, there is an age-related decline in the 
density of satellite cells surrounding type II muscle 
fibers and an increase in the density of satellite cells 
surrounding type I muscle fibers [9, 31, 63, 64]. 
Variations in the muscle fiber composition and 
regenerative ability may result in reduced strength 
and make older people more susceptive to contrac-
tion-induced injuries, even elite older athletes [61].

Besides that, aging causes loss in the elasticity 
of tendons and muscles, a decrease in the number 
of muscle fibers, and decreasing muscle strength, 
which justifies the reduction in lean mass, muscle 
power, and strength. It is followed by joint stiff-
ness, causing biomechanical changes to walking 
and running, and contributing to the increase in 
musculoskeletal injuries in elderly runners.

Although the protocols of rehabilitation in 
sports injuries in aged athletes seem to be similar 
to the ones for young athletes, the biological pro-
cess of aging plays an important role in the strate-
gies of treatment and decision-making of when to 
return to play.

31.7	 �Take-Home Message

•	 Physiological aging produces a decrease in 
muscle mass and a loss of muscle strength esti-
mated at the rate of 1% per year after the third 
decade of life, notably after 50 years, preferen-
tially through the loss of type II fast fibers

•	 The plasticity of skeletal fibers as a result of 
continuous physical stimulation throughout life 
seems to be able to partially compensate for the 
biological muscle aging in the group of athletes

•	 Variation in the composition and regeneration 
capacity of muscle fibers makes older peoples 

more susceptible to contraction-induced inju-
ries, even elite older athletes

•	 Elderly athletes strength-trained during life 
demonstrated more muscle mass and bone 
mineral density when compared to elderly 
practitioners of aerobic activities (runners and 
swimmers). The complexity of track and field 
in its various modalities and many additional 
factors still partially known are related to the 
performance of an athlete throughout life. The 
inherent decline in the aging process does not 
seem to behave evenly among track and field 
athletes. Not only strength and metabolism 
were identified as determinants in perfor-
mance, but also technique, biopsychosocial 
factors, personal history, practiced sports, and 
others.

References

	 1.	ACSM. American college of sports medicine position 
stand. Exercise and physical activity for older adults. 
Med Sci Sports Exerc. 1998;30:992–1008.

	 2.	Obas V, Vasan RS. The aging heart. Clin Sci (Lond). 
2018;132(13):1367–82.

	 3.	Wang JC, Bennett M.  Aging and atherosclerosis: 
mechanisms, functional consequences, and poten-
tial therapeutics for cellular senescence. Circ Res. 
2012;111(2):245–59.

	 4.	Fukuchi RK, Stefanyshyn DJ, Stirling L, Duarte M, 
Ferber R.  Flexibility, muscle strength and running 
biomechanical adaptations in older runners. Clin 
Biomech (Bristol, Avon). 2014;29(3):304–10.

	 5.	McGregor RA, Cameron-Smith D, Poppitt SD.  It 
is not just muscle mass: a review of muscle quality, 
composition and metabolism during ageing as deter-
minants of muscle function and mobility in later life. 
Longev Healthspan. 2014;3(1):9.

	 6.	Schöne D, Freiberger E, Sieber CC. Influence of skel-
etal muscles on the risk of falling in old age. Internist 
(Berl). 2017;58(4):359–70.

	 7.	Dziechciaż M, Filip R. Biological psychological and 
social determinants of old age: bio-psycho-social 
aspects of human aging. Ann Agric Environ Med. 
2014;21(4):835–8.

	 8.	Gava P, Ravara B. Master World Records show minor 
gender differences of performance decline with aging. 
Eur J Transl Myol. 2019;29(3):8327.

	 9.	Faulkner JA, Davis CS, Mendias CL, Brooks SV. The 
aging of elite male athletes: age related changes in 
performance and skeletal muscle structure and func-
tion. Clin J Sport Med. 2008;18(6):501–7.

T. L. Gomes et al.

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609



337

	10.	Piedade SR, Carvalho LM, Mendes LA, Possedente 
M, Ferreira DM. Physical activity at adulthood and old 
age. In: Rocha Piedade S, Imhoff AB, Clatworthy M, 
Cohen M, Espregueira-Mendes J, editors. The sports 
medicine physician. Cham: Springer International 
Publishing; 2019. p. 59–69.

	11.	Coughlan T, Dockery F. Osteoporosis and fracture risk 
in older people. Clin Med (Lond). 2014;14(2):187–91.

	12.	Amoako AO, Pujalte GGA. Osteoarthritis in young, 
active, and athletic individuals. Clin Med Insights 
Arthritis Musculoskelet Disord. 2014;7:27–32.

	13.	Tanaka H. Aging of competitive athletes. Gerontology. 
2017;63(5):488–94.

	14.	Akkari A, Machin D, Tanaka H. Greater progression 
of athletic performance in older Masters athletes. Age 
Ageing. 2015;44(4):683–6.

	15.	Ahmadyar B, Rosemann T, Rüst CA, Knechtle 
B.  Improved race times in marathoners older than 
75  years in the last 25  years in the world’s largest 
marathons. Chin J Physiol. 2016;59(3):139–47.

	16.	Marck A, Antero J, Berthelot G, Johnson S, Sedeaud 
A, Leroy A, Marc A, Spedding M, Di Meglio JM, 
Toussaint JF.  Age-related upper limits in physi-
cal performances. J Gerontol A Biol Sci Med Sci. 
2019;74(5):591–9.

	17.	Lee PG, Jackson EA, Richardson CR.  Exercise 
prescriptions in older adults. Am Fam Physician. 
2017;95(7):425–32.

	18.	Siparsky PN, Kirkendall DT, Garrett WE Jr. Muscle 
changes in aging: understanding sarcopenia. Sports 
Health. 2014;6(1):36–40.

	19.	Trouwborst I, Verreijen A, Memelink R, Massanet P, 
Boirie Y, Weijs P, Tieland M. Exercise and nutrition 
strategies to counteract sarcopenic obesity. Nutrients. 
2018;10(5):605.

	20.	Distefano G, Goodpaster BH. Effects of exercise and 
aging on skeletal muscle. Cold Spring Harb Perspect 
Med. 2018;8(3):a029785.

	21.	Harridge SDR, Lazarus NR.  Physical activity, 
aging, and physiological function. Physiology. 
2017;32:152–61.

	22.	Cartee GD, Hepple RT, Bamman MM, Zierath 
JR. Exercise promotes healthy aging of skeletal mus-
cle. Cell Metab. 2016;23(6):1034–47.

	23.	Garatachea N, Pareja-Galeano H, Sanchis-Gomar 
F, Santos-Lozano A, Fiuza-Luces C, Morán M, 
Emanuele E, Joyner MJ, Lucia A.  Exercise attenu-
ates the major hallmarks of aging. Rejuvenation Res. 
2015;18(1):57–89.

	24.	Chodzko-Zajko WJ, Proctor DN, Fiatarone SMA, 
Minson CT, Nigg CR, Salem G, Skinner JS. Exercise 
and physical activity for older adults. Med Sci Sports 
Exerc. 2009;41(7):1510–30.

	25.	Gries KJ, Minchev K, Raue U, et  al. Single-
muscle fiber contractile properties in lifelong aero-
bic exercising women. J Appl Physiol (1985). 
2019;127(6):1710–9.

	26.	Suominen H.  Muscle training for bone strength. 
Aging Clin Exp Res. 2006;18:85–93.

	27.	Kenney WL, Munce TA.  Invited review: aging and 
human temperature regulation. J Appl Physiol. 
2003;95:2598–603.

	28.	Nóbrega ACL, Freitas EV, Oliveira MAB, Leitão 
MB, Lazzoli JK, Nahas RM. Posicionamento Oficial 
da Sociedade Brasileira de Medicina do Esporte e 
da Sociedade Brasileira de Geriatria e Gerontologia: 
Atividade física e saúde no idoso. Rev Bras Med 
Esporte. 1999;5:207–11.

	29.	Tanaka H, Seals DR.  Age and gender interactions 
in physiological functional capacity: insight from 
swimming performance. J Appl Physiol (1985). 
1997;82(3):846–51.

	30.	Baker AB, Tang YQ, Turner MJ. Percentage decline in 
masters superathlete track and field performance with 
aging. Exp Aging Res. 2003;29:47–65.

	31.	Goodpaster BH, Park SW, Harris TB, et al. The loss 
of skeletal muscle strength, mass, and quality in older 
adults: the health, aging and body composition study. 
J Gerontol A Biol Sci Med Sci. 2006;61:1059–64.

	32.	Larsson L, Grimby G, Karlsson J.  Muscle strength 
and speed of movement in relation to age and muscle 
morphology. J Appl Physiol. 1979;46:451–6.

	33.	Allen WK, Seals DR, Hurley BF, Ehsani AA, Hagberg 
JM.  Lactate threshold and distance-running perfor-
mance in young and older endurance athletes. J Appl 
Physiol (1985). 1985;58(4):1281–4.

	34.	Tanaka H, Seals DR.  Endurance exercise perfor-
mance in Masters athletes: age-associated changes 
and underlying physiological mechanisms. J Physiol. 
2008;586(1):55–63.

	35.	Tanaka H, Seals DR.  Invited review: dynamic 
exercise performance in Masters athletes: insight 
into the effects of primary human aging on physi-
ological functional capacity. J Appl Physiol (1985). 
2003;95(5):2152–62.

	36.	Ganse B, Ganse U, Dahl J. Degens Linear decrease 
in athletic performance during human lifetime. Front 
Physiol. 2018;9:1100.

	37.	Baker AB, Tang YQ.  Aging performance for 
masters records in athletics, swimming, rowing, 
cycling, triathlon, and weightlifting. Exp Aging Res. 
2010;36(4):453–77.

	38.	Grimby G, Nilsson NJ, Saltin B. Cardiac output during 
submaximal and maximal exercise in active middle-
aged athletes. J Appl Physiol. 1966;21:1150–6.

	39.	Knechtle B, Wirth A, Knechtle P, Zimmermann K, 
Kohler G.  Personal best marathon performance is 
associated with performance in a 24-h run and not 
anthropometry or training volume. Br J Sports Med. 
2009;43(11):836–9.

	40.	Nikolaidis PT, Knechtle B. Effect of age and perfor-
mance on pacing of marathon runners. Open Access J 
Sports Med. 2017;8:171–80.

	41.	de Leeuw AW, Meerhoff LA, Knobbe A.  Effects of 
pacing properties on performance in long-distance 
running. Big Data. 2018;6(4):248–61.

	42.	Lexell J, Taylor CC, Sjostrom M. What is the cause of 
the ageing atrophy? Total number, size and proportion 

31  The Aging Athlete: Influence of Age on Injury Risk and Rehabilitation

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727



338

of different fiber types studied in whole vastus latera-
lis muscle from 15- to 83-year-old men. J Neurol Sci. 
1988;84:275–94.

	43.	Coyle EF, Martin WHr, Sinacore DR, Joyner MJ, 
Hagberg JM, Holloszy JO.  Time course of loss of 
adaptations after stopping prolonged intense endur-
ance training. J Appl Physiol. 1984;57:1857–64.

	44.	Medic N, Starkes JL, Young BW.  Examining rela-
tive age effects on performance achievement and 
participation rates in Masters athletes. J Sports Sci. 
2007;25(12):1377–84.

	45.	Eskurza I, Donato AJ, Moreau KL, Seals DR, Tanaka 
H. Changes in maximal aerobic capacity with age in 
endurance-trained women: 7-year follow-up. J Appl 
Physiol. 2002;92:2303–8.

	46.	Jakobsen BW, Nielsen AB, Yde J, Kroner K, Moller-
Madsen B, Jensen J.  J3 Epidemiology and trauma-
tology of injuries in track athletes. Scand J Med Sci 
Sports. 1992;3:57–61.

