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EDITORS’ FOREWORD

he focus of this meeting is to promote a
sharing of
disciplines whose primary aim is to

expertise between the
enhance the sporting performance and protect the
health of the human or animal athlete and
particularly to relate new developments in the
biomedical science to the prevention and
treatment of sporting injuries.

From the perspective of injuries that occur
during training or competition, the human being
has been studied more than any other animal
species. However, due to the economic importance
of the horse more veterinary scientific effort has
been devoted to this species than any other.

Many of the diseases and injuries that occur to
horses during training and competition have direct
parallels with those seen in man. For example,
tendon injuries, stress fractures, osteochondrosis,
osteoarthritis, ulceration of the gastro-intestinal
tract, pulmonary haemorrhage, myxomatous valve
disease and sudden cardiac death. For medical
studies, animal models are often developed to
study these conditions whereas, by contrast,
equine conditions are more commonly studied in
the target species.

This workshop will review the conditions that
occur to the different body systems under various
forms of exercise in horse and man; and explore
whether the similarities and differences can be
studied to mutual advantage. A number of
questions could be considered:

e Is the horse a good animal model for man due
to its longevity, its Scism and the fact that
certain  injuries patho-
physiology?

share similar

e Can man be used as an ‘animal’ model for
conditions seen in the horse?
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e What can we gain from a comparative
approach that will potentially benefit both the
horse and man?

Our objectives, within the context of this
Workshop, are to:

* Review each designated area highlighting the
types of injury most frequently seen in equine
and human athletes and our knowledge of the
pathophysiology;

e Identify conditions in the horse which have
parallels in man;

* Determine whether there are good animal or
human models that can be applied to the horse
and vice versa;

e Explore the potential for comparative studies
of sporting injuries in horse and man;

* Investigate ways to reduce the severity and or
frequency of sporting injuries in the horse

Those of us working in the field of equine research
are extremely fortunate to have the ongoing
support of the Havemeyer Foundation. This
organisation has become renowned for organising
small workshop meetings on fairly esoteric topics,
almost always with a comparative element. One of
its main aims in doing so is to promote
international collaboration at a multi-disciplinary
and often multi-species level. We are indebted to
the Foundation’s President, Mr Gene Pranzo, for
his enthusiasm in this task and for the help and
encouragement he provides to so many of the
equine science community.

Lord Soulsby of Swaffham Prior
Workshop Chairman

Dr David Marlin
Workshop Organiser
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SPORTS INJURIES: EPIDEMIOLOGICAL STUDIES IN

RACEHORSES

J. L. N. Wood", K. L. P. Verheyen, E. R. Ely and |. Price*

Epidemiology Department, Animal Health Trust, Lanwades Park, Kentford, Newmarket, Suffolk
CB8 7UU, UK; "Department of Veterinary Basic Sciences, Royal Veterinary College, Royal College

Street, London NW| 0TU, UK

Musculoskeletal problems are far and away the
greatest cause of Thoroughbred racehorses not
being entered for training, not being trained when
in training yards or being lost from the training
population altogether. Musculoskeletal injuries are
the main cause of racehorses requiring euthanasia
(Jeffcott et al. 1982) and, of these injuries,
fractures are the main reason (Johnson et al. 1994;
Parkin et al. 2004). Musculoskeletal injuries are
also responsible for 80% of all clinical events
noted after racing, be their outcome fatal or
otherwise (Williams et al. 2001). Various authors
have studied reasons for fatal injury during racing
(Mohammed et al. 1991; Peloso et al. 1994;
Bailey et al. 1998; Parkin et al. 2004) and most
have reported that risk increases with the age of
the horse and the firmness of the racing surface. In
addition, a number have described how risk of
catastrophic fracture often increases with the
intensity of high speed training in the 30 or 60 day
period prior to the fracture (Estberg et al. 1996).
Numerous epidemiological studies of factors
associated with different types or definitions of
injury after racing have been undertaken around
the world over the last 10 years, but fewer have
considered specific injuries sustained during a
racehorse’s career in a training yard. An average
horse in the UK only races on 6 days each year
(unpublished observations) and so spends the vast
majority of its time away from the racecourse.
Our research interests have related to
identification of modifiable risk factors for injury,
especially fracture and tendon breakdown. As well

*Present address: Cambridge Infectious Diseases
Consortium, Centre for Veterinary Science, Department
of Veterinary Medicine, Madingley Road, Cambridge,
CB3 OES. email: jlnw2@cam.ac.uk

as identifying exercise-related factors that may
influence the risk of injury, we have taken
particular interest in determining any effects of
age at the start of racing or training.

Most Thoroughbred racehorses, like human
athletes, are trained from an early age. Training
starts at the end of their second year of life for
racing on the flat. Flat races are usually a mile or
less in distance, occasionally as long as 2 miles.
Those horses bred to race over jumps have not
traditionally been trained until the end of their
fourth year (Jeffcott et al. 1982), being introduced
to racing in 2 mile ‘National Hunt flat races’. They
have usually raced in 3 such races when aged 4 or
5 years. However, despite horses being more
skeletally mature, the death rate in NHF racing is
around 4 times higher than in younger horses
racing in normal ‘flat’ races (McKee 1995). This
paradox has never been explained, although
studies in humans and experimental animals have
shown that the immature skeleton is more
sensitive to the effects of exercise. This led us to
hypothesise that age at the onset of training
influences long term resistance to fracture as
horses which start training when immature are less
likely to fracture because their bones are more
sensitive to the osteogenic effects of mechanical
loading.

RACECOURSE STUDIES

A large scale retrospective epidemiological study
of fatal injuries in British horseracing was
undertaken, based on the 719,000 race starts made
in Britain in the 1990s. It was designed to
determine the effects of both age at the time of the
race, as well as at the time of the start of the racing
career. Results from race starts made by relatively
immature horses racing in flat races were
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compared to those from more mature horses being
introduced to racing in National Hunt flat races.

