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Abstract

Thoroughbred racehorses are often affected by musculoskeletal injuries, leading to involuntary rest
periods, early retirement or death. A number of studies have focused on identifying risk factors. A
major focus of research has been track surface properties because it should be possible to modify
these so that the risk of musculoskeletal injury is minimised. Among all the track surface properties

studied to date, consistency of the surface is reported to be one of the main injury risk factors.

The aim of this study was to develop a preliminary 3D musculoskeletal model of the whole equine
forelimb based on data published in the literature and derived from anatomical measurements; and
to determine the effects of the perturbations by the ground surface on the limb response with the
musculoskeletal model developed and to assess whether the response occurs acutely in the perturbed

stance phase or in the next stance phase.

To answer these questions, gait data were collected from ridden Thoroughbreds passing through a
perturbation area, where the surface hardness was changed by adding wood or foam under the

baseline sand surface.

The horses changed their joint flexion/extension patterns in response to changes in hardness. In
response to the hard perturbation, the proximal limb spring was more compliant, evidenced by
increased shoulder flexion. The elbow and carpal joints were more flexed in the intervening swing
phase. In response to the soft perturbation, more coffin joint flexion was observed during both the

perturbed and the following stance phase.

The preliminary musculoskeletal model of the equine forelimb developed in this thesis allow the
observation and study of the forelimb reaction to hardness perturbation through the joint excursions

and tendon and ligament strains.
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Chapter 1
Introduction and literature review

|. Introduction

The Thoroughbred industry has an important place in the New Zealand economy accounting for
approximately 1% of New Zealand’s Gross Domestic Product (Bolwell et al., 2017a). However, many
of the Thoroughbreds that enter race training will be affected by musculoskeletal injuries, which
would lead to rest periods in the best cases, but could also lead to retirement or death. The most
frequently reported location for the musculoskeletal injuries are the distal forelimb (Perkins et al.,

2004b).

A number of studies have focused on identifying risk factors. One of the major areas of research is
track surface properties, because it should be possible to modify these so that the risk of
musculoskeletal injury would be reduced (Oikawa et al., 2000; Setterbo et al., 2013). Among all the
track surface properties examined, consistency was reported to be one of the main injury risk factors.
However, to date, only epidemiological studies have focused on this property. The aim of this thesis
is therefore to test how unexpected variations in surface hardness, leading to inconsistency in track
surface properties, affect the motion and loading of the limb, which could lead to an increased risk of
musculoskeletal injury. For that, a model is required. Different equine limb models have been
developed, and the most developed is the spring-mass model (McGuigan and Wilson, 2003). However,
to study the effects of inconsistency of a track on the soft tissues of the limb requires the use of a
model that includes those soft tissues and therefore a musculoskeletal model is needed. Other equine
musculoskeletal models have been developed, but they generally have only included the distal limb

(Brown et al., 2003b; Symons et al., 2016).

The musculoskeletal model requires input parameters derived from gait and force plate data against
which the model can be tested and developed. To obtain these data the ground hardness was altered
in one discrete area of an indoor riding arena by adding wood or foam under the sand surface, to
perturb the horse’s gait during one stance phase. Gait data were collected from horses passing
through the perturbed area and for the subsequent swing and stance phases. The main objectives of

this thesis were twofold:
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- To develop a preliminary 3D musculoskeletal model of the whole equine forelimb based on
data published in the literature and derived from anatomical measurements (Part 1)

- To determine the effects of the perturbations by the ground surface on the limb response
with the musculoskeletal model developed and to assess whether the response occurs acutely

in the perturbed stance phase or in the next stance phase (Part 2)

[I. Context

IILA.  Racing industry
The history of the Thoroughbred in New Zealand began in 1840 when the first Thoroughbred stallion

was imported. That same year, the first race meeting was organised in Wellington. Since then, the
Thoroughbred industry has expanded and is now the most economically important part of the New
Zealand equine industry, with approximately 40% of the annual Thoroughbred foal crop exported
(Rogers et al., 2017). Thoroughbred and Standardbred racing and the sport-horse industries generate

around 2% of New Zealand’s GDP (Gross Domestic Product) (Bolwell et al., 2017a).

Regarding the international Thoroughbred industry, New Zealand has the 6" largest breeding industry
(Gee et al., 2017) and is the 11" largest racing jurisdiction based on the number of horses starting in
races (Bolwell et al., 2017a). Every year, around 5,500 and 300 horses start in approximately 2,900 flat
races and 120 jump races respectively (Bolwell et al., 2016, 2017a; Rogers et al., 2017).

Within New Zealand, since the global financial crisis (2007-2008), there has been a consistent
reduction of the number of Thoroughbred foals born but the number of horses exported and the
proportion of horses lost from the racing industry has remained relatively unchanged (Rogers et al.,
2014). Horses may be lost from the racing industry because of voluntary or involuntary reasons. About
one-third of Thoroughbreds that enter race training are retired prematurely, mainly because they lack
talent, and another third involuntarily, in 78% of these cases because of musculoskeletal injuries
(Perkins et al., 2004b). Thus, musculoskeletal injury represents the most significant, potentially

manageable, reason for horses being lost from training and the industry.