	47.	Zemper ED. Track and field injuries. Med Sport Sci. 
2005;48:138–51.

	48.	Campbell MJ, McComas AJ, Petito F. Physiological 
changes in ageing muscles. J Neurol Neurosurg 
Psychiatry. 1973;36:174–82.

	49.	Alonso JM, Edouard P, Fischetto G, Adams B, 
Depiesse F, Mountjoy M.  Determination of future 
prevention strategies in elite track and field: analy-
sis of Daegu 2011 IAAF Championships inju-
ries and illnesses surveillance. Br J Sports Med. 
2012;46(7):505–14.

	50.	Bahr R, Krosshaug T.  Understanding injury mecha-
nisms: a key component of preventing injuries in 
sport. Br J Sports Med. 2005;39:324–9.

	51.	van Gent RN, Siem D, van Middelkoop M, et  al. 
Incidence and determinants of lower extremity run-
ning injuries in long distance runners: a systematic 
review. Br J Sports Med. 2007;41:469–80.

	52.	van Mechelen W.  Running injuries. A review 
of the epidemiological literature. Sports Med. 
1992;14(5):320–35.

	53.	Satterthwaite P, Norton R, Larmer P, Robinson E. Risk 
factors for injuries and other health problems sustained 

in a marathon. Br J Sports Med. 1999;33(1):22–6. 
https://doi.org/10.1136/bjsm.33.1.22.

	54.	Walter SD, Hart LE, McIntosh JM, et al. The Ontario 
cohort study of running-related injuries. Arch Intern 
Med. 1989;149:2561–4.

	55.	Benca E, Listabarth S, Flock FK, Pablik E, Fischer C, 
Walzer SM, Dorotka R, Windhager R, Ziai P. Analysis 
of running-related injuries: the Vienna study. J Clin 
Med. 2020;9:438.

	56.	Fredericson M, Jennings F, Beaulieu C, Matheson 
GO.  Stress fractures in athletes. Top Magn Reson 
Imaging. 2006;17(5):309–25.

	57.	Matheson GO, Clement DB, McKenzie DC, Taunton 
JE, Lloyd-Smith DR, MacIntyre JG. Stress fractures 
in athletes. A study of 320 cases. Am J Sports Med. 
1987;15(1):46–58.

	58.	Brukner P, Bradshaw C, Khan KM, White S, Crossley 
K. Stress fractures: a review of 180 cases. Clin J Sport 
Med. 1996;6(2):85–9.

	59.	Jokl P, Sethi PM, Cooper AJ. Master’s performance in 
the New York City Marathon 1983–1999. Br J Sports 
Med. 2004;38:408–12.

	60.	Kemler E, Blokland D, Backx F, Huisstede 
B.  Differences in injury risk and characteris-
tics of injuries between novice and experienced 
runners over a 4-year period. Phys Sportsmed. 
2018;46(4):485–91.

	61.	Faulkner JA. Terminology for contractions of muscles 
during shortening, while isometric, and during length-
ening. J Appl Physiol. 2003;95:455–9.

	62.	Conboy IM, Rando TA.  Aging, stem cells and tis-
sue regeneration: lessons from muscle. Cell Cycle. 
2005;4:407–10.

	63.	Petrella JK, Kim JS, Cross JM, et al. Efficacy of myo-
nuclear addition may explain differential myofiber 
growth among resistance-trained young and older 
men and women. Am J Physiol Endocrinol Metab. 
2006;291:E937–46.

	64.	Verdijk LB, Koopman R, Schaart G, et  al. Satellite 
cell content is specifically reduced in type II skeletal 
muscle fibers in the elderly. Am J Physiol Endocrinol 
Metab. 2007;292:E151–7.

T. L. Gomes et al.

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

https://doi.org/10.1136/bjsm.33.1.22


339© ISAKOS 2022 
G. L. Canata et al. (eds.), Management of Track and Field Injures, 
https://doi.org/10.1007/978-3-030-60216-1_32

Growth and Development

Adam D. G. Baxter-Jones

Although most children are involved in sport on a 
casual or recreational basis, a growing number do 
devote many hours to intensive physical training 
and this reflects in part the younger age at which 
athletes today take part in international competi-
tion. Children and adolescents taking part in 
high-level competition are likely to have under-
gone several years of intensive training. During 
the period of rapid growth, adolescents have been 
reported to be particularly vulnerable to injuries 
and as such intensive training at a young age may 
cause long-term harmful effects. Given the pos-
sible interaction between intensive training and 
growth during adolescence, some adolescent ath-
letes may be particularly vulnerable to repetitive 
microtraumatic injury [1]. This highlights the 
importance of monitoring both an athletes’ 
chronological and maturational age.

Interest in the effect that intensive training at 
an early age has on a child’s growth and develop-
ment has a long history [2]. This interest high-
lights the “catch them young” philosophy [3], 
and the widespread belief that achieving interna-
tional success at the senior level requires starting 
intensive training prior to puberty [4]. Of course, 
the negative side to this philosophy is the issue of 
burnout during the pubertal years, where young 

athletes may retire prematurely from sport 
because of physical (e.g., injury) and psychologi-
cal issues [5, 6].

It should be emphasized that regular physical 
training is only one of many factors that can 
affect growth in the growing child and that it is 
difficult to define the precise influences that 
training programs have on growth and by that 
inflection injury. Problems arise when attribut-
ing growth differences to physical training 
despite the fact that young athletes are likely to 
have been selected as much for physique as for 
skill [7].

Germane to the sport selection issues, Stephan 
Hall [8] published a book entitled “Size Matters” 
in which he argued that although the childhood 
hierarchy primarily involved age (i.e., who is 
older) when it came to playing games in the 
schoolyard, it was size rather than age that mat-
tered. Except for gender, and possibly skin color, 
size is probably the first thing others notice about 
each other [8]. Size matters from the time of 
birth, when birthweight is used to predict adult 
health problems. It is also apparent that size mat-
ters in sports throughout childhood, as physical 
size often translates into physical superiority and 
athletic dominance. The alignment of competi-
tion by maturity rather than chronological age 
warrants further investigation.

Figure 32.1 illustrates the problem that many 
coaches and sports professionals face when 
working with child athletes of the same age but 
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with different maturity statuses. It is a photograph 
of two girls aged 11 and 35 years. At a chrono-
logical age of 11  years, they are, from left to 
right, 155.6 and 158.3 cm in height, respectively. 
The girl on the left is 6  months younger. The 
average height for 12-year-old girls when they 
are at the peak of their adolescent growth spurt is 
156.8 cm. The distribution of height within such 
chronological age bands is not normally distrib-
uted. So, rather than expressing an average height 
for an age, the frequency of distribution of height 
is specified in terms of empirical centiles. A cen-
tile is a point on the distribution that splits popu-
lations into specified fractions; thus, both girls 
are approximately on the 50th centile for height 
for their age. It is also important to note that the 
girl on the left, who is 2.7  cm taller, is in fact 

much closer to her final adult height than the girl 
on the right, and she has 6.5 cm of growth remain-
ing and is thus more mature than the girl on the 
left who has 25.2 cm of growth remaining. This 
photograph highlights the dilemma for many 
coaches and youth sports practitioners who work 
with children during periods of rapid growth 
where they use chronological age to band train-
ing and competition. It illustrates the great varia-
tions in growth and development at this age. If, as 
suggested, the observed physiques of youth ath-
letes need to mirror the physiques of the success-
ful adult athlete, then selection of such traits at a 
relatively young age is likely preferable and the 
girl of the right would be chosen. This suggests 
that greater size can trump or neutralize greater 
athletic skill.

Age 10.9:
Height 155.6 cm
Weight 33 kg

Age 35:
Height 180.8 cm
Weight 68.8 kg

Age 11.4:
Height 158.3 cm
Weight 52 kg

Age 35:
Height 164.8 cm
Weight 76.7 kg

Fig. 32.1  Stature of two girls at age of 11 and 35  years. Data taken from 2 individuals who participated in the 
Saskatchewan Growth and Development Study [9]
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32.1	 �Normal Patterns of Growth

To understand why some children are tall for 
their age and others are small for their age, an 
understanding of how children grow is required. 
Growth refers to measurable changes in size, 
physique, and body composition, whereas bio-
logical development, used interchangeably with 
biological maturation, refers to progress toward 
the mature state. Figure 32.2a shows the growth 
of a boy measured from birth to 18 years of age, 
with his height plotted at successive ages. If you 
think of growth in the form of a train journey and 
each age representing a train station, then you 
can imagine that growth takes the form of motion 
and the speed across the distance traveled is dif-
ferent between ages, indicated by the differences 
in slopes of lines between ages. Since the shape 
of the curve is nonlinear, this shows that the 
speed, or velocity, between ages is different. The 
data for Fig. 32.2 are taken from the oldest known 
record of the curve of human growth, which was 
published in a supplement to volume 14 of the 
“Histoire Naturelle, Generale et Particuliere” in 
1778 [11]. It is the record of the growth of the son 
of Philibert Gueneau De Montbeillard, a natural 
scientist during the period of the Enlightenment. 
De Montbeillard measured the height of his son 
about every 6  months from his birth, in 1759, 

until he was 18 years of age, in 1777, using the 
French units of the time which were subsequently 
translated into centimeters by the American anat-
omist R.E.  Scammon [10]. The first graph is 
known as a height distance or height-for-age 
curve (Fig. 32.2a). In terms of our train journey, 
it is apparent that we do not travel at the same 
speed between stations and so do not gain the 
same amount of height each calendar year. 
Although these data are over 250 years old, it is 
important to note that children today still show 
the same pattern of growth. This height distance 
curve shows 4 distinct phases: rapid growth 
(decreasing from 22 to 6 cm/year) in infancy (up 
to 4 years of age), steady growth (4–6 cm/year) in 
childhood (between 4 and 12 years), rapid growth 
(increasing from 6–12  cm/year) in adolescence 
(12–16 years), and slow growth (decreasing from 
6 to 2  cm/year) as adulthood approaches (16–
18  years). There are also two other spurts not 
shown in Fig. 32.2b: the prenatal spurt and juve-
nile growth spurt. Although these two spurts vary 
in magnitude, they occur at roughly the same age, 
both within and between the sexes, and Fig. 32.2a 
also highlights the dramatic increase in size dur-
ing growth, from approximately 60 cm at birth to 
180  cm in adulthood. By 2 years of age a boy 
(18 months for a girl) is roughly half their adult 
height, highlighting the fact that the majority of 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180
190
200a b

Age, years

he
ig

ht
, 

cm

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Age, years

he
ig

ht
, 

cm
/y

ea
r

Fig. 32.2  Growth of De Montbeillar’s son 1759–1777 (a) Distance of height by age, (b) Velocity of height between 
ages (redrawn from [10])

32  Growth and Development

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152



342

growth occurs during infancy and childhood, 
with an additional marked acceleration during 
adolescence [11].

The acceleration during adolescence is known 
as the adolescent growth spurt. It is a constant 
phenomenon and occurs in all children, though it 
varies in intensity and duration from one child to 
the next (illustrated in Fig. 32.1). The actual pat-
terns of growth change between age time points 
are more clearly seen by visualizing the height–
distance curve as a rate of change in size. 
Figure 32.2b shows the height velocity graph for 
De Montbeillard’s son and emphasizes that dur-
ing growth children show a succession of varying 
velocities. The graph shows that following birth, 
there is a decrease in velocity until 4 years of age, 
followed by a period of steady growth and then 
after 12 years of age an obvious spurt in growth 
between 12 and 14  years (adolescent growth 
spurt). The adolescent growth spurt varies in both 
magnitude and timing within and between sexes. 
Boys enter their adolescent growth spurt almost 
2 years later than girls, at approximately 14 years 
of age, and have a slightly greater magnitude of 
height gain at peak (11  cm/year compared to 
9 cm/year for boys and girls, respectively). At the 
same time, other skeletal changes are occurring 
that result in wider shoulders in boys and wider 
hips in females. Boys also demonstrate a rapid 
increase in muscle mass compared to girls, who 
accumulate greater amounts of fat mass.