As reported previously (Wood et al. 2001), the
incidence risk of fatal injury was 0.9/1,000 starts
(95% confidence interval (95%CI): 0.8—1.0) in flat
races, whereas it was 3.8/1,000 starts in National
Hunt flat races. Detailed statistical analysis of the
flat dataset showed that risk increased
significantly in horses starting racing when older,
with those starting at 4 years being at around twice
the risk of those starting when 2-years-old. Other
factors associated with the risk of fatal injury
included the firmness of the racing surface, or the
‘going’, which was officially recorded following a
subjective assessment by racing officials, the
racing frequency, the distance of the race and the
quality of the horse, assessed by the official rating
given to that horse by the racing authorities on the
basis of its previous performance. The risk was
highest on the firmest turf surface and
progressively decreased with softness. Horses
with the highest ratings were at lowest risk and, in
general, the risk of fatal injury increased with
length of race, although the degree of this increase
varied markedly with the racing frequency. The
risk in longer races was particularly increased for
horses racing for the first time. For horses that had
raced recently, the overall risk was lower and there
was a much smaller increased risk associated with
longer races.

The modelling predicted the overall fatality in
National Hunt flat races in the same time period to
be 4.0 deaths/1,000 starts. This prediction was
much increased compared to that for normal flat
racing in particular because of the longer race
distance at the time of the first race ever and
because of the much increased average age at first
race appearance. As a result of these findings and
other experience, including that of training horses
to race over jumps in France, a series of NHF
races open to 3-year-olds held over 1.5 miles has
subsequently been started.

TRAINING YARD STUDIES

We have undertaken detailed prospective studies
of equine injuries, particularly to bone, in a
selection of flat training yards in England over a 2-
year period, from 1998 to 2000 (Verheyen and
Wood 2004). Thirteen UK racehorse trainers
participated in a prospective study, providing
12,893 months of data on 1,178 horses in their
care for 2 years, including their daily exercise

regimes and fracture incidents. The incidence of
non-traumatic fracture was 1.15/100 horse months
(95% CI = 0.98, 1.35), with 78% of fractures
occurring during training. A wide variety of
fracture types and bones were involved, although
at least 57% were stress fractures, and pelvic and
tibial stress injuries accounted for 28% of
fractures diagnosed. The substantial proportion of
fractures that occurred during training emphasised
the importance of studying these injuries away
from the racecourse and the large number of stress
injuries suggested that training regimes for young
Thoroughbreds could be improved to create a
more robust skeleton, able to withstand injury.
More detailed analyses of this large dataset have
started to identify specific training patterns that
are associated with a higher risk of both fracture
and sore shins, or dorsometacarpal disease
(Verheyen et al. 2003; Verheyen et al. 2005).

Data from a pilot study of fracture and tendon
injury in older jump racehorses (Ely et al. 2004)
were used to plan a large-scale study that is
currently underway in collaboration with scientists
at the Royal Veterinary College. A main objective
of this work is to determine whether horses that
have come out of flat training (and hence that were
in training since the end of their second year) have
a lower incidence of fracture compared to horses
that were bred for racing over jumps and that were
not trained until the end of their third or fourth
year of life. These results become available in
2006-2007.

Studying injuries in racehorses in training can
provide a scientific basis for the design of safer
training regimes and can also provide unique
insight into the impact of different training
surfaces, but their statistical analyses must be
conducted with considerable care to ensure that
effects of confounding variables in this complex
environment are minimised and conclusions are
robust. These studies are essential to provide
hypotheses suitable for testing in basic research as
well as testing different hypotheses in their own
right.
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Athletes have evolved in the animal kingdom
through processes of long and short term
adaptation to environmental demands. For both
horses and man the evolutionary adaptations for
enhanced performance as a requisite for survival
have been developed further for elite competitive
performance. The ability of biological systems to
adapt to the functional demands of training for
particular athletic activities has led to the ongoing
drive to optimise these systems for competitive
advantage.

Horses are precocial animals showing the
ability to run shortly after birth. As a prey species
there has been an evolutionary adaptation toward
high speed locomotion. To this end the locomotor
system has developed to accommodate the need
for optimisation in terms of both mechanical
advantage and energy utilisation. In athletic
competition there are winners and losers, the
extreme demands of competition and the rigours
of training can result in injuries, as a consequence
of demand exceeding the capacity of the tissues
and structures of the biological systems (Goodship
et al. 1994). The ability to minimise these injuries
and improve performance requires an integrated
appreciation of the pathophysiology of many
different biological systems and their interaction
with the external environment.

Tendon and ligament injuries are common in
both equine and human athletes. Each species is
able to act as a model for the other in
understanding the pathophysiology of the injuries
and in development of strategies to reduce injury.
The prevalence of these injuries in the racehorse,
an equine athlete trained for speed, is high
(Williams ef al. 2001) and localised to specific
tendons and ligaments, the superficial digital flexor
tendon being the most frequently affected. With
modern methods of diagnostic imaging it has been

possible to identify lesions in these specific
tendons prior to overt clinical injury (Pickersgill
2000). Tendon ‘bows’ are devastating injuries and
despite many methods of clinical management no
one treatment has yet proved successful. Thus,
once injured the general prospects for the animal to
continue as an athlete are poor and recurrent injury
is common. This results in significant welfare and
financial problems for the equine industry.

The ability to prevent or reduce the incidence
of tendon injury requires a greater understanding
of the pathophysiology of tendons. Tendons are
complex structures and specific tendons respond
differently to increased levels of exercise. In
addition, the response to exercise and
susceptibility to injury may be age and exercise
related. The superficial digital flexor tendon
(SDFT), the most commonly injured tendon,
supports and flexes the fetlock joint, but also acts
as an elastic energy store, contributing to
locomotor efficiency. For maximum energy
storage the SDFT is stretched to its limits at the
gallop; any small decrease in tendon strength will
increase injury risk. Extensor tendons with a
positional role rarely show over-strain injury.

