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Foreword

—

WORLD
ATHLETICS.

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
Director — World Athletics Health and Science Department
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Presidential Foreword

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

ISAKOS President
San Ramon, CA, USA
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Introduction

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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Introduction

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
Torino

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

P. Edouard (I)

Inter-university Laboratory of Human Movement
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University Jean Monnet, Saint Etienne, France

Department of Clinical and Exercise Physiology,
Sports Medicine Unit, University Hospital of
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Lausanne, Switzerland

e-mail: Pascal. Edouard @univ-st-etienne.fr
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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

G. L. Canata et al. (eds.), Management of Track and Field Injures,

https://doi.org/10.1007/978-3-030-60216-1_1
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P. Edouard

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

Middle and long
Combined distances and
Sprints Hurdles Jumps Throws events marathon
Main Thigh and Thigh and Thigh and Shoulder Thigh muscle Lower leg
injuries hamstring hamstring hamstring and elbow  injuries injuries
muscle injuries  muscle muscle injuries  injuries
injuries
Achilles Lower leg Achilles and Low back  Back injuries Achilles
tendinopathy injuries patellar pain tendinopathy
tendinopathy
Back injuries Knee injuries Upper extremity Overuse knee
injuries injuries
Ankle sprain Achilles and Stress fracture
patellar
tendinopathy

Low back pain

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
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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 Ila (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
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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.

Fig.2.1 Phases of

sprintin, .
P J Acceleration

[
[

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].
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Fig. 2.2 Events and phases during the initial phase (sprint start)

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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Fig. 2.3 Ground forces applied during sprint running.
Elite sprinters can generate greater forces at a shorter time

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 SprintTraining

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 Ila 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 Ila 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 Hirschmdiller

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
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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.

21

G. L. Canata et al. (eds.), Management of Track and Field Injures,

https://doi.org/10.1007/978-3-030-60216-1_3

29
30
31
32
33
34
35
36
37
38

40
41
42
43
44
45
46
47
48
49

50

51
52
53
54
55
56
57


https://doi.org/10.1007/978-3-030-60216-1_3#DOI
mailto:lukas.weisskopf@altius.ag
mailto:thomas.hesse@altius.ag
mailto:thomas.hesse@altius.ag
mailto:marc.sokolowski@altius.ag
mailto:anja.hirschmueller@altius.ag
mailto:anja.hirschmueller@altius.ag

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

t1.1
1.2

1.3
t1.4
t1.5
t1.6
t1.7
1.8
t1.9
t1.10
t1.11
t1.12
t1.13
t1.14

22

L. Weisskopf et al.

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

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

Force
Activity (kN) Author
Walking 1.3-1.5  Finni et al. (1998)
Counter movement 1.9-2.0  Fukashiro et al. (1995)
jump
Squat jump 1.9-2.2  Fukashiro et al. (1995)
Drop jump 3.5-5.0 Briiggemeann et al.

(2000)

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

9.0

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

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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Risk factors for tendon injury

Injury mechanism

Internal risk factors:

* Age >
L] / .

Sex / Predisposed
*BMI / Athlete

¢ Personal anamnesis (pre-
injury, joint instability, co-
morbidities)

Vulnerable

Athlete

¢ Physical Fitness (Muscle
Strength, VO2 Max, Joint
ROM

* Anatomy (Alignment, ...)

* Skills (sport-specific
technique)

* Psychological factors
(motivation, risk-taking,
competitive experience, ...)

Exposition

skis, ...)

external risk factors:

* Sports-specific factors
(coaching, rules, referees)

 Protective equipment
(helmet, shin guards)

* Sports equipment (shoes,

* Environmental influences
(weather, soil conditions, ...)

* Medication (Cortisone,
Ciprofloxacin, ...

Triggering event:

¢ Playing Situation

* Player/Opponent
Behavior

¢ Accident mechanism
(biomechanics whole
body, joint, ...)

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

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

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]

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%
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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/mm?. 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 cm? 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.
Briiggemann 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 Briiggemann 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

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

e Increased tendon stiffness

 Expression of interleukins and metalloproteinases

* Decorin reduction

* Degeneration of tendon in old age

* Movement pattern

* Soleus lesion

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
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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
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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

Ligament Load (N)

H
||II|||||||

Displacement (mm)

13

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

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
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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

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
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Fig. 4.3 Duration of the
three different healing
phases in the injured
ligament: inflammatory,
proliferative, and
remodeling

<>
48-72 hours

Proliferative phase

Several Months

Remodeling phase

Months to Years

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

Time

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].
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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 (V).

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-

Without stable apposition to the femoral insertion site,
this ACL cannot heal to its native attachment site (@)

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
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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.

Nonsteroidal Anti-
Inflammatory Drugs (NSAIDs)

4.41

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-
estin 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-
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ising results; however, only preliminary data
have emerged from human trials [64]. Although it
is thought that cell-based therapy will ultimately
play arole 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-
p1, TGF-B2, 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-3, 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

Platelet-Derived Growth Factor (PDGF)

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

Transforming Growth Factor-B (TGF-B)

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

Proliferation of fibroblasts, enhanced collagen
deposition

Influx of mononuclear cells and fibroblasts,
enhances collagen deposition

Insulin-like Growth Factor-1 (IGF-I)
Transforming Growth Factor-B (TGF-B)
Vascular Endothelial Growth Factor

(VEGF)

Basic Fibroblast Growth Factor (bFGF)

Proliferation of fibroblasts, enhanced collagen
deposition

Influx of mononuclear cells and fibroblasts,
enhances collagen deposition

Enhanced angiogenesis and collagen
deposition

Proliferation of fibroblasts, enhanced collagen
deposition

Fig. 4.5 Examples of some of the most studied growth factors and their functions during healing stages of soft tissue
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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. (¢) shows the tibial
stump pulled into scaffold and secured with stiches. (d)
depicts torn parts of ACL growing into the collagen-based

[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

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

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.
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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].