Growth is affected by both genetic and envi-
ronmental conditions and the interactions 
between the two. Lifestyle characteristics are 
transmitted from parents to their children through 
education and economic status and can have 
effects on the child’s phenotype. A genetic effect 
is associated with a gene or set of genes encoded 
in the DNA of the chromosomes in the nucleus of 
the cells. Parent–child studies of stature have 
shown that parent–child correlations at birth are 
low but increase progressively with age, reaching 
0.50 after the adolescent growth spurt. Since the 
expected correlation between parents and off-
spring would be 0.5 if the heritability of the trait 
was 1.0 (the heritability of a trait is a measure of 
the degree of genetic control of a phenotype), 
then it can be concluded that the population vari-

ation in height is highly determined by genetic 
factors. Using parental data, it is therefore possi-
ble to predict a target height for a child. Child 
height can be calculated as the sum of the father’s 
height in cm (−13  cm if a girl) plus mother’s 
height in cm (+13 cm if a boy) divided by two, 
with an error of 9 cm [12].

Variations in the intensity and duration of stat-
ural growth between children are illustrated in 
Fig. 32.3. The graph shows the statural growth of 
my two sons, brothers born 2 years apart, from 
the same biological parents, plotted on reference 
centile charts (personal data). The smoothed cen-
tile lines depict the normal range of heights for 
boys from 2 to 18 years of age. The normal range 
is bound by outer centile limits of the 3rd and 
90th centiles; normal heights are thought of as 
heights that fall between these limits. Most 
healthy children exhibit patterns of growth that 
fall steadily and continuously parallel to the cen-
tile line from 2 years of age. However, as the ado-
lescent growth spurt takes place, they depart this 
parallel pattern and a crossing of centile lines is 
observed. In early developers, the height-for-age 
curve rises through the centiles and levels off 
early. In contrast, late developers initially appear 
to fall away from their peer’s centiles but then 
accelerate into adolescence crossing centile lines 
their peers have already crossed. The target 
height for the brothers in Fig. 32.3 is predicted to 
be 179 cm, predicted from parental heights where 
the father’s height is 183  cm and the mothers 
162  cm; thus, the boys have target heights of 
179  ±  9  cm (i.e., target height  =  183 
+ (162 + 13)/2). At 2 years of age, child 1 was on 
the 50th centile for age compared to child 2 who 
was on the 75th centile. By 20 years of age, and 
the cessation of growth, both boys ended up 
being the same height (179  cm); however, the 
journeys they took to get there were different. At 
11 years of age, child 1 height was on the 50th 
centile compared to child 2 who was on the 90th 
centile, with child 1 reaching the 90th centile at 
15  years of age. However, both boys’ heights 
drop back to the 50th centile by 20 years of age. 
What this illustrates is that although the brothers 
end up the same height (genetically determined), 
the timing and tempo of growth are different 
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between them. Child 2 attained his adolescent 
growth spurt 2  years earlier than child 1, illus-
trated by crossing from the 75th to 90th centile 
between 9 and 11 years in contrast to child 1 who 
crossed between 11 and 13 years. Thus, child 2 
displays advanced maturation compared to his 

brother. Similar patterns are also observed 
between sister pairings.

Differences in timing and tempo of growth are 
also illustrated in the boys depicted in Fig. 32.4 
These boys were participants of the Saskatchewan 
Growth and Development Study (SGDS), which 
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Fig. 32.3  Growth in 
stature from 2 to 
20 years of age of two 
brothers

Age

Ht

APHV

Yrs from PHV

Adult Ht

% Adult ht

14.0

175.0

12.8

+1.2

178.0

98.0

14.3

167.8

14.7

-0.4

187.5

89.5

13.7

162.2

13.5

+0.2

174.7

92.8

13.6

158.0

14.9

-1.3

185.0

85.4

13.6

155.7

15.2

-1.6

177.1

87.9

14.0

154.7

14.3

-0.3

176.4

87.7

14.2

145.1

15.0

-0.8

168.7

86.0

13.6

140.6

15.7

-2.1

166.7

84.3

13.7

180.3

13.5

+0.2

180.5

99.8

A B C D

14 year old boys

E F G H I

Fig. 32.4  Nine 14-year-old boys aligned by height. Data taken from 3 individuals who participated in the Saskatchewan 
Growth and Development Study [9]

32  Growth and Development

249

250

251

252

253

254

255

256

257

258

259

260



344

was initiated in 1963 and ran continuously to 
1973 [9]. The boys were all born in 1956, and by 
1970 were 14 years of age, with heights falling 
within normal ranges for their age—from the 
90th centile for the tallest boy (boy A) to the third 
centile for the smallest boy (boy I). Although all 
the boys had their ages rounded up to 14 years 
within this 12-month chronological age band, 
they were in fact not the exact same age when 
testing was performed. The youngest boys (boys 
E and I) had 7 months less time to grow than the 
oldest boy (boy C) when testing took place.

32.2	 �Chronological Versus 
Maturational Age

As previously emphasized, there is wide varia-
tion among children both within and between 
genders as to the exact timing and tempo of bio-
logical maturation. When considering how to 
assess biological maturation, or biological age as 
it is often termed, it is important to understand 
that 1 year of chronological time does not equal 
1 year of maturational time. So, rather than con-
sidering comparisons between chronological age 
and biological age, comparisons should be 
thought of as between years from birth and years 
from maturity. While every individual passes 
through the same stages of maturity, they do so at 
differing rates, resulting in children of the same 
chronological age differing in their degree of 
maturity. This is reflected in Fig. 32.4, where boy 
A’s maturity appears to be far more advanced 
than that of boy I.

To adequately control for maturity, an indica-
tor of maturity needs to be assessed. The maturity 
indicator chosen should be any definable and 
sequential change in any part of the body that is 
characteristic of the progression of the body from 
immaturity to maturity [11]. The most commonly 
used methods to assess maturity are skeletal 
maturity, sexual maturity, biochemical and hor-
monal maturity, somatic or morphological matu-
rity, and dental maturity [13]. The technique of 
choice depends on the study design [14]. 

Descriptions of each method, with their associ-
ated limitations, are described in detail in other 
publications [15]. Correlations between the tim-
ing of maturity indicators are generally moderate 
to high, suggesting that there is a general matu-
rity factor underlying the tempo of growth and 
maturation during adolescence in both boys and 
girls. However, there is sufficient variation to 
suggest that no single system (i.e., sexual, skele-
tal, or somatic) provides a complete description 
of the tempo of maturation during adolescence. 
Furthermore, although sexual maturation and 
skeletal development are associated, an individ-
ual in one stage of a secondary sexual character-
istic cannot be assumed to be in the same stage of 
skeletal development [13]. The apparent discord 
among the aforementioned indicators reflects 
individual variation in the timing and tempo of 
sexual and somatic maturity, and the method-
ological concerns in the assessment of maturity.

One method that has become increasingly 
popular in recent years is the measurement of the 
adolescent growth spurt or peak height velocity 
(PHV), a measure of somatic maturity. To obtain 
age at PHV, whole year height velocity (cm/year) 
increments are plotted and mathematical curve 
fitting procedures are used to identify the age 
when the maximum velocity in statural growth 
occurs (see Fig. 32.2b). The timing of this event 
in relation to chronological age shows great vari-
ance. The average age for girls is 12 years (range 
9.5–14.5) and for boys 14  years (range 10.5–
17.5) [16]. Once age at PHV has been deter-
mined, individuals can be aligned by biological 
age (years from age at PHV) rather than chrono-
logical age (years from birth); in other words, a 
measure of maturity offset is centered on age at 
PHV. For example, at age of PHV an individual 
has a biological age equal to 0.0  years from 
PHV. At 11.8 years, an individual who reached 
PHV at 13.8 years will have a biological age of 
−2.0 years from PHV. Age at PHV (APHV) and 
years from PHV (or maturity offset) are shown 
for the 9 boys in Fig. 32.4. The tallest boy (boy 
A) has already reached and passed his adolescent 
growth spurt; his APHV of 13.5  years is 

A. D. G. Baxter-Jones

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349



345

0.2 months earlier than his age at measurement of 
13.7 years. In contrast, the smallest boy (boy I) 
who is similar in age to the tallest boy at 
13.6  years is still 2.1  years from obtaining his 
peak adolescent growth spurt.

Alternatively, individuals can be characterized 
as early, average, or late maturers depending on 
the age at which PHV is attained. Early maturers 
are those whose age at PHV is earlier than 1 year 
of the average age, while late maturers have an 
age at PHV later than 1 year of the average age, 
and the remainder are classified as average matur-
ers. In Fig. 32.4, if the average APHV is taken to 
be 14 years then boy B would be identified as an 
early maturer, boys A, C, D, E, and G would be 
labeled as average maturers and boys F, H, and I 
would be classified as late maturers.

To obtain the years from age at PHV, serial 
data are required, and therefore, this indicator of 
maturity has previously been limited to longitu-
dinal studies. However, there are now a number 
of gender-specific multiple regression equations, 
based on segmental growth patterns, which pre-
dict the maturity offset age parameter [17–19]. 
The prediction equations require measures such 
as stature, trunk length, and leg length, as well as 
body mass and chronological age. Using growth 
indicators, age from PHV can be predicted within 
±1 year in 95% of cases [18] or the maturity off-
set can be used as a categorical (pre- or post-
PHV) measure of maturity. These predicted 
maturity offset ages are quick, noninvasive to 
administer and can be used in cross-sectional 
studies. The added advantage to these techniques 
is that they can predict a maturity benchmark that 
exists in both boys and girls. Therefore, they 
allow for between-sex comparisons. The accu-
racy of such non-intrusive prediction equations 
has been questioned, and results showed that pre-
diction methods can influence the APHV ascer-
tained, and thus, caution is stressed when using 
these methods [20].

The height attained at any given chronological 
age can also be compared to reference norms to 
assess maturity. An individual is assigned a mor-
phological age based on height for age classifica-
tions. The major disadvantage of this method is 

that it does not take into account the variability of 
height related to heritability and the amount of 
growth remaining (Fig. 32.1).

Another method of utilizing somatic growth is 
to express measured height in terms of percent-
age of final adult height [21]. This is illustrated in 
both Figs. 32.1 and 32.4. In Fig. 32.1, although 
the girls appear similar in height at 11 years of 
age, the girl on the left has reached 86% of their 
adult height compared to 96% achieved by the 
girl on the right. In Fig. 32.4, although in abso-
lute terms boy B appears to be small for his age, 
when presented as a percentage of final adult 
height there is no difference between boys B and 
C at 7 and 14  years of age. This is because at 
40 years of age, boys A and B are the same height 
and boy C is 15 cm taller. Because roughly 92% 
of adult stature is reached at PHV [22], individu-
als can be classified into pre- or post-PHV matu-
rity groups. Thus, with the average age of PHV in 
boys being 14 years, boy A in Fig. 32.4 would be 
classified as an early maturer (percentage adult 
stature >92%) and boys B and C as average 
maturers (percentage adult stature <92%). This 
classification is not apparent just from height 
measures alone because it is impossible at a sin-
gle measurement occasion to know the amount of 
growth that has occurred. Using this approach, 
the nine boys in Fig. 32.4 would be classified as 
boys C, E, F, G, H, and I being pre-PHV and boys 
A, B, and D as being post-PHV. The disadvan-
tage of this technique is that an adult value is 
required, and a maturity status can only be 
applied retrospectively.