In general, both tendons and ligaments have a
complex structural hierarchy, the gross tendon
comprising a series of structural sub-units. The
fascicles within the gross tendon are separated by
inter-fascicular ~ fibrous connective tissue
containing blood vessels and fibroblast like cells
which produce growth factors that influence the
intra-fascicular tenocytes. The collagen fibres
within the fascicles have planar waveform
morphology; this ‘crimp’ results in a non-linear
load/deformation behaviour of the tendon. There
are morphologically different sub-populations of
tendon cells within the fascicles; these may have
different roles in relation to cell signalling and
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maintenance of the tendon matrix (Stanley et al.
2004). Tenocytes have cell processes similar to
osteocytes and the cells communicate through gap
junctions. The connexin proteins that form these
gap junctions have different distributions in young
and old horses and also differ between positional
and energy storing tendons. This suggests
different cellular communication systems are
evident in different tendons.

At the ultra-structural level in developing
tendons the collagen fibril diameters are initially
uniformly distributed. During development the
fibrils form a bimodal diameter distribution and
there is an associated increase in strength with
increased fibril diameter. Fibrillogenesis is
modulated by the proteoglycans and other non-
collagenous proteins within the matrix. There are
tendon specific profiles of collagen fibril diameter
distribution in the adult horse. The SDFT and
suspensory ligament have a high proportion of
small diameter fibrils, compared to the common
digital extensor tendon and deep digital extensor.
These different fibril diameter profiles are related
to the functional differences in these tendons.

The molecular composition of tendon matrix
comprises a high proportion of water,
approximately 65%. The major constituent of the
dry matter is the protein fibrillar collagen as type I
collagen and in normal tendons only a small
proportion of type III collagen. The non-
collagenous proteins present, such as cartilage
oligomeric matrix protein (COMP) and
fibromodulin, may also influence the structural
organisation and fibrillar morphology of collagen.

COMP is found in a number of load bearing
fibrous tissue structures. In the equine SDFT the
levels of COMP increase during development to a
peak at 2 years of age in Thoroughbreds, after
which levels decline to a low residual level by 5
years of age. Thus COMP is evident during the
period in which the SDFT increases in cross-
sectional area to it mature size at 2 years of age. In
2-year-old Thoroughbreds there is s significant
correlation between COMP tissue levels and
material properties of both stiffness and strength
(Smith et al. 2002). This may suggest that COMP
plays a role in the structural optimisation of the
tendon matrix in young horses. The levels of
COMP in tendons which have a different
functional role, such as the common digital
extensor tendon (CDET), in which the tendon acts
as a positional tendon, are low throughout
development and in the adult.

The general structural and material
characteristics of tendon are related to the
functional behaviour of the tendon. When loads
are applied to a tendon there is a characteristic
load deformation and stress/strain plot. With
progressive loading to failure there is an initial
non-linear phase with large extensions for
increments of load, followed by a linear elastic
phase, yield, plastic deformation and failure. In
older horses the collagen crimps in the central core
of the SDFT have different characteristics to the
peripheral fibres. This results in higher stresses per
unit deformation and earlier failure (Wilmink et
al. 1992). The pattern of site specific failure of the
core of this tendon is also seen in clinical lesions.
In non-destructive cyclical loading tendon exhibits
both pre-conditioning in the first few cycles of
loading together with hysteresis representing
energy loss as heat. Wilson and Goodship (1993)
showed significant rises in SDFT core temperature
during short periods of canter. Birch et al. (1997)
demonstrated that cells from the SDFT core were
able to tolerate these hypothermic conditions and
that this phenomenon has now been found to be
present in fetal horses.

Functional adaptation is a key component of
training in all biological systems. In skeletal
structures such as muscles and bone the response
to changes in mechanical loading is well
documented and cellular mechanisms are being
unravelled. However, in tendons generally, and
energy storing tendons specifically the response to
increased exercise is not clear. Several training
studies involving long and short periods of
controlled conditioning in adult and growing
Thoroughbreds have shown that energy storing
tendons do not appear to undergo functional
hypertrophy, but when adult horses are trained the
SDFT may show changes such as fibrillar
degradation and changes in the molecular
composition of matrix, such as reductions in
COMP levels, that resemble changes normally
seen with ageing.

In young horses exercise appears to accelerate
the rate of growth related increase in cross-
sectional area in both extensor and flexor tendons,
thus exercise during growth may represent a
strategy for modification of tendon characteristics.

Batson et al. (2003) have observed differences
in the material properties of equine positional and
energy storing tendons. In the neonate the material
properties of functionally different tendons are the
same but after approximately 3 days the positional



tendons show a significant increase in modulus
and the adult pattern of differential moduli
between energy storing SDFT and positional
CDET is evident. Training horses during growth
can facilitate the rate of development of the SDFT,
without inducing the changes seen in adults,
providing a scientific if controversial, rationale for
racing young horses.

On the basis of these observations it could be
hypothesised that changes in energy storing
tendons occur as a function of the number of
loading cycles. These are increased in relation to
age and exercise.

From analysis of tendons from a large number
of Thoroughbreds there is a significant correlation
between matrix morphology, molecular
composition and material properties.
Understanding the cellular mechanisms that
control these matrix characteristics will provide
input for the development of more appropriate
training strategies in both equine and human
athletes, and in addition novel approaches to the
management of tendon injury. This information
can also be used in development of tissue
engineered constructs for tendon replacement in
veterinary and human orthopaedic surgery.

REFERENCES

Batson, E.L., Paramour, R.J., Smith, T.J., Birch, H.L.,
Patterson-Kane, J.C. and Goodship, A.E. (2003)
Are the material properties and matrix composition

Havemeyer Foundation Monograph Series No. 15

of equine flexor and extensor tendons determined
by their functions? Equine vet J. May 35(3), 314-
318.