A. Gobbi (X)) - E. Irlandini

Orthopaedic Arthroscopic Surgery International
(0.A.S.1.) Bioresearch Foundation, Gobbi N.P.O.,
Milan, Italy

e-mail: gobbi@cartilagedoctor.it;

fellow @oasiortopedia.it

A. P. Moorhead
C.T.O., Milan, Italy
e-mail: info@oasiortopedia.it

© ISAKOS 2022

As a consequence of increased proliferating
activity, nuclei of blastemic condensation are
seen in 4l1-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].

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]

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. 5.2 Beginning of patellar mesenchymal condensation (left) and patellar primordium (R). Collado JJ, Garcia PG

etal. [3]



5 Anatomy and Function of Articular Cartilage

45

Fig. 5.3 Cartilaginous state with beginning of patellofemoral cavitation (P Patella, Cav Cavity, F Femur). Collado JJ,

Garcia PG et al. [3]

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 a-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 1II collagen is a marker for chondrocyte
differentiation, which is a homotrimer composed
of an a1l (IT) 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
I (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 (GAGSs)

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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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-
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Fig. 5.6 Proteoglycan aggregation. Schematic diagram
involving the interaction of proteoglycan monomers and
link protein. By courtesy of King, Michael [46]

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

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-p (TGF-), 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-
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Fig. 5.7 Schematic diagram of the role of regulatory proteins at different stages of the chondrogenesis. By courtesy of
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Fig. 5.8 Chondrocyte property of balancing anabolism versus catabolism. By courtesy of Demoor, M. et al. [12]

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-
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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

CALCIFIED ZONE CHONDROCYTES

|_— ARTICULAR SURFACE

S @@_ SUPERFICIAL/TANGENTIAL _|

ZONE(10-20%)

K
44— MIDDLE ZONE (40-60%)
DEEP ZONE (30-40%) _.{

CALCIFIED ZONE = =—u__|

SUBCHONDRAL BONE—

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].

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].

Main Function of Articular
Cartilage

5.5

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 Agingin 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-f signals with high concentration of
TGF-p1 [8, 12]. Inhibition of TGF-f1 lessens
cartilage degeneration [5, 29]. TGF-f 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
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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 6.3 Microscopic Structure
present an external area called “ruffled border”

where the resorption of bone tissue takes place;  There are different types of bone tissue: lamellar

they are able to break down bone mineral and, (Fig. 6.1), which includes cortical and cancellous
at the same time, degrade the constituents of the  pone, and woven (or non-lamellar), which is

organic matrix.

a b

Lamella

Osteocyte

Osteon (Haversian system) Lacuna

Circumferentilal lamellae

Canaliculus
Lamellae

Periosteum Central (Haversian) canal

C  Nerve fiber
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Trabeculae

Twisting force

Blood vessels Osteoclast
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Fig. 6.1 Structure of the cortical (compact) and the tra-  with the peculiar orientation of the collagen fibers (c). A
becular (spongy) bone. The Haversian system of the corti-  detail of the trabeculae (d) and a cross section with the
cal bone (a); a detail of an osteon with lamellae and lamellar organization (e)

osteocytes (b) and the lamellar organization of an osteon

mechanically weaker and can present with inter-
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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:

e 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,

e 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,
51

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

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,

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)

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].

Stress Fractures in the Lower
Limbs

6.8

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
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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].
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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].
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Fig 7.1 (a, b) Comparison of dynamic US, elastography and MRI scans demonstrating degeneration secondary to
overload tendinopathy of the Achilles tendon

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

depicted in dynamic MRI scans acquired with
the athlete standing first on each leg and then on
both legs (Fig. 7.13a, b) [7].

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

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

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
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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

Fig7.4 (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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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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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

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




7 Diagnostic Imaging in Track and Field Athletes 67

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

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

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
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Fig7.12 (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

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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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

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

modality to evaluate them is traditional and
upright MRI, with dynamic sequences as appro-

priate (Fig. 7.15) [4].
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Shoulder Instability in Track
and Field Athletes

Hunter Bohlen and Felix Savoie

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
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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

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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Table 8.1 Functions of the glenohumeral ligaments
Superior glenohumeral ligament

Middle glenohumeral ligament
Anterior band of the inferior glenohumeral ligament

Posterior band of the inferior glenohumeral ligament

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

Prevents anterior and inferior displacement when the arm
is adducted

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

Prevents anterior displacement with the arm abducted to
90° and externally rotated

Prevents posterior displacement with the arm abducted to
90° and internally rotated

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].
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8.3.3 ShotPut

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

e

—t

‘- A
¢ A

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
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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 PoleVault

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

Fig. 8.4 Biomechanics a
of the take-off phase

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

Fig. 8.6 Bernageau view of the shoulder

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
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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
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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

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,
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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

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].

Fig. 8.10 Posterior view of 3 o’clock suture anchor
limbs to be used for capsulolabral repair

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
areturn 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
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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

Fig. 8.11 Initial step in closure of the rotator interval
showing suture plication of supraspinatus to subscapularis

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 