Expressing current height as a percentage of 
adult height can, however, be used in cross-
sectional studies if adult height is predicted. 
Many equations have been developed to predict 
adult height [12, 21, 23–26]. The most commonly 
used methods are those of Bayley and Pinneau 
[23], Roche et al. [25], and Tanner [12]. However, 
these methods all require an assessment of skel-
etal age and are thus not practical outside of a 
clinical setting. Recently, predictive equations 
have been developed that do not require a mea-
sure of skeletal age [21, 24, 26], and have the 
potential for use in pediatric studies.
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32.3	 �Summary

Although it has often been assumed that regular 
physical activity or exercise is important to sup-
port normal growth and development, most 
healthy children will grow and mature whether 
or not they are physically active. Currently 
available data do not support the assertion that 
intensive physical activity and/or training for 
sport will affect a child’s statural growth. 
However, regular activity or training is impor-
tant for the regulation of body mass—increasing 
muscle size and bone density and reducing fat 
accrual, all of which can impact injury risk. 
Diet, nutrition, and socioeconomic resources 
are considered the prime environmental influ-
ences on growth. However, you could add to this 
list seasonality, altitude, pollutants, pharmaceu-
ticals, and noise [27]. For example, studies of 
birthweights of children born close to airports 
and who were exposed to noise stress have been 
found to consistently have birthweights that are 
depressed [28]. This suggests that the endocrine 
system is being compromised and growth 
altered. So, although it is probably not neces-
sary to continue to investigate the effect of train-
ing on the young athlete’s body physique, there 
is still the unanswered question as to whether 
maturity is attenuated by sports involvement. 
Erlandson, Sherar, Mirwald, Maffulli, and 
Baxter-Jones [29] found that although final 
adult height was not compromised in gymnasts, 
swimmers, or tennis and soccer players, gym-
nasts’ maturation was attenuated. Lindholm, 
Hagenfeldt, and Hagman [30] also working with 
gymnasts suggested that gymnasts were mal-
nourished and that this influenced their growth. 
Other work by Caine, Bass, and Daly [31] 
observed that growth spurts in gymnasts 
occurred after an incidence of injury. These 
studies highlight the fact that while stature may 
not be compromised in youth athletes, the speed 
of their growth and maturation could be influ-
enced by various other factors. Another area that 
is understudied is the effect of psychological 
stress on growth, and in particular its effects on 
the endocrine system of the young athlete. 
Finally, with the introduction of maturational 

age alignment (bio-banding) to youth sports 
[32], the long-term effects of such classifica-
tions on injury prevalence warrant investigation. 
Successful banding of young athletes will likely 
involve a delicate interplay of matching levels 
of physical, psychological, and social 
maturation.

32.4	 �Recommendations

When matching children and youth for sports 
competitions, it is important that consideration is 
made for inherited characteristics and growth in 
terms of both timing (chronological age) and 
tempo (biological age). Those working with 
young athletes need to be aware of why a child is 
of a particular stature. There are now a number 
of quick and easy methods that can be used to 
predict both a child’s final adult height and cur-
rent maturity status. To ensure that all children 
are given an equal chance to perform, those 
working with children need to look at, in addi-
tion to a child’s chronological age (timing of 
growth), the heights of the child’s parents, the 
child’s month of birth, and the child’s biological 
maturity (tempo of growth). To avoid unneces-
sary injury and potential drop-out from sport, 
those working with children need to be continu-
ously monitoring a child over time rather than 
making selection and other decisions related to 
one-off assessments.
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Optimizing Training 
and Performance (Gaudino C)

Claudio Gaudino, Renato Canova, Marco Duca, 
Nicola Silvaggi, and Paolo Gaudino

33.1	 �General Training Concepts 
(Gaudino C, Gaudino P)

“Sports training is a complex pedagogical-
educational process based on the organization of 
repeated physical exercise. Volume and intensity 
must progressively increase stimulating the phys-
iological processes of supercompensation of the 
organism and favour the increase in the athlete’s 
physical, mental, technical and tactical abilities, 
in order to enhance and consolidate his perfor-
mance in the competition” [1].

This definition simply summarizes the aim of 
sports training that is to allow the athlete to 
achieve the best result throughout his career and 
to reiterate it on scheduled occasions. In practice, 

it includes all the principles that regulate sports 
training and determine its final result, emphasiz-
ing the essence of this process: adaptation. 
Adaptation is the consequence of the supercom-
pensation process, and it consists of the growth of 
all conditional, coordinative, psychic and mental 
qualities, which in fact allow the achievement of 
the best result [1].

In addition, the following clarification that 
characterizes sports activities in which the coor-
dinating factors are very important, and among 
them, also various athletic disciplines are impor-
tant: “Training is a complex pedagogical-
educational process based on the organization of 
repeated physical exercise in quantities, intensi-
ties, forms and degrees of difficulty such as to 
favour and consolidate the assimilation of skills 
(general and specific), which are progressively 
more complex and effective” [1]. Coordinating 
factors must interact with the various expressions 
of strength in order to reach the best execution of 
complex technical action.

This training consideration can be applied to 
athletes of the highest level and to who do not 
reach the highest level, but who nevertheless 
intend to improve their results according to the 
possibilities, time and energy to devote to the 
chosen sport activity. Genetic factors and indi-
vidual qualities are the other cornerstones that 
determine the training result [2].

Volume and intensity (articulated and mea-
surable in different ways depending on the disci-
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pline) combined with the coordinating factors 
determine the external workload. This is the stim-
ulus from which the body’s response derives. 
This response represents the internal load: it is 
individual, complex (since it involves different 
apparatuses and systems of the organism) and 
can change according to the moment [1].

The challenge for every coach is to define a 
short-, medium- and long-term programme, as 
suitable and specific as possible for each individ-
ual athlete. In practice, it is a matter of organizing 
the training following a method, using certain 
exercises, combining them with each other, have 
the athlete involved and aware of it and get the 
best possible response in order to achieve the best 
result. An example of training exercises categori-
zation is presented in the throws training 
paragraph.

First of all, the performance model of the spe-
cific track and field discipline needs to be anal-
ysed according to different aspects [1]:

•	 Technical
•	 Biomechanical
•	 Physiological (metabolic).

The example of a relatively simple athletic 
speciality like the 100 m race can be explanatory 
(Figs. 33.1 and 33.2):

Technical aspects are more difficult to repre-
sent in a graph, but some indications can also be 
given in this regard:

•	 Start from the blocks pushing simultaneously 
with both feet;

•	 Be in a clear pushing phase until the end of the 
acceleration phase;

•	 Keep your feet taut when run and look for 
maximum relaxation of the cutaneous and 
shoulder muscles especially in the high-speed 
phase.

Even more important than the performance 
model of a discipline (from which the choice of 
the exercises to be used and therefore the training 
programming derives) is the individual perfor-
mance model. This is based on the individual 
characteristics of the athlete, which takes into 
account the level of its qualities at that moment in 
time and all the variations that may occur, includ-
ing the morphological ones.

A peculiarity of the training is its complexity. 
The relationship between the proposed training 
and the result obtained can be explained by the 
“supercompensation” concept. This reaction is 
complex because it represents a set of responses 
provided by various physiological systems stim-
ulated by the training stimulus: for this reason, 
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we generically talk about a “sum of responses”. 
Therefore, a training stimulus produces not only 
a direct physiological adaptation, but also an 
indirect adaptation on other conditional and 
coordinative factors, which must be taken into 
account.

With regard to the training indirect adaptation 
(transfer), it manifests itself to a very significant 
extent especially in youth athletes, on both condi-
tional and coordinative abilities. The lower the 
age (from 8 or 9  years old), the greater is the 
effect. It happens in fact that when a conditional 
capacity is stimulated, there is a positive impact 
on others as well. The same happens with regard 
to coordination skills: in this case, the objective is 
to take advantage of the “sensitive” phases, to 
constitute a good “motor expertise”. By this term, 
we mean the set of motor experiences (suitable 
for the age) conducted in a global way and not 
necessarily aimed at the specificity of a disci-
pline. From this interference of multiple motor 
experiences, gradually supported by an increase 
in conditional capacities, an expansion of the 
“motor expertise” derives, which will allow the 
athlete to acquire very complex skills. What has 
not been done in certain moments of great recep-
tion capability by the organism (“sensitive” 
phases) will no longer be fully recoverable later 
on. This underlines the importance of acquiring 

the widest range of motor skills possible that will 
be essential for subsequent technical specializa-
tion. The optimization of training must also take 
into account these intermediate steps [1].

Another aspect to consider is the heterochrony 
of the body’s responses to the training stimulus. 
This aspect affects the recovery times of the vari-
ous systems, and it must be taken into account 
when planning the training [4].

All these needs and other equally important 
factors characterizing the training (load increase 
in different times and modalities, alternation and 
variability of the load, evaluation of individual 
responses and athlete perceptions) must be taken 
into account with an adequate training plan in the 
short, medium and long term, and it must be the 
most specific and suitable for each individual ath-
lete [4]. The main goal is to achieve their best 
physical condition at the time of the most rele-
vant competitive events (tapering) during the sea-
son. Periodization consists in dividing the 
season into various training and competition 
periods, in order to achieve the aforementioned 
objective. Normally, the competitive season con-
sists of an annual or semi-annual periodization 
(double periodization) and each macrocycle 
(annual or half-yearly) is characterized by a pre-
paratory period, a competitive period and a tran-
sition period. Double periodization has become 
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common in athletics, and it allows to reduce time 
between one competitive phase and the next one. 
Sometimes in a double periodization, the first 
period of competitions has a subordinate function 
to the second, where the most important competi-
tive events are concentrated. Classic subdivision 
into microcycles (1  week), mesocycles (3/4 
microcycles) and macrocycles (more mesocy-
cles, up to an entire season) favours the alterna-
tion of load and recovery with all the benefits that 
derive from it. An example of throws training 
periodization is reported in the throws training 
paragraph.

Between all the conditional qualities, strength 
plays a role of primary importance in all athletic 
disciplines. According to Vittori, the prerogative 
of the muscle is to contract and its strength 
depends on the functional fibers. The same meth-
odologist and athletic coach accurately defined 
this quality as follows: “Strength is a physical 
quality which is the foundation of human motil-
ity, responsible for bodies or objects movement 
and their speed” [5].

In his methodology, Vittori defined the differ-
ent strength expressions with appropriate termi-
nology, which does not always coincide with the 
most widespread (and less accurate) terms that 
have now become fashionable (Fig. 33.3).

The differentiation between active and reac-
tive strength implies that the first one (active) 
occurs as an effect of the muscle shortening 
phase only (concentric phase only: e.g. an action 
carried out starting from a standstill position), 
while the second one (reactive) occurs as an 
effect of the stretching shortening cycle (with the 

eccentric phase followed by the concentric one, 
therefore with reference to the elastic compo-
nent). Two examples of high jumps exercises can 
simply clarify the difference:

	1.	 Squat jump (active strength): starting from a 
half-squat stationary position and jump as 
high as possible by solely extend the legs.

	2.	 Countermovement jump (reactive strength): 
starting from an upright standing position, 
make a preliminary downward movement by 
flexing knees and hips, and then immediately 
extend knees and hips to jump vertically up 
off the ground.

Active strength includes both maximal 
dynamic strength and explosive strength:

•	 Maximal dynamic strength is what is needed 
to move the highest possible load. It is defined 
as dynamic in order to differentiate it from the 
isometric strength;

•	 Explosive strength can be expressed at the 
maximal speed allowed by the resistance 
(which can be represented by the body weight, 
an overload or any other tool) starting from a 
static situation so that the muscle contraction 
is purely concentric.

Reactive strength includes both explosive 
elastic strength and plyometric strength:

•	 Explosive elastic strength is expressed by the 
stretching shortening cycle that consists of an 
eccentric muscle contraction quickly followed 
by a concentric muscle contraction. In this 
case, the elastic mechanism is mainly due to 
the SEC (series elastic component).