Birch, H.L., Wilson, A.M. and Goodship, A.E. (1997)
The effect of exercise-induced localised
hyperthermia on tendon cell survival. J. Exp. Biol.
200, 1703-1708.

Goodship, A.E., Birch, H.L. and Wilson, A.M., (1994).
The pathobiology and repair of tendon and ligament
injury. Vet. Clin. N. Am. 10, 323-349.

Pickersgill, C. (2000) Epidemiological studies into
orthopaedic conditions of the equine athlete.
MVM thesis, University of Glasgow.

Smith, R.K.W., Gerard, M., Dowling, B., Dart, A.J.,
Birch, H.L. and Goodship, A.E. (2002) Correlation
of cartilage oligomeric matrix protein (COMP)
levels in equine tendon with mechanical properties:
a proposed role for COMP in determining function-
specific mechanical characteristics of locomotor
tendons. Equine vet. J. Suppl. 34, 241-244.

Stanley, R.L., Patterson-Kane, J.C., Ralphs, J.R. and
Goodship, A.E. (2004) Are there distinct subtypes
of tenocytes which relate to age and tendon
function? JBJS in press.

Williams, R.B., Harkins, L.S., Hammond, C.J. Wood,
J.L.N. (2001). Racehorse injuries, clinical problems
and fatalities recorded on British racecourses from
flat racing and National Hunt racing during 1996,
1997, and 1998. Equine vet. J. 33, 478-486.

Wilmink, J., Wilson, A.M. and Goodship, A.E. (1992)
Functional significance of the morphology and
micromechanics of collagen fibres in relation to
partial rupture of the superficial digital flexor
tendon. Res. vet. Sci. 53, 354-359.

Wilson, A.M. and Goodship, A.E., (1993) Exercise
induced hyperthermia as a possible mechanism for
tendon degeneration. J. Biomech. 27, 899-905.



Sporting Injuries in Horses and Man: A Comparative Approach

DIAGNOSIS AND MANAGEMENT OF TENDINOSIS
AND TENDON RUPTURES IN HUMANS

M. Lloyd Ireland

Kentucky Sports Medicine, 601 Perimeter Drive, Ste. 200, Lexington, Kentucky 40517, USA

Tendons are the ropes that attach muscle to bone
and transmit the forces enabling us to move. With
repetitive lower extremity loading in sports
requiring running and jumping, injuries to the
patellar and Achilles’ tendons are very common.
The cause is not inflammation, rather repetitive
loading, degeneration and reduced vascularity.
Histologically, tendon biopsies show few
inflammatory cells and disorganised collagen with
vascular compromise. In the skeletally immature
with open epiphyseal plates, tendon injuries are
very uncommon and the weakest link is through
the apophysis or off-shoot of bone and cartilage
where the tendon attaches. Treatment is with
stretching and strengthening and avoiding
jumping activities until pain subsides. Within this
age group, a fracture can occur through the tibial
tubercle if there is an awkward landing such as in
dunking a basketball. Reduction in internal
fixation of the fracture is performed. Complete
ruptures of the quadriceps, patellar, and Achilles’
tendon occur in older individuals (age 40-60
years), with risk factors of less condition, activity
which has not been recently performed, and
reduced vascular supply to the tendon itself.
Younger individuals with an overdeveloped
quadriceps can sustain patellar tendon rupture
typically in a deceleration, landing from a jump
mechanism. Underlying medical conditions can
also pre-dispose to tendon ruptures, as presented

in this renal failure patient who sustained bilateral
quadriceps tendon ruptures.

The classic positional tendon in the human
foot and ankle is the posterior tibialis tendon
which fails with repetitive loading and attrition
and not by single event. Comparison to the horse,
superficial digital flexor tendons supporting the
fetlock seems logical. If repair of posterior tibialis
injuries is not successful, then tendon transfers or
mid-foot fusions are surgical options.

In the upper extremity, the rotator cuff—4tendons
inserting on the greater tuberosity — has components
of positioning the shoulder in space and energy
absorption as in throwing overhead. The treatment
of rotator cuff tears has advanced significantly with
arthroscopic techniques and suture anchors.

The diagnosis of tendon injuries is by detailed
history and thorough physical exam. If the
diagnosis is not clear-cut, MRI scan or ultrasound
may provide helpful information. Treatment of
overuse tendon problems is by correction of
underlying anatomic problems and assessment of
the biomechanics of sport. Complete tendon
rupture is an unpredictable event, but often, when
the individual is doing an eccentric muscle loading
activity without forethought, it may not be
humanly possible. Future studies comparing
diagnosis and treatment of tendon disorders in
humans and horses, immature and mature, would
greatly benefit the 2- and 4-legged athletes.
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PHYSIOLOGY OF HUMAN RUNNING: FROM

MOTORS TO FUEL PUMPS

A. ]. Blazevich and N. C. C. Sharp

Sport Sciences, Brunel University, Uxbridge, UB8 3PH, UK

THE ELASTIC HUMAN

In order for a human to run quickly and efficiently
for a given period of time a number of
physiological, biochemical and biomechanical
processes must be optimised. Human running is
accomplished by performing a series of bounces
as gravitational energy is stored in our ‘leg
springs’ during the leg shortening, or impact,
phase and is released during the leg lengthening,
or propulsion, phase (Fig 1). Approximately 0.6 J
of energy are stored and released per kilogram per
bounce in the foot and calf (Ker et al. 1987),
compared with about 1.1 J per kg in a 0.5 ton horse
(Minetti et al. 1999). The total energy stored and
released in the whole leg represents a substantial
portion (about half in humans) of the energy
required to propel the body into the next step.
Because the highly elastic (ie high energy return)
tendons are most responsible for this spring-like
behaviour, and their properties change in response
to loading, it is reasonable that some portion of
training should target the tendon. The tendon
stiffness that is optimum for performance depends
on the force transmitted through the tendon and on
the tendon lengthening velocity during the run (eg
it differs for different tendons and between sprint
and long-distance running). However, it is known
that chronic endurance or strength training
increases tendon stiffness, while flexibility
training reduces it. The effects of plyometrics
training have not been measured directly in
humans, although in rats there is evidence that it
reduces stiffness and hysteresis (ie reduces the
energy lost from the tendon). Thus, training a
human runner may require some portion of these
training modalities in order to optimise tendon

stiffness, maximise energy return and therefore
increase running efficiency.