•	 Plyometric strength is a particular expression 
of explosive elastic strength with a reduced 
stretching phase in terms of both articular 
range excursion and time. In this way, the 
effect of the myotatic reflex is more marked 
and more profitable, which further increases 
the extent of the elastic response. In addition, 
the quickness and the reduced amplitude of 
the eccentric phase also improve the stiffness 
effect.

MAXIMAL DYNAMIC STRENGTH

ACTIVE STRENGTH

EXPLOSIVE STRENGTH

EXPLOSIVE-ELASTIC STRENGTH

REACTIVE STRENGTH

PLYOMETRIC STRENGTH

Fig. 33.3  Differentiation of strength expressions accord-
ing to Vittori [5]
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An example of the combination of the afore-
mentioned expressions of strength can be found 
in the analysis of a 100 m race (Fig. 33.4):

In summary, maximum dynamic strength and 
explosive strength (“explosive strength” in 
Fig.  33.4) are those most used in the starting 
phase, taking into account that the athlete starts 
from a stationary position. Successively, the 
explosive elastic strength comes into play during 
the acceleration phase when the ankle, knee and 
hip angles are initially marked and gradually 
become smaller at the end of the acceleration 
itself. Finally, during the maximal speed phase, 
articular excursions are smaller, and the plyomet-
ric strength becomes the most important 
(Fig. 33.4). Obviously, none of these expressions 
of strength completely replace the other ones at 
any point. They combine between themselves in 
a mix where, depending on the moment, one pre-
vails over the other [5].

A fundamental part of training is also all the 
prevention activities, which, although not 
neglected in the past, have now taken on a more 
precise configuration, substantially affecting the 
workload [6]. Core stability, in essence, is the 
joint and balanced reinforcement of the deep and 
superficial abdominal and back-lumbar muscles 

that guarantee the stability and mobility of the 
vertebral column. The vertebral column repre-
sents a force transmission axis and because of 
that it must be protected and put in a position to 
function at its best.

A general and sectoral research for concentric 
and eccentric strength balance between agonist 
and antagonist muscles not only represents a 
guarantee of injury prevention but also leads to a 
higher level of effectiveness. The actual sport 
practice leads to the strengthening of the agonist 
muscles that perform the movement, while the 
antagonists are normally less stressed: Therefore, 
rebalancing becomes necessary. Nevertheless, 
the proprioceptive regulation that is stimulated 
through unstable equilibrium must be taken into 
account. The kinaesthetic sense that automati-
cally allows to evaluate the position of the body 
segments and their movement is stimulated by 
different types of receptors stimulated precisely 
by instability.

The control of training has always been a pri-
ority in track and field. Obviously, over the course 
of the last few years, significant improvements 
have been made thanks to the most modern tech-
nologies (lasers, cameras, GPS, accelerometers, 
etc.). However, all these tools do not replace the 
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attention, the observation and that attitude called 
“speculative” of the track and field coach. The 
ability of the coach consists of data evaluation, 
observing training sessions details, comparing 
the athlete over time (longitudinal analysis) and 
making deductions in order to modify the train-
ing sessions when necessary.

Directly linked to training is the nutrition. 
Perhaps in the past its importance has not been 
recognized as much as it is now. The individual 
characteristics, the nature of the discipline prac-
tised and in particular the type of training carried 
out day by day with the related energy require-
ments contribute to structuring the nutrition strat-
egy. It must meet the needs of restoration and 
accumulation of glycogen reserves, the intake of 
water and electrolytes in their best combination 
and ensure protein intake not only as a function 
of building muscle cells, but also for the synthe-
sis of hormones and enzymes [2, 4].

Finally, with the recent increase in length of 
many athlete’s career, in some athletic disciplines 
there is a relative reduction in the use of very spe-
cific exercises in favour of the use of more gen-
eral exercises aimed at guaranteeing the physical 
condition.

33.2	 �Speed and Hurdles Training 
(Gaudino C)

Track and field speed (100 m, 200 m and 400 m) 
and hurdles (100/110 m Hs and 400 m Hs) train-
ing follow some fundamental guidelines:

•	 The development of strength as a function of 
speed.

•	 The technique and the rhythm combined with 
rapidity in order to reach the maximal speed.

•	 The distribution of the effort.
•	 The specific endurance.

The development of strength follows a fairly 
linear direction that starts from working with 
more or less heavy load through classic exercises 
(such as squat, half-squat and half-squat jump) 
with all their variations. Afterwards, it moves on 
to the special exercises for strength (link between 

strength and speed) performed with light loads 
(e.g. sled sprints), with additional resistance to 
body weight (e.g. uphill sprints) or performed as 
bounds that allow a progressive approach to the 
technical gesture. With reference to the subdivi-
sion previously made with regard to the different 
expressions of strength, it can be stated that 
explosive strength, explosive elastic strength and 
plyometric strength are all involved. Therefore, 
these are solicited through the use of the afore-
mentioned exercises to a different extent based 
on the time of the season, the characteristics of 
the race (race distances) and the individual quali-
ties of the athlete.

Unlike speed, which can be considered a 
capacity derived from strength, rapidity is nor-
mally identified as a coordinative conditional 
quality. It is stimulated through specific exercises 
carried out in conditions particularly favourable 
to its development. It is associated with running 
technique and rhythm to help increasing speed. 
Therefore, it can be deduced that technical and 
rhythmic exercises of speed and rapidity are 
essential. They require neuromuscular freshness 
and complete recovery to be performed with the 
right intensity and quality.

Among the speed and hurdle races, only the 
60 m indoors can be performed without really 
the necessity to dose the effort that must be 
maximal from the beginning to the end of the 
race due to its short duration. On the contrary, 
during all the other speed races (100–400  m), 
the distribution of effort is important in order to 
achieve the best result. This means that the 
100 m, for example, will not be run at maximal 
speed, otherwise it will not be possible to 
achieve the optimal result. The maximal speed 
reached during the competition will be equal to 
the 98–99% of the personal maximal speed. 
This will allow the athlete to maintain it almost 
until the end of the race. It is obvious that by 
extending the distance from 100 to 400 m, the 
percentage of maximum speed reached will tend 
to decrease and it will be adjusted according to 
the consistency of the intervention of the vari-
ous energy-producing mechanisms requested 
(anaerobic alactacid and anaerobic lactacid 
above all).
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In order to improve the efficiency of these 
mechanisms and in particular their power, the 
athlete specialized in speed and hurdles disci-
plines must perform an adequate training based 
on short and long distances (from 60 m to 400–
500 m). These distances must be run at certain 
speeds (not maximal) with incomplete recoveries 
(increasing the mechanisms capacity) and at 
higher speeds with almost complete recoveries 
(in order to increase the mechanisms power). The 
current trend is to favour high-intensity training 
sessions in order to stimulate and improve power 
rather than the mechanism capacity.

33.3	 �Long-Distance Running 
Training (Canova R)

Endurance running training changed crucially 
over the course of the last century. At the begin-
ning of 1900, the only known procedure was to 
run long distance following the athlete feelings. 
Training methodological fundamentals did not 
exist. At the beginning of 1930, an epochal turn-
ing point happened in Freiburg: track and field 
coach Woldemar Gershler together with doctor 
Herbert Reindell studied a new training method 
on more than 3000 University students. Their 
study showed how alternating short distances run 
at high speed (in particular 200 and 400 m, heart 
rate 180–190 bpm) with slow recovery run (heart 
rate 120  bpm) was the most effective training 
method to improve the cardiac activity. This 
method is known as “Freiburg Interval Training”. 
The most emblematic product of that method was 
the German Rudolf Harbig who established in 
1939 the 400  m race European record (46″) in 
Frankfurt and the 800  m race World record 
(1′46″6) in Milan during an epic race with Mario 
Lanzi.

During the same period, Swedish track and 
field coach Gosta Holmer studied a variation of 
that method, which had an important impact in 
longer distance runs. Gosta trained the best 
Swedish athletes (Gunder Hägg and Arne 
Andersson) introducing during their continuous 
run long periods of running at competition speed 
with recovery periods running at 85% of compe-

tition speed. This method called “Fartlek” (liter-
ally “Run Game”) allowed Gunder Hägg to be 
the first man in the World to run 5000  m race 
below 14′ (13′58″2  in 1942). German doctor 
Ernst Van Aaken was the first person to under-
stand that beyond the cardiac work, there were 
peripheral circulatory limits that had to be over-
come, in order to increase oxygen transport 
capacity. Van Aaken set long periods of training 
on continuous running at low intensity, in order 
to increase the number of capillaries (therefore 
the aim was called “capillarization”). His idea 
was followed in New Zealand by Arthur Lydiard 
and in Australia by Percy Cerutty. The two 
Oceanic coaches produced the best athletes of 
that time, leaving an indelible imprint in training 
methodology. Australian Herbert Elliot won the 
1500 m race in Rome Olympic Games and estab-
lished the World record (3′35″6) when he was 
just 22 years old, and this was the last race of a 
short but dazzling career. Peter Snell, New 
Zealander, won the 800 m race in both Rome and 
Tokyo in 1964. On the second occasion, he dou-
bled the gold medal with the victory in the 
1500  m race and was able to improve the two 
World records in the 800m (1′44 ″3) and in the 
mile (3′51″ 3) races. Peter Snell was not the only 
Lydiard top athlete: in fact, for many years the 
trio composed of John Walker (first man in the 
World to run the mile more than 100 times under 
4′), Dick Quax and Rod Dixon (which eventually 
also managed to win the New  York marathon) 
remained at the highest levels in the track and 
field disciplines from 1500 m to 5000 m races. 
However, the Lydiard method, called “Marathon 
Training”, produced striking results in the disci-
plines up to 5000 m race, while, despite the name, 
it proved absolutely unsuccessful on the 
marathon.

The period from 1970 to 1985 saw an exas-
peration of the volume, which allowed the ath-
letes to bring themselves slightly below 27′30″ 
on 10000  m race and 13′10″ on 5000  m race, 
when the limits of 800  m race (1′41″73) and 
1500 m race (3′29″77) were already at the same 
level as the best current athletes. The search for 
superior quality initially led to a contraction of 
the top results, to the point that, in 2003, the best 
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British marathon runner was Paula Radcliffe, 
with no man able to run under 2 h 15′ (Table 33.1).

Table 33.2 clearly shows how modern train-
ing methodologies for short endurance distances 
(800  m and 1500  m races) have not produced 
substantial improvements, while current long-
distance training methodologies have led to very 
significant progress, particularly in the last 
10  years. What has essentially changed in the 
current advanced methodology?

	1.	 Modulation in the intensity of training in the 
various sessions: training with specific high 
intensity is more frequent and the recovery 
between them is longer.

	2.	 Balance in the total distance run: decrease in 
the total volume (180–220  km per week 
instead of 280–320  km usually run in the 
1980s) and simultaneous percentage increase 
in km run at specific race speed (30–35% per 
week, equal to 60–70 km, compared to 20% 
in the past, equal to 55–60 km).

	3.	 Clarification of the role of low-intensity run-
ning, as a simple support for running at spe-
cific race speed.

	4.	 Maintenance of what has already been 
achieved with training, even during the funda-
mental period (never lose what the athlete 
already has, in terms of aerobic power).

	5.	 Promote the intensity (therefore starting from 
the concept of speed, obviously relative to the 
race distance), rather than the volume as it 
happened in the past. In other words, nowa-
days athletes run “fast” over distances of 
5–10 km and then try to run longer distances 
at a similar speed, looking at the “extension” 
of the intensity, while, on the contrary, in the 
past it was required first to reach a great gen-
eral resistance, running 40–50 km at moderate 
pace, to then try to “speed up” the athlete. 
From a methodological and mental point of 
view, it is easier to extend the speed than to 
speed up the distance.