OPTIMUM MUSCLE CONTROL

The remaining energy required for running must
come from muscle contraction. It has been held
traditionally that muscles lengthen, or work
eccentrically, during the impact phase of running
and shorten, or work concentrically, during the
propulsive phase. Recent evidence from human
research, and experiments on animals, shows

A
Displacement of
body’s centre
mass

«—— Mass of body

~«———Leg ‘spring’

Fig 1: During running, the leg shortens during the
impact phase as a result of the ground reaction force
(GRF; A), and then lengthens during the propulsion
phase as a result of the work performed by tendons (re-
use of stored elastic energy) and muscles. Thus, the leg
essentially functions as a spring (B) with about half of
the work required to continue the spring bouncing being
done by the muscles.
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Fig 2: In order to produce the appropriate ankle plantarflexion moment during ground contact (A), the calf produces
a force (lef), which stretches the calf tendon (Achilles’). However, by simultaneously generating force in the tibialis
anterior muscle (F,) an opposing moment is created that allows the calf to generate even more force while maintaining
the appropriate ankle angle (B). Since the Achilles’ tendon is stretched further, it works at a higher point on its force-
length curve (C), which allows greater energy to be stored during the impact phase. Importantly, the calf muscles can
work quasi-isometrically during the propulsion phase and the metabolic cost of work is reduced.

however that muscles contract quasi-isometrically
during the propulsive phase of many stretch-
shorten-type movements (eg Kurokawa er al.
2003), or during high-speed movements
performed  without a  counter-movement
(Kurokawa et al. 2001). This makes sense when
one considers the work of Hill (1938), who
showed that concentrically-contracting muscle
uses more energy than isometrically-contracting
muscle, with the disparity increasing as muscle
force or length change (or velocity) increased. As
muscle power increases, the relative cost of
performing work by concentric muscle action
increases, and the benefit of using stored energy
becomes greater.

As most human tendons work in the toe region
of their force elongation curve during walking and
jogging, slight muscle contraction to stretch the
tendon and increase the joint’s angle prior to foot-
ground contact stores some energy in the tendon
while resistance is low, and prepares the joint for
foot-ground contact (Fig 2). By simultaneously
contracting the antagonist muscle group the
muscles of the limb shorten further and the tendon
is stretched further to store more energy. This also
increases the stiffness of the tendon (according to
its length-force curve) so it can more effectively
store energy during high-force elongation that
occurs at foot-ground contact. During foot-ground
contact then, the already-shortened muscle works
quasi-isometrically, although there may be a further
brief period of shortening immediately at foot

contact, while the tendon lengthens (and the leg
shortens under the load). In this case, more energy
is stored in the tendon and used in the propulsive
phase, while relatively little work is performed by
the muscle. Thus, optimisation of force production
necessarily involves some muscular co-contraction.
This should be taken into account when human
runners are trained, as well as when the results of
electrophysiological assessments of muscle
activation during running are examined.

MAINTENANCE OF MUSCLE WORK

Regardless of the efficiency of the muscle-tendon
complex, running performance is ultimately
dictated by the ability to maintain the rate of
muscle work. This requires the maintenance of
optimum pH in the muscle and blood and the
provision of ATP for operation of the contractile
machinery. With respect to pH maintenance,
higher-intensity training at, or above, lactate
threshold improves H* buffering capacity more
than longer training sessions at lower intensities
(Weston et al. 1997, see Table 1). Also, the supply
of oxygen to working tissue is improved with
exercise (described below), and increases in total
haemoglobin in response to very prolonged
training or altitude exposure can improve
buffering significantly (haemoglobin being a
stronger buffer than bicarbonate ions or other
proteins). More importantly, endurance training
improves the rate of flux of H* from the muscle
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Adaptation

Training types
influencing adaptation

Type of improvement

Tendon stiffness

Tendon hysteresis

Muscle activation timing

ATP, PCr and glycogen storage
Slow-twitch fibre proportion

Capillary density
Blood shunting

O, delivery
O, extraction
Heart muscle contractile force

Inspiratory muscle
force/endurance

Resistance, endurance
(flexibility)
Flexibility. Plyometrics (?)

Specific practice, drills.

Resistance, sprint/anaerobic,
endurance

Endurance

Endurance, longer anaerobic
Endurance, long anaerobic

Endurance
Endurance, long anaerobic

Endurance, anaerobic,
resistance

Endurance, anaerobic,
inspiratory muscle training

Increased (decreased) stiffness and

natural frequency

Improved re-use of stored elastic
energy

Optimum control of
muscle contraction sequences

Increased storage

Transition from fast- to
slow-twitch fibres

Increased capillarisation

Improved redistribution of blood
during exercise

Improved O, delivery
Improved O, extraction at muscle

Increased muscle
contractility/force

Improved endurance
of inspiratory muscles

into the blood, and thus favourably affects muscle
pH. With respect to ATP provision, both
endurance and sprint/resistance training result in
increased ATP, PCr and glycogen stores in muscle,
although prolonged endurance exercise is
probably most beneficial for glycogen increases.
However, in ultra-distance-type endurance
exercise it is necessary to continually provide
energy substrates for the production of ATP, which
would also be improved with an increased
perfusion of muscle.