	6.	 Use of speed variations, both short and long, 
which allow to improve the permeability of 
cell membranes in order to favour the clear-
ance of lactate produced in shorter times. 
Since lactate can be considered a limiting fac-
tor in performance, if the level of saturation in 
the muscle fibres is too high, but at the same 
time a percentage of it is capable of producing 
energy, it is obvious that, if the athlete carries 
out a training capable of speed up the clear-
ance action then the athlete can run faster, 
according to the equations:

	 (a)	 Faster lactate clearance  =  Less lactate 
accumulation in muscle fibres

	 (b)	 Less lactate accumulation in muscle 
fibres  =  Possibility of producing more 
lactate by running faster

	 (c)	 Higher lactate production  =  Higher per-
centage of energy available.

Table 33.2  Male World record improvements during the 
last 30 years (since the professionalization of African ath-
letes has taken place)

800 m (1′41″73 → 1′40″91) = 0″82 (0.80%)

1500 m (3′29″46 → 3′26″00) = 3″46 (1.65%)

5000 m (12′58″39 → 12′37″35) = 21″04 (2.70%)

10,000 m (27′08″23 → 26′17″53) = 50″70 (3.11%)

3000 m SC (8′05″35 → 7′53″63) = 11″72 (2.41%)

HM (1:00′10″ → 58′01″) = 2′09″ (3.57%)

Marathon (2:06′50″ → 2:01′39″) = 5′11″ (4.09%)

Table 33.1  Progression of the World record in endurance disciplines since 1970

1970 1980 1990 2000 2010 2020
800 m 1′44″3 1′42″33 1′41″73 1′41″11 1′41″01 1′40″91
1500 m 3′33″1 3′31″36 3′29″46 3′26″00 3′26″00 3′26″00
5000 m 13′16″6 13′08″4 12′58″39 12′39″36 12′37″35 12′37″35
10,000 m 27′39″69 27′22″47 27′08″23 26′22″75 26′17″53 26′17″53
3000 m SC 8′21″98 8′05″40 8′05″35 7′55″72 7′53″63 7′53″63
HM 1:03′53″ 1:02′16″ 1:00′10″ 59′17″ 58′23″ 58′01″
Marathon 2:08′34″ 2:08′34″ 2:06′50″ 2:05′42″ 2:03′59″ 2:01′39″
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This means that nowadays there is the possi-
bility of running the entire marathon faster, 
increasing the resistance coefficient. Up to 
10 years ago, the best athletes could run the mar-
athon at 94–95% of the half-marathon speed. 
Currently, the resistance coefficient has risen to 
96–97%, also thanks to the new energy gels that 
allow a quick energy recharge.

Some examples of specific training currently 
adopted with the best World athletes are reported 
here:

	1.	 5  ×  5  km at the race pace, alternated with 
1 km run at 90% of the race pace. For exam-
ple, if an athlete runs the marathon at 3′/
km = 2:06′36″, 5 × 15′ with 1 km recovery at 
3′15″/3′20″, for a total of 30 km in 1: 31′15″.

	2.	 20 km on the track: 2 × 3000 m at 105% of the 
marathon rhythm (MR), in the previous case 
in 8′33″, + 3 × 2000 m at 107% MR (in that 
case, 5′36″) + 5 × 1000 m at 108% MR (in 
that case, 2′45″) + 6 × 500 m at 112% MR (in 
that case, 1′19″).

	3.	 24  km alternating speed every km 
(2′55″/3′05″).

	4.	 Continuous run at even pace for 40 km at 97% 
MR (to be performed 4–5  weeks before the 
competition).

	5.	 “Special block”, which consists of prolonged 
training of specific quality, both in the morn-
ing and in the afternoon. Example, 10 km at 
90% MR in 33′  +  15  km MR in 45′ in the 
morning, 10  km at 90% MR in 33′ + 
6 × 2000 m on the track at 103% MR in 5′48″ 
with 2′ recovery jogging in the afternoon, for 
a total of 47 km of specific training +8 km of 
warming up on the same day.

33.4	 �Jumps Training (Duca M)

In track and field, jumping events are character-
ized by the presence of a run-up, a take-off (three 
in the case of the triple jump), a flight phase and a 
landing phase [7]. During the run-up, the athlete 
builds up horizontal velocity. Later, part of that 
horizontal velocity is converted into vertical veloc-
ity during the take-off. In all the events but pole 

vault, the jumper’s stance leg is planted in front of 
the athlete and applies a force to the ground that 
generates a reaction force in the opposite direction 
(GRF). This GRF acting on the athlete’s body is 
generated in a very short time (150–200 ms) and, 
although partially reducing the horizontal velocity, 
thrusts the athlete centre of mass (CM) upward. It 
has to be noted that, during the take-off, the athlete 
stance lag is unable to convert horizontal velocity 
into vertical velocity without a loss of energy [7], 
but this can be minimized by planting the take-off 
leg faster and straighter [8]. The resultant velocity 
and projection angle of the CM dictate the jump-
ing performance achievable by the athlete. 
Alternately, considering pole vault, the pole acts as 
the stance leg of the jumper and converts horizon-
tal velocity in vertical velocity and during the take-
off there is a net energy gain, thanks to the muscular 
actions performed by the upper body of the athlete 
on the pole [9].

Another factor to be considered is the horizon-
tal and vertical distance travelled by the athlete’s 
CM during the take-off, which can be controlled 
by the athletes by purposely swinging their arms 
forward and/or upward and [7, 10]. In the hori-
zontal jumps, measuring starts from the end of 
the take-off board; therefore, the athlete must be 
precise in their run and plant their foot as close as 
possible to the end of it. In all jumping events, the 
athletes’ ability to control the position of body 
segments, while in the air is also a contributing 
factor. In vertical jumps, it allows for clearing bar 
set higher than the athletes’ CM and in horizontal 
jumps it allows for a further reach when landing 
in the sandpit.

The most important characteristics for an ath-
lete to succeed in the jumping events are speed, 
showing always the greatest predicting power 
towards performance, and strength [11, 12]. 
Therefore, speed development should be priori-
tized over strength development [13] and can be 
pursued by means of sprint training. The empha-
sis should be placed on top speed and step length 
awareness and control (e.g. 30- to 60-m sprints or 
10 m fly-ins with 3 to 6 min of recovery). Pole 
vaulter should perform sprint training carrying 
the pole, as it alters sprint kinematics and reduces 
sprint velocity.
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Strength and the ability to generate large 
GRF in a brief time can be developed effectively 
by resistance training (2–3 sessions per week) 
and plyometrics (1–2 sessions per week) [14]. 
The implementation of a block periodization par-
adigm (consisting of the sequential development 
of hypertrophy, strength and power) is to be pre-
ferred, as it leads to improved maximal and 
explosive strength adaptations over other peri-
odization paradigms (Table  33.3) [15, 16]. 
Resistance training should prioritize multi-joint 
movements involving lower limb triple extension 
(e.g. squats, pulls), and exercise selection should 
allow for a variation in range of motion, muscle 
action and specificity throughout the training 
plan (e.g. squat, ½ squat, ¼ squat and counter-
movement jump). Regarding pole vaults, addi-
tional emphasis should be put on shoulder girdle 
strength (e.g. horizontal bar gymnastic deriva-
tives exercises), especially so for women.

Alongside strength and speed development, 
jumping skill can effectively be trained with 
varying emphasis through the training phases. A 
way to improve jumping skill consists of the use 
of dynamic drills, which replicate the take-off or 
action with a reduced run-up (three strides). The 
lower speed allows the athlete to elicit a greater 
control over his body segments, without a sub-
stantial alteration in the kinetic of the movement 
[17]. An effective training method to obtain 
straighter and stiffer plant leg consists in the use 
of raised flat and inclined boards at take-off [18]. 
When jumping off the flat boards, the athlete 
enhanced the pivot of their body over the stance 
leg and reduced flexion at the knee. This can be 
effectively transferred to the standard take-off 
condition.

To allow for optimal performance, the coach 
should select and integrate the proper means for 

speed, strength and skill development based on 
the biological, psychological and technique level 
of the athlete being trained.

33.5	 �Throws Training (Silvaggi N)

Training is represented by the different physical 
exercises that directly or indirectly influence the 
improvement of sports performance. Many 
authors have divided sports training exercises 
into categories that characterize the development 
of the qualities related to the specific sports disci-
plines [19]. Training exercises can be divided 
into three main groups:

•	 Exercises for general (conditional) 
preparation.

•	 Exercises that do not represent any element of 
the technical model and which differ in terms 
of execution time, position and movement 
with respect to the competition.

•	 Exercises for special preparation.
•	 Exercises that represent the technical model 

but modify the spatiotemporal characteristics 
of the technique and reduce or increase the 
speed of it compared to the competition.

•	 Competition or specific exercises.
•	 Exercises that correspond to the technical 

actions carried out in conditions close to the 
competition ones.

In throws disciplines, exercises for general 
preparation are not very correlated or even have 
no correlation at all with the competition action. 
For this reason, sometimes the use of some of 
these exercises can lead to the development of 
physical qualities that are not very solicited in the 
competition, limiting the possibility of improv-

Table 33.3  Example of strength training programme for a horizontal jumper

Phase Hypertrophy Strength Power
Duration (weeks) 0–4 4–8 2 – 4
Sessions/week (n) 3 3 2
Exercises/session (n) 5–6 4–5 3 – 4
Sets x repetitions (n) 5 × 10/3 × 10 5 × 5/3 × 5/3 × 3 3 × 3/3 × 2/2 × 2
Intensity (%1RM) 60–70% 70–85% 40–60%/80–95%

1RM One repetition maximum
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ing specific qualities. In order to have maximum 
effectiveness, sports training must respect an 
important principle: it must be highly specific. It 
must have a high correlation in its exercises 
(stimuli) with the competition exercise. This 
means that each exercise must have at least one 
technical component that makes it correlated 
with the competition action. By following this 
principle, competition or specific exercises are 
those with the highest correlation as they consist 
of performing exercises identical to the competi-
tion ones, or exercises that are extremely close to 
it, with respect to the rules and condition of the 
competition itself.

General exercises do not correspond to the 
competition actions; however, they promote the 
development of the organism’s functional capaci-
ties. Their goal is to increase the training effect 
on certain physiological systems and on certain 
functions of the organism [20]. It is evident that 
in order to increase the effectiveness of these 
exercises and to increase the correlation with spe-
cial exercises, general exercises must respect an 
important principle: they must have correlation 
with the physical characteristics of the 
discipline.

In sports characterized by neuromuscular fac-
tors such as throwing, general preparation con-
tents have three very important parameters: the 
expressions of maximal strength, explosive 
strength and explosive elastic strength. These 
three parameters are very important for the ath-
lete’s functional status and must be constantly 
monitored.

Among the exercises for the development of 
maximal strength, there are:

•	 ½ squats, deep lounges, squats, deadlifts, 
snatch, upright barbell row, inclined bench 
and horizontal bench.

Among the exercises for the development of 
explosive and explosive elastic strength, there 
are:

•	 ½ squat jump performed from standing still 
position (explosive), continuous, with coun-
termovement, with countermovement jump 

(explosive elastic) and continuous jumps. 
With regard to the development of explosive 
strength, we can also consider all forms of 
bounds since they have no correlation with the 
throws technical action. On the contrary, with 
regard to jumps training, these exercises 
would have been considered as special 
exercises.

Exercises for special preparation have a 
high correlation with the technical model since 
they contain elements of the competition itself 
but ensure the possibility of expressing higher or 
lower strength commitments compared to the one 
expressed in the competition making its speed to 
decrease or increase.

In throws, for example, special exercises are 
throws with tools of a different weight from the 
standard (competition one) or throws with over-
load such as weighted belts or weighted vests. In 
addition, are also considered special exercises in 
throwing those exercises with overload that 
reproduce only a part of the whole technical 
action such as only the hips movement or only 
the transaction in shot put.

Specific exercises are those exercises of 
global and segmental technique without over-
loads and performed with standard equipment. 
Throws made with tools that are slightly lighter 
and heavier than the standard weight also fall into 
this category as well as those with reduced 
actions like the standing throws.

Most of the track and field disciplines are clas-
sified as power activities since during those per-
formances there is a high development in 
explosive strength such as in throws, jumps, 
sprints and hurdles races. All these disciplines 
have in common a single objective: to improve 
the speed of execution. That means to run faster, 
to increase the exit speed of the tool in the throws 
or the take-off speed in jumps. The difference 
between the various disciplines is the modality of 
developing speed in cyclic or acyclic movements, 
but the concept is that speed is the only parameter 
able to improve the performance. Therefore, a 
modification of the athlete’s functional status 
must lead to increase in this parameter. To be able 
to do that all the training contents (general, spe-
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cial and specific, mentioned above) must lead to 
an increase in speed. This factor is the only one 
that can, over the years and for many disciplines 
(in particular for throws), continuously vary and 
influence the performance.

The most important part of throws training 
plan is the special physical preparation. Increasing 
maximal strength for example carrying out bench 
press exercises or squat exercise does not mean 
that there is an improvement in the throwing per-
formance. There is no correlation between those 
exercises and the throw. In order to make the 
most of all the adaptations obtained with the 
exercises of maximal and explosive strength, it is 
necessary, without anticipating or delaying the 
development of speed, to selectively intensify the 
work regime through the special preparation.

The objectives of the special physical prepara-
tion are to improve intra- and intermuscular coor-
dination and thereby to create better conditions 
for technical improvement. Special strength exer-
cises must have the following characteristics:

•	 high correlation between the strength exercise 
(special) movement and the competition 
movement (complete movement).

•	 high correlation between the strength exercise 
(special) movement and one or more elements 
of the technical action (segmental 
movements).

An example of throws training periodization 
leading to a competition is shown below 
(Fig. 33.5). The objective is to bring the athlete to 
his best competitive condition in 17 weeks. These 
are divided into a first period (first 8 weeks, in 
red) mainly focused on the development of maxi-

mal strength and explosive strength by using gen-
eral exercises. In the following period (from the 
6th week to the 14th week, in yellow), the per-
centage of special work prevails over the general 
one and the specific work increases. In the com-
petitive period (last 3 weeks, in light blue), spe-
cific work prevails over special work and only a 
small percentage of general work remains.

In Fig. 33.5, five mesocycles are schematized, 
the first two are 4 weeks each (in red) while the 
other three are formed by 3 weeks each (in yel-
low and light blue). Each column represents a 
week that makes up the cycle and the height of 
the column shows the training load of the entire 
week. The first week of each cycle is the one 
where the maximal volume of work is expected. 
The volume of work in the first week is dictated 
by the intensity used in the respective period and 
the level of development of the subject’s physical 
abilities. In the second and third weeks, for the 
4-week mesocycle and only the second for the 
3-week one, the volume of work is reduced by 
20%, while the number of exercises and the 
methods used in the respective cycle remain the 
same. The exercises must remain the same for 3 
or 4  weeks (a mesocycle) since that allows the 
athlete to obtain the best effects and effective 
physiological adaptations lasting over time. The 
20% reduction in training load must be imple-
mented to respect the ratio between external load 
and internal load. At the beginning of the second 
week of work of the cycle, the organism of the 
athlete is at a lower performance level if com-
pared to the starting level, due to the stresses suf-
fered in the first week. As a consequence, to have 
an internal response equal to the first week a 
slightly lower training volume is sufficient. The 

Week Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Mesocycle 4 Mesocycle 5

T
R

A
IN

IN
G

 L
O

A
D

Mesocycle 1 Mesocycle 2 Mesocycle 3

Fig. 33.5  Example of 17 weeks of throws training periodization leading to a competition
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fourth week for the first two cycles and the third 
week for the others refer to the unloading week 
where work is reduced by up to 60% compared to 
the first. This is to allow the body to recover and 
have the effect of supercompensation.

Going into more details, general exercises car-
ried out during the first 8  weeks (in red in 
Fig.  33.5) include three sessions of strength of 
which 70% is maximal strength and 30% is 
explosive strength with prevalent pyramidal pro-
grammes and fixed repetitions. The most used 
exercises are horizontal bench, inclined bench, 
snatch, upright barbell row, squats and half-
squats. During this phase, special exercises are 
carried out three times per week and they include 
exercises with heavy load that mainly reproduce 
segmental technical movements, for example 
exercises with barbells, weighted belts, weighted 
vests and very heavy throwing. Specific exercises 
in this phase are very limited, and only a few 
throws are performed.

In the following 6  weeks (in yellow in 
Fig.  33.5), special physical preparation prevails 
and specific work increases. In this phase, gen-
eral exercises are reduced to two sessions per 
week of which 50% maximal strength and 50% 
explosive strength. The exercises remain the 
same as in the previous period. There are four 
sessions per week focused on special physical 
preparation in which the speed of execution dur-
ing the exercises increases considerably. 
Complete throws are performed. In shot put, for 
example, in this phase, the weight of the shot can 
range from 9 to 6 kg for men and from 6 to 3 kg 
for women. At the same time, specific training 
increases. The number of throws increases 
including the use of competition tools and great 
attention is paid to the throwing technique.

Finally, the last 3  weeks (in light blue in 
Fig.  33.5) represent the competitive period. In 
this phase, general exercises are still used for two 
times per week but with a percentage of 30% 
maximum strength and 70% explosive strength. 
Special exercises are performed three times per 
week. Complete throws are carried out with 
heavy and light tools. In shot put, throws are car-
ried out with heavy and light tools ranging from 
8.30 kg to 6.26 kg for males and from 5 to 3 kg 

for women. Official competition weights in shot 
put are 7.25 kg for men and 4.00 kg for women. 
Specific exercises prevail over the others espe-
cially in order to refine the technical movement.
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34.1	 �Introduction

“When can I return to sport?” is the golden ques-
tion from athletes and coaches to healthcare pro-
fessionals working in sports. This chapter focuses 
on the process from injury to return to sport 
(RTS) for the track and field athlete, aiming at 
giving an evidence-based outline of the princi-
ples of returning back to sport after injury.

34.2	 �Definition of Return to Sport

Different terms and definitions are used to define 
the moment of the athlete’s ability to “sport” 
again: return to sport, return to play, return to 

participation, and return to performance. The 
definitions of the 2016 British Journal of Sports 
Medicine consensus statement are generally 
accepted (Fig. 34.1) [1]:

“Return to participation” is reached when the 
athlete is participating in sport, however at a 
lower level than his or her ultimate goal. This 
means the athlete is in the final part of 
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rehabilitation and is doing sport-specific training 
but not physically, conditionally, and/or psycho-
logically ready for return to competition. “Return 
to sport” means that the athlete has returned to 
his or her sport in competition. “Return to perfor-
mance” is an extension of the return to play con-
tinuum in which the athlete has returned to his or 
her sport at the desired performance level. This 
can be at or above his or her pre-injury level of 
sports [1]. For track and field, we can consider 
achieving a personal best (PB) performance as 
successful return to performance.

34.3	 �Injury Characteristics

Prior to discussing the aspects of rehabilitation, 
we will first touch upon injury characteristics as 
training load, biomechanics, and other contribut-
ing factors for the present injury. These aspects 
are essential for defining the complete scope of 
the injury and establishing successful return to 
performance.

34.3.1	 �Injury Analysis

When an athlete gets injured, the first goal is to 
establish an accurate structural diagnosis of the 
injury and to identify factors having contrib-
uted to the current injury [2]. As many factors 
are responsible for an injury, it is essential to 
identify the mutual relationship between differ-
ent factors. Several multifactorial etiology 
injury models are developed to show the inter-
connection of the contributing factors [3, 4]. 
The comprehensive model for injury causation 
described by Bahr et al. distinguishes different 
types of risk factors: internal nonmodifiable 
risk factors (e.g., age), internal modifiable risk 
factors (e.g., strength, coordination, neuromus-
cular control), and external risk factors (e.g., 
playing schedule, opponent behavior) [4]. 
Moreover, it is of clinical importance to iden-
tify which inciting event has given rise to occur-
rence of the injury [4].

34.3.2	 �Sports Science 
and Medicine Team

In the early phase of an injury, the team around 
the athlete has to determine who will be regarded 
as the “case manager” of the injured athlete. The 
case manager makes a rough timeline for the 
rehabilitation and decides which medical team 
members (or external specialists) are needed for 
consultation in each phase. This is dependent on 
specific injury characteristics and whether the 
injury will be treated conservatively or opera-
tively. It is the responsibility of the case manager 
to ensure adequate communication and collabo-
ration between the different team members. The 
case manager continuously informs the athlete 
and his or her coach and educates them about the 
current situation, rehabilitation plan, and risks of 
proposed management strategies [5]. This results 
in the greatest involvement of the athlete in the 
rehabilitation process and fosters his/her auton-
omy [6]. Another important aspect to mention is 
the pressure from various sources (coach, club, 
parents, manager, and/or press) that can be expe-
rienced by the athlete. The case manager should 
discuss this with the athlete because this can have 
a major impact on the athlete and can be an 
obstructive factor in recovery.

34.3.3	 �Training Load

Analysis of training diaries provides insight into 
the training load of the athlete. Poor management 
of the training program and training periodiza-
tion is a major risk factor for injury [7]. This 
includes the planning and sequence of different 
types of training sessions within a week. Accurate 
study of training diaries is essential in the analy-
sis of training planning and periodization. In 
addition to these training-related factors, the 
competition schedule has become busier over the 
years and is a factor in the occurrence of injuries 
[7]. High training load and especially spikes in 
training load are strongly associated with injuries 
[8]. High training load induces fatigue, which 
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consequently diminishes coordination, neuro-
muscular function, and decision-making ability, 
thereby making the athlete vulnerable to sustain-
ing injury [2, 7]. On the other hand, high training 
load is required to develop full potential of the 
athlete.

The acute/chronic ratio (A/C ratio) is a 
recently developed model to quantify training 
load and can be helpful in planning of training 
and competitions [9]. The A/C ratio is calculated 
by dividing the acute training load (the average 
training load of the last week) by the chronic 
training load (the average training load in the last 
3–6  weeks) [9]. First studies in cricket, rugby, 
and Australian rules football found an optimal 
(“sweet spot”) A/C ratio of 0.8–1.3 for the lowest 
injury risk [9, 10]. Highest injury risk was found 
with an A/C ratio >1.5 (“danger zone”) [9]. These 
results show that athletes with high chronic train-
ing load seemed more resistant to injury in peri-
ods of acute high load, compared to athletes with 
low chronic load [11]. For injury prevention, 
moderate changes in A/C ratio within the “sweet 
spot” range seem advisable [9].

Monitoring of load should always be done 
individually [7, 12]. This means that one must try 
to quantify the specific training load factor being 
the most relevant for the athlete in question. In 
track and field, one could regard the number of 
jumps for a long jumper and the number of 
throws for a javelin thrower as training load fac-
tors. To quantify training load more specifically, 
several training load factors should be used in 
one athlete. For example, in long-distance run-
ning, one can quantify training load by the total 
number of kilometers that the athlete has run, the 
amount of high-speed running and the number of 
kilometers run at the track [13]. Of note is the 
most relevant factor in training load can differ 
over time in the same athlete depending on train-
ing period and type and localization of the cur-
rent or previous injuries. This is especially the 
case in heptathletes and decathletes, for whom it 
is extremely difficult to coordinate the training 
program for all the different events. In general, 
monitoring training load is best executed through 

a combination of internal and external training 
load factors [7, 12, 14].