Approximately 200-500 capillaries deliver
blood to each square millimeter of working
muscle (about 5-7 per fibre), with endurance-
trained athletes having around a 40% higher
capillary density than untrained individuals
(Andersen and Henrickson 1977). Also, 4-7 ml of
blood perfuses each 100 g of muscle per minute at
rest with this increasing to about 75 ml at maximal
exertion (Rowell et al. 1986). Most of this
increased blood flow is directed to oxidative
muscle tissue such that parts of the active
quadriceps, for example, receive 300400 ml per
100 g per min (eg Richardson ez al. 1995). Indeed,
some 80-85% of the total cardiac output is
directed to working muscles during running. A
greater ability to shunt blood to working muscle
along with the increased capillarisation that

accompanies long anaerobic and aerobic training,
allows a marked increase in muscle blood flow
and a subsequent increase in oxygen and substrate
delivery, as well as H" and heat removal, after
prolonged training. Thus, local blood flow
changes account for a large part of the total
increase in muscle work capacity. It is this
adaptation that probably triggers the accumulation
of mitochondria in muscle, fibre-type-specific
hypertrophy and possibly a shift in predominant
fibre type toward the slow-twitch fibre.

In order to support the greater blood flow,
cardiac output must increase. Endurance training
causes significant increases in both left ventricle
volume and wall thickness. This allows a greater
stroke volume and greater contraction force (or,
perhaps more importantly, the chance for the heart
to work at a lesser load relative to maximum)
during exercise. Indeed, sedentary individuals
probably increase their cardiac output about 4-fold
from resting levels to 20-22 1 min'! with a stroke
volume of about 110 ml, while elite endurance
athletes might increase their cardiac output by 7-8
times to 35-40 ml min"! with a stroke volume of
up to 220 ml.

The greater total blood flow also allows more
oxygen to be obtained from the lungs. The ability
for the lungs to breathe enough air to supply
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oxygen is not considered a barrier to exercise
performance since there exists a breathing reserve
during maximal exercise; minute ventilation is
only 60-85% of maximum voluntary ventilation.
However, this view might be somewhat narrow as
there is some evidence in elite endurance athletes
that saturation of blood may not be complete at
maximum exercise levels, although the reasons for
this are unclear and it is not known how to
influence this with training. Furthermore,
significant fatigue of the diaphragm has been
shown to cause a redistribution of blood flow
away from the limbs at rest (Sheel ef al. 2001). If
this occurs as the respiratory muscles fatigue
during exercise, the redistribution would
compromise muscle work capacity. Indeed it is
well known that inspiratory muscle resistive
training positively influences both maximal
inspiratory force and endurance performance
(Romer et al. 2002).

CONSIDERATIONAS IN PHYSIOLOGICAL
TRAINING

The efficient performance of running involves a
complex interaction of physiological, biochemical
and biomechanical processes. Each process can be
targeted by specific training, with resistance,
plyometrics, flexibility, anaerobic, aerobic and
interval training all required. The difficulty for the
athlete, coach or scientist is to programme the
appropriate training with the appropriate volume,
intensity and timing; so called periodisation. It is
well known that adaptations of specific processes
are compromised when training is performed
concurrently, ie, training 2 processes on the same
day or in the same session (Docherty and Sporer
2000), so informed planning is required.
Ultimately, the task is to determine what the
appropriate requirements are for a particular
runner, examine what his/her current fitness
parameters are, then target training to optimise
these parameters. Such process should result in
performance improvements, and reduce the risk of
muscle-tendon, skeletal, cardiovascular, and heat-

and fatigue-related injury.
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EXERCISE ASSOCIATED MUSCLE INJURY IN HORSES

E. McKenzie

Equine Athletic Performance Laboratory, Oklahoma State University, Oklahoma, USA

Exercise associated muscle injury in equines is
likely to occur more frequently than is recognised,
and may be confused with other conditions that
cause lameness or unwillingness to perform.
Massive demands of the muscular system in
equine performance athletes may lead to muscle
strain or tears, or may provoke exertional
rhabdomyolysis, especially in the unprepared
animal.

THE MUSCULAR SYSTEM OF THE HORSE

Horses are capable of higher speeds than
comparably athletic species including greyhounds
and human sprinters. In part this ability is due to
their greater muscle mass, which comprises
approximately 45% of bodyweight in most breeds,
and up to 55% of bodyweight in Thoroughbreds.
Horses have a limited number of slow-twitch
muscle fibres, usually a maximum of 40% even in
endurance trained animals, whereas human
endurance athletes may have up to 75% slow-
twitch fibres. Thoroughbred horses can attain
speeds in excess of 65 km/h. Other adaptations of
the muscular system that contribute to this ability
include the proximal placement of the locomotor
muscles of the limbs which decreases the energy
required to swing the limb forward, and the
strategic insertion of muscle fibres into their
tendinous junctions at an angle to the direction of
the force in many muscles which maximises
power output by the musculature.

POST EXERCISE MUSCLE SORENESS AND
MUSCLE STRAIN

Several factors may contribute to the occurrence
of post exercise muscle soreness or muscle strain,
including insufficient training, inadequate warm-

up procedures, pre-existing lameness, exercising
to fatigue, and the performance of novel activities
to which the horse is not accustomed. Commonly
affected muscle groups are the lumbar and gluteal
muscle groups in jumpers, harness horses and
dressage horses. In the forelimb the biceps brachii,
brachiocephalicus, pectoral muscles and
musculotendinous insertion of the superficial
digital flexor are common sites of injury. The
adductor, gluteal, gastrocnemius and
semimembranosus/tendinosus muscles can be
affected in the hindlimb. Signs of muscle strain are
often mild and include subtle lameness, pain on
palpation of the affected muscle group and
unwillingness to engage the hindquarters
appropriately (Valberg 1996). In horses used for
barrel racing, reining and similar activities the
semitendinosus muscle is frequently damaged.
The affected muscle may be warm, painful and
swollen with acute injuries. With recurrent injury,
fibrosis and ossification can result in a muscle that
is hard on palpation, and mechanical lameness
represented by a shortened anterior phase of the
stride. Adhesions to surrounding musculature
(biceps femoris, semimembranosus) can occur.
Radiographs and/or ultrasonography may detect
ossification of muscle tissue. Chronic
inflammation or trauma of the biceps brachii and
bicipital bursa can lead to a similar syndrome in
the forelimb, and affected animals have a
shortened stride and land on the toe, which may
lead to a mistaken diagnosis of navicular disease
Turner 1987. Circulatory disturbances can also
lead to perturbations of muscle function during
exercise. Aorto-iliac thrombosis can result in
transient lameness or weakness of the hindlimbs,
which often recurs during hard exertion.

The diagnosis of muscle strain can be difficult
since clinical signs are often subtle, and localising
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the source of the pain may prove challenging.
Physical examination should focus particularly on
muscle symmetry, response to palpation and
whether heat or swelling is detectable in the
musculature. Serum muscle enzyme activity (CK,
AST) may be normal to mildly increased.
Ultrasonography and thermography can be
performed to detect inflammation and damage
using the contralateral limb for comparison.

Treatment of muscle strain requires rest, anti-
inflammatory treatment and physiotherapy.
Horses should undergo a gradual return to exercise
with a thorough gentle warm-up routine. In most
cases uncomplicated acute muscle strain has a
good prognosis. Chronic recurrent injuries carry a
poorer prognosis. Tenectomy may be indicated in
severe cases of fibrotic myopathy, but is not a
useful modality to treat calcification of the biceps
brachii tendon (Turner 1987).

Muscle repair following injury depends on the
severity and nature of the injury. Damage to the
basement membrane from severe trauma usually
results in scar tissue formation, whereas exertional
rhabdomyolysis usually spares the basement
membrane and permits complete muscle
regeneration in most cases.

EXERTIONAL RHABDOMYOLYSIS

Exertional rhabdomyolysis (ER) is a syndrome of
exercise-associated muscle cell necrosis, and is
the most prominent exercise-associated muscle
disorder in equines. The condition may be
sporadic or chronic in nature, and affects a wide
variety of equine athletes, including racing
thoroughbreds, endurance horses, polo ponies and
Quarter horses.

Clinical signs and diagnosis

Stiffness, excessive sweating and reluctance to
continue exercise are common signs, and
commence shortly after the onset of exercise, or
may be observed once exercise ceases. Palpation
of the lumbar and gluteal musculature frequently
reveals firm and painful muscles, and in severe
cases horses may refuse to move or become
recumbent, with concurrent myoglobinuria. In
endurance horses there may also be indications of
profound electrolyte derangements, including
synchronous diaphragmatic flutter. The severity of
episodes of ER varies extensively between
individuals and to some degree within the same

individual. A diagnosis of ER requires
establishing that serum CK and AST activity are
elevated when clinical signs of muscle stiffness
are present. Elevations in CK and AST activity
can also be present in asymptomatic horses
(Valberg et al. 1997).

Differential diagnoses that should be
considered include colic, acute pleuritis, laminitis,
aorto-iliac thrombosis, tetanus, lactation tetany,
ionophore toxicity and exhaustion.

A etiology and pathophysiology of exertional
rhabdomyolysis

The long-standing myth that ER is attributable to
lactic acidosis occurring during exercise following
rest and consumption of a high carbohydrate diet
has been dispelled. Most horses develop clinical
signs of ER during submaximal exercise, and there
is no correlation between muscle and plasma
lactate concentrations and the occurrence of ER.
Sporadic episodes of rhabdomyolysis can occur in
horses that are exerted beyond their current level
of conditioning or in those that undergo
exhaustive exercise. In some cases horses may
have a higher incidence of ER following
respiratory infections, and therefore should be
rested if they display a fever and symptoms of
respiratory disease. In the last 15 years it has
become apparent that recurrent episodes of ER are
frequently the result of heritable abnormalities of
muscle function.

Polysaccharide Storage Myopathy (PSSM)
predominantly affects Quarter horses, and has also
been identified in other breeds including Paints,
Appaloosas, and Morgan horses. Horses afflicted
with PSSM may show moderate to severe signs of
ER shortly after exercise commences, and
frequently have a triggering factor evident in their
history, such as a period of unaccustomed stall
confinement prior to the episode of ER. Serum CK
and AST activity are frequently increased, and
often remain so even after weeks of stall rest.
PSSM is characterised by high muscle glycogen
concentrations (up to 4-fold normal) and the
presence of abnormal polysaccharide complexes in
1-40% of skeletal muscle fibres. Affected horses
also have enhanced sensitivity of muscle tissue to
insulin, resulting in an increased rate of blood
glucose clearance. PSSM can be managed
successfully by enforcing a daily exercise routine
combined with a drastic reduction in dietary
carbohydrate (<10% daily digestible energy



intake) (Valberg et al. 1997; Mckenzie et al. 2002).
Recurrent Exertional Rhabdomyolysis (RER)
commonly afflicts Thoroughbred horses, and
possibly also Standardbred and Arabian horses. In
Thoroughbreds, RER represents a heritable defect
in intracellular calcium regulation resulting in
excessive muscular contraction and necrosis with
exercise. There is age and gender predilection with
2-year-old fillies in race training at the track being
heavily represented (MacLeay et al. 1999).
Clinical episodes of rhabdomyolysis are often
stress-induced, tend to occur during training rather
than racing, and may become more frequent as
training progresses. Elevations in muscle enzyme
activity tend to be intermittent, and unlike PSSM,
there are no characteristic findings on muscle
biopsy other than evidence of muscle cell necrosis
and regeneration. RER can be managed by
substituting dietary carbohydrate with fat,
undertaking measures to reduce stress and anxiety,
introducing a regular exercise routine, and in
appropriate cases, by the administration of
dantrolene sodium (McKenzie er al. 2002;
McKenzie et al. 2003; McKenzie et al. 2004.