34.3.4	 �Biomechanics

Analysis of the biomechanics of the athlete in 
his/her particular event can give insight into caus-
ative factors of the injury. This can be performed 
by analyzing optimal biomechanics of this par-
ticular athlete in injury-free top shape and com-
paring this to the athlete’s biomechanics prior to 
the injury. In some events, specific injuries are 
more prevalent due to specific demands of that 
event. In a study of British track and field ath-
letes, sprinters had a significantly higher inci-
dence of plantaris tendon injury (tendinopathy or 
(partial) rupture) compared to endurance athletes 
[15]. Moreover, bend running sprinters (200  m 
and 400  m) had significantly more right-sided 
than left-sided plantaris injuries. It was hypothe-
sized that there are higher load and higher rota-
tional forces on the right leg in running 
counterclockwise, especially on the plantaris 
muscle as plantar flexor in high-speed running 
[15, 16]. This aspect can be used in rehabilitation 
to introduce (high speed) bend running in the 
final phase of rehabilitation. This example shows 
that integrating biomechanical, medical, and 
sport-specific knowledge is essential to really 
understand and explain the current injury and 
consequently reduce the risk of reinjury.

34.4	 �Athlete Characteristics

Specific athlete strengths and weaknesses should 
be taken into account in making the rehabilitation 
plan. Considering athlete characteristics can 
highlight factors that need more attention and/or 
demand involvement of a specific specialist. In 
doing this, an injury gives the athlete the opportu-
nity to work on (hidden) weaknesses and factors 
not directly related to the current injury. Working 
on these weaknesses can have a performance 
benefit in the long term. Injury history can give 
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insight into vulnerable body parts, and insuffi-
cient recovery of previous injuries can be a recur-
rent contributing factor in new injuries.

Psychological state is an important factor to 
consider thoughts, feelings, and athlete’s behav-
iors influence sports injury rehabilitation 
outcomes [17]. It is advised to ask about the ath-
lete’s ideas on the injury, recovery process, and 
fear of reinjury. Moreover, reflecting on the 
injury period as an opportunity for growth and 
development can have positive rehabilitation out-
comes [17].

Lastly, it should be stated that creating clarity 
about the end goal of rehabilitation by defining 
what successful RTS entails for this particular 
athlete is also a vital aspect of the athlete’s 
characteristics.

34.5	 �Aspects of Rehabilitation

Defining the injury and athlete characteristics 
gives an overview of the present injury. It is 
advised to sketch a rough timeline to return to 
sport and highlight points for attention. Now, we 
will review aspects of rehabilitation starting with 
general principles followed by strength and 

sport-specific exercises and nutritional aspects 
during rehabilitation.

34.5.1	 �General Principles

In rehabilitation, a shift is going on from a pure 
time-based approach to a criteria-based approach 
[18]. In criteria-based rehabilitation, different 
phases from the injury to final return to sport are 
run through step-by-step, without setting a spe-
cific time period for each phase. The biggest 
advantage of criteria-based rehabilitation is that 
one phase is fully completed before moving on to 
the next. This prevents insufficient rehabilitation 
when time-based phases are too fast and prevents 
unnecessary time loss when recovery goes (too) 
fast. However, a factor that always should be 
taken into account is biological healing of the 
injured tissue [19].

The basic principle of rehabilitation is step-
wise progression of injury-specific exercises in 
strength and muscle fiber recruitment toward 
sport-specific exercises (Fig. 34.2) [18]. Besides 
that, the rehabilitation plan has to include injury 
nonspecific exercises and general conditioning. 
Aerobic exercise training can be performed on 

Full training

Clinical pain free

Load progression & progressive higher impact Sport specific conditioning

Sport specific training

General conditioningNon-injury specific exercisesInjury specific exercises

Active joint
mobility

Controlled loading
of injured tissue

General strength
training

Stability &
coordination

Low impact, e.g. bike, pool, crosstainer

Fig. 34.2  Structure of a rehabilitation program. Adapted and adjusted from Serner et al. [18]
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the bike, on the antigravity treadmill, or in the 
pool, dependent on the specific athlete and 
injury characteristics and, naturally, available 
facilities.

34.6	 �Strength and Sport-specific 
Exercises

Optimal loading is key during rehabilitation. 
Gradual buildup of tissue load is essential, and in 
each phase of the rehabilitation, it is a continuous 
search to determine what exactly is regarded as 
optimal loading. In monitoring load, the previ-
ously discussed A/C ratio can be used. In acute 
injury, there is a selective inhibition of the injured 
muscle as a protective mechanism. In the first 
phase of rehabilitation, this selective inhibition 
must be reduced in order to avoid chronic activa-
tion deficits in that specific muscle group [2]. It is 
proposed that high load isometric exercises are 
most effective because this activates the biggest 
amount of motor units [2]. Therefore, in the 
beginning of rehabilitation, focus must be put on 
careful loading and recruitment of the injured 
muscle(s) with basic, non-sport-specific, closed 
chain exercises. In later phases, progression can 
be made to open chain exercises and more 
dynamic exercises with gradual progress in 
velocity of movement. Proprioceptive and neuro-
muscular training both reduce the incidence and 
recurrence of several injuries, such as acute ankle 
sprains and acute knee injuries [20, 21].

Rehabilitation gradually progresses to sport-
specific training during which it is essential to 
restore normal movement patterns. Altered hip 
and pelvis kinematics post-hamstring injuries is 
found and should be a main focus in early phases 
of sport-specific rehabilitation [2]. In making a 
sport-specific rehabilitation plan, the specific 
injury and athlete’s characteristics have to be 
taken into account. Contributing factors to the 
current injury and factors known as high impact 
(e.g., spikes vs. normal running shoes) should be 
introduced carefully and gradually. Technical 
aspects should receive careful attention during 

rehabilitation, especially when the athlete’s tech-
nique can be regarded as a contributing factor in 
the present injury (e.g., introducing changes in 
running technique or technique of foot placement 
in jumping events).

Specifically in training buildup for track and 
field athletes, one can think of sprinters and mid-
dle–long- distance runners who gradually prog-
ress from walking to easy jogging and doing 
progressive running drills. Jumpers can perform 
jumping exercises on blocks and can slowly 
progress to jumps with higher force (in height 
and/or distance). Throwing athletes start throw-
ing with lighter or heavier material (javelins/dis-
cus). Heavier material during rehabilitation is 
useful when a slower movement and better move-
ment control is preferred and executed. When 
optimal biomechanics are established, gradual 
training progression can be made in volume, 
intensity, and sport-specific aspects (e.g., using 
hurdles and starting blocks).

34.6.1	 �Nutritional Aspects

Adequate nutritional intake is essential in reach-
ing optimal training effect. Due to the fact that 
the training program of the athlete is changed 
during rehabilitation, it is the case that also the 
nutritional requirements are subject to change. 
Where a carbohydrate-rich diet is normally eaten 
during high-intensity training weeks, there may 
be a greater need for protein in rehabilitation 
phases focusing on strength [22, 23]. It is known 
that dietary protein supplementation enhances 
muscle protein synthesis following resistance 
exercise [22]. Total energy intake should there-
fore be matched to the training load during reha-
bilitation in order to avoid gain of body weight. 
The sports medicine physician and dietician can 
determine an optimal diet (with or without nutri-
tional supplements) based on injury characteris-
tics, rehabilitation phase, and blood tests. Again, 
especially in elite sports, this highlights the 
importance of shared decision making, commu-
nication, and teamwork.
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34.7	 �Aspects in Final RTS Decision

Return to play is a continuum; however, the final 
RTS decision should be made at one specific 
moment. RTS clearance is a multi-faceted clini-
cal decision and is ideally made in the perfor-
mance team in a shared decision-making process 
[5]. We discuss several aspects of the final RTS 
decision, which in essence is finding the right 
balance between returning an athlete too early 
and suffering a reinjury or delaying RTS and 
missing competitions unnecessarily.

34.7.1	 �Clinical Testing

Injury-specific and sport-specific clinical tests 
can be useful in RTS decisions. Basic clinical 
tests such as palpation, stretch, and manual 
strength testing should be pain-free and similar to 
the contralateral side. For example, in acute ham-
string injuries, pain on posterior thigh palpation 
and isometric knee flexion force deficit at 15° 
within 7 days after return to play are associated 
with a higher hamstring reinjury rate [24]. Ideally, 
test results of this particular athlete are available 
before the injury occurred and are performed sev-
eral times during rehabilitation. For example, 
reduced hip adductor strength is found to be a 
significant risk factor for groin injuries in male 
soccer players [25]. This makes that the presence 
of reduced adductor strength and/or asymmetry 
in comparison with the contralateral leg can push 
the decision to postponement of RTS.

Sport-specific clinical tests are exercises and 
activities that mimic the athlete’s sporting event 
as closely as possible. These tests aim at making 
the transition from rehabilitation to RTS small 
and at giving the athlete confidence in sport-
specific function and skill. This particular part of 
decision whether to make the final decision of 
RTS can be assessed by performance-based tests 
of sport-specific movement patterns, muscle 
strength, and reactive agility [19].

The physical reaction to sport-specific train-
ing should be monitored carefully and is essen-
tial for evaluation of the readiness for 
RTS. Parameters that can be used for this pur-

pose are pain, morning stiffness, joint effusion, 
and joint mobility.

34.7.2	 �Psychological Readiness

Assessment of psychological state of the athlete 
is essential in the decision of RTS [17]. It is found 
that psychological factors at return to sport 
focused on performance-related and reinjury-
related anxiety and fear [17]. Psychological read-
iness, sport-related confidence (self-efficacy), 
and social support are found to be important fac-
tors in successful return to sport and should 
therefore be taken into account [17].

34.7.3	 �Imaging

In making a final decision about RTS, imaging is 
not recommended. In a study of acute hamstring 
injuries, 89% of athletes with clinically recov-
ered acute hamstring injuries still had increased 
signal intensity on MRI [26]. In bone stress inju-
ries, bone marrow edema can be present on MRI 
months after successful RTS and is widely pres-
ent in asymptomatic runners [27].

34.7.4	 �Decision to Return to Sport

Taking results of clinical tests, reaction to sport-
specific training, and psychological readiness 
into account, decisions about return to sport still 
can be difficult. The StARRT (Strategic 
Assessment of Risk and Risk Tolerance) frame-
work is developed for structural assessment of 
the decision to return to sport [1, 28]. This frame-
work consists of three components: assessment 
of health risk, assessment of activity risk, and 
assessment of risk tolerance. In the assessment of 
health risk, one has to determine tissue health 
(patient characteristics, symptoms, and special 
tests) and tissue stresses (sport characteristics, 
competitive level, ability to protect, and psycho-
logical readiness). In the assessment of risk toler-
ance, risk tolerance modifiers have to be 
considered (timing (season), pressure from ath-
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lete and/or external pressure, and possible con-
flict of interest (financial aspects)). RTS should 
be allowed when the risk assessment (health and 
activity risk) is below the acceptable risk toler-
ance threshold [28]. Assessment of risk tolerance 
is based on risk tolerance modifiers, and this is 
why athletes presenting with the same risk assess-
ment can have different moments of RTS depend-
ing on the situation (e.g., national competition or 
Olympics). Ideally, RTS is a multidisciplinary 
decision to create the greatest support for the 
final decision. Factors healthcare professionals 
primarily have to take into account are physio-
logical and psychological readiness, risk of rein-
jury, and possible long-term health risks [5].

34.7.5	 �Secondary Prevention

Having had a specific injury is one of the major 
risk factors for reinjury. Secondary preventive 
interventions reduce the reinjury risk. Athletes 
have to be aware of their increased injury risk and 
should continuously work on injury prevention. 
In sports injury prevention programs, strength 
training is essential because this reduces injury 
risk in a dose–response relation and improves 
performance [29]. Protection of the previously 
injured tissue is found effective in some injuries, 
for example, using an ankle brace or tape in the 
secondary prevention of ankle sprains [30]. 
Monitoring load is in particular important in the 
first phase after RTS in order to secure gradual 
progression in load. This is essential in reaching 
the end goal of injury rehabilitation for elite ath-
letes: performing at a higher level than ever 
before.
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