Diagnosis of ER

Horses afflicted with chronic ER may be
diagnosed through exercise response testing, when
serum CK/AST activity is measured 4-6 h
following 15 min of submaximal exercise. Muscle
biopsy of the middle gluteal using a Bergstrom
needle, or open surgical biopsy of the
semitendinosus/membranosus can be performed,
and is particularly useful in the diagnosis of
PSSM, although affected horses may not show
characteristic amylase resistant polysaccharide
inclusions until they surpass one year of age.
Where it is possible that nutritional factors or
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electrolyte derangements may be contributing to
episodes of ER, urinary fractional excretion of
electrolytes can be calculated to determine
potential deficiencies and blood selenium and
plasma vitamin E concentrations should be
determined (Valverg 1996; McKenzie et al. 2002.
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INTRODUCTION

Skeletal muscle (SM) accounts for 40-45% of
total body weight in humans. The main role of SM
is to provide locomotion through its tendinous
attachments to the axial skeleton. Secondarily, SM
acts to protect the deeper underlying bones, soft
tissues and organs. Muscular development is a
primary response to repetitive exercise. While
providing the means for athletic performance,
failure or injury to skeletal muscle is the most
common reason for athletes to be sidelined from
participation.

RESPONSE TO CONDITIONING

Skeletal muscle, like most human tissues, adapts
and changes with repetitive loading. Exercise
training results in changes to functional capacity,
structure, and volume of skeletal muscle. On a
cellular level conditioning of muscles leads to an
increase in the ratio of capillaries to muscle fibre,
a rise in myoglobin content, and a more efficient
production of ATP by muscle cell mitochondria.
Exercise trained muscles are therefore better
equipped to extract oxygen for use during
physical activity (Holloszy and Coyle 1984).
Certain types of exercises tend to affect SM
differently. For example, endurance of SM is
increased primarily through low-intensity, high
repetition exercises. This type of activity
involves contractions of moderate force of large
muscle groups for relatively long time periods.
Jogging is a classic endurance building exercise.
Alternatively, high-tension, low repetition
training exercises such as weight-lifting produce
gains in volume (muscle fibre size) and overall
strength of SM.

INJURIES TO SKELETAL MUSCLE

In athletics, SM is susceptible to injury from a
variety of mechanisms. Extrinsic forces such as
those that occur from collisions with obstacles,
other athletes, or equipment often result in muscle
injury. SM is also injured when its inherent
strength is exceeded by tensile forces.

Contusion

Muscular contusion results from blunt force
trauma as energy is transferred to skeletal muscle
from another object. (like those that occur from
player to player contact in collision sports). As a
result the muscle sustains partial rupture or
disruption of the muscle fibres. Haematoma
formation occurs secondary to compromise of the
local capillary network at the site of injury.
Vascular leakage into a closed space results in
blood collection as well as subsequent loss of
motion and pain. The quadriceps musculature is a
common site for such an injury. Severity of the
injury is judged based on the loss of function of
the involved muscle. Mild injuries have little in
the way of functional impairment. Moderate
injuries are indicated by >25% loss of motion, and
severe injuries result in >50% loss of motion of
the affected area. (Ex: Quadriceps contusion; Mild
— knee flexion normal, Moderate — knee flexion
to >90 degrees, Severe — <90 degrees of knee
flexion obtainable).

Severe muscle contusions can have
devastating complications. Large haematoma
formation within the confines of investing muscle
fascia can produce an acute compartment
syndrome compromising both vascular and
neurologic structures and risking viability of the



extremity. Rapid diagnosis (elevated compartment
pressures on manometry) and emergency
fasciotomy are necessary to restore blood flow to
ischaemic tissues and preserve function.

A relatively late potential complication of a
muscular haematoma is the development of
heterotopic bone within the muscle, so called
myositis ossificans (MO). Bone formation can be
visualised on radiographs around 2—4 weeks post
injury. MO is more common with severe
contusions and may result in restricted motion of
affected area. Because aggressive stretching and
the use of therapeutic ultrasound can potentially
increase the risk of MO, these are to be avoided in
the treatment of muscular contusions.

Strain

Sports that require quick bursts of speed such as
football, basketball, track and soccer report the
highest incidence rates for muscular strains.
Certain muscles are also at higher risk of strain
injury. Muscles that cross 2 joints, such as the
hamstrings and gastrocnemius, are notorious for
their propensity to be strained. Muscles can suffer
a strain injury in an acute or chronic manner.
Acute strains occur when a muscle experiences a
single excessive force. Chronic strains result from
repetitive overuse of a muscle or an occurrence of
sustained over activity. In both acute and chronic
strains the underlying problem is eccentric
overload of the muscle-tendon unit.

The majority of muscular strains occur at
some point along the myotendinous junction. This
is thought to be the weakest area of the muscle-
tendon unit (Garrett et al. 1988). Strain injuries
resemble that of contusions in that haemorrhage,
oedema, and inflammation are likely at the site of
injury. Additionally, grading of a strain injury
follows the same scheme, with injuries being
classified as mild (minimal strength or motion
loss), moderate (clear loss of strength or motion),
or severe (total lack of muscle function) (Kujala et
al. 1997). Healing of muscular strains involves the
formation of muscular fibrosis at the place of
injury. This area of healing scar tissue and
resulting underlying muscle imbalance may be to
blame for the presence of persistent symptoms and
significant rate of recurrent injury (Croisier et al.
2002).

The RICE (Rest, Ice, Compression, Elevation)
principles of treatment are applicable for both
str