I.B. Injuries in horse races

The importance of horses involuntarily retired, or that had reduced training or racing opportunities
due to injury, is highlighted by the number of epidemiological studies that have been published. Some
of these studies have focused on events occurring during racing. However, it has been reported that

these race day events account for only a small proportion of total injuries in Thoroughbreds and that
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the majority of the injuries, and the time at risk ,is associated with training (Parkin, 2008; Ramzan and
Palmer, 2011).

Perkins et al. (2004b) reported the number of events during training periods (Figure 1) that were
associated with a rest period, retirement or death. Of a total of 2,652 events reported, 1,594 led to a
voluntary rest period (1,234) and retirement (360). The other events reported were musculoskeletal
injury (834) leading to a rest period (697), death (19) and retirement (118); respiratory disease (165)
leading to a rest period (128) and retirement (37); and miscellaneous (59) leading to rest (38), death
(7) and retirement (14). The musculoskeletal injuries (834 cases) involved limbs (807), vertebral
column (26) and skull (1). The limb musculoskeletal injuries were localised in the distal forelimb (563),
the distal hindlimb (28), the proximal forelimb (26) and the proximal hindlimb (82). Other
musculoskeletal injuries were not included in the subcategories as they involved more than one

region, or the region affected was not reported.

Percentage of
reported events

Voluntary
(1,594)
Forelimbs 21
Distal limb (563)
(610) Hindlimb
indlimbs
Limbs (807 1
(79) :
Forelimb
Proximal (26)
limb (118) —
Hindlimb 3
2,652 (82)
MSI {834)
Vertebral 1
column (26)

reported
events

Other (224)

Figure 1 Distribution of the reported events with number of cases (Perkins et al., 2004b)
(MSI = Musculoskeletal Injuries)

Among all the events reported during both training and racing, the most common type was
musculoskeletal injury of the distal forelimb (Bolwell et al., 2017b; Parkin, 2008; Perkins et al., 2004b),
asillustrated in Figure 1. The soft tissue structures most frequently affected by musculoskeletal injury
are the superficial digital flexor tendon and the suspensory ligament and less frequently the deep

digital flexor tendon, its check ligament and the sesamoidean ligaments (Hill, 2003; Rosanowski et al.,
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2016). Fractures are most often associated with retirement and death. The risk of a particular type of
fracture varies with the type of racing. In Thoroughbreds racing at the Hong Kong Jockey Club,
catastrophic fractures most frequently involved the proximal sesamoid bones followed by the carpus
and proximal phalanx. Non-catastrophic fractures were observed 3.6 times more frequently than the
catastrophic fractures and most often involved the carpus and proximal phalanx (Sun et al., 2019). In
an earlier study of racing in the UK, Clegg (2011) reported lateral condylar fractures of the third
metacarpal bone to be the most common fracture reported for all forms of National Hunt racing, while
in flat racing on all-weather surfaces bilateral proximal sesamoid fractures predominated. In flat turf

racing, proximal phalanx fractures were the most common fatal fracture (Parkin et al., 2004b).

Injuries have a direct effect on costs, through medical or surgical care, time lost from racing as well as
public perception (Perkins et al., 2004b). Musculoskeletal injuries are the major cause of involuntary
rest days, with approximately 37% of training Thoroughbreds affected and an average rest duration
of 70 days (from 1 to 460 days). Most musculoskeletal injuries require a rest period (83.6%), however
they sometimes lead to premature retirement (14.1%) or death (2.3%). The musculoskeletal injuries
leading most often to retirement or death are fractures, followed by tendon and ligament injuries.
The risk of tendon and ligament injuries increases with the age of the horse and its gender, with the

incidence rate for males is 2.5 times higher than for females (Perkins et al., 2004b).

In order to reduce these losses, it is important to determine the risk factors for these injuries, which
can be grouped into three categories: horse level factors, such as age and sex; race level factors, such
as track condition and race distance; and management factors, such as racing load and management
of previous injuries (Hitchens et al., 2019). According to Perkins et al. (2004a, 2004b), the main risk
factors for the broad category of musculoskeletal injuries are: horse age, gender, cumulative exercise
intensity, hoof balance, previous injuries, age at first race, number of starts, physical contact between
horses during a race, race distance and class, field size, and barrier position. Among all the identified
risk factors, many are not modifiable or unrealistic to prevent, as is the case for gender (Parkin, 2008).
On the other hand, Hitchens et al. (2019) suggest that preventing older horses from racing, limiting
the number of horses in a race, and avoiding harder surfaces would reduce the risk of musculoskeletal

injury.

In relation to fracture and dorsal metacarpal disease, the risk factors associated with cyclic load and
surface have been the most studied. Repair and adaptation processes are important for the health of
the connective tissues of the limb. Exposing a horse to continued or extreme load may overwhelm this
process, and thus place the horse at risk of more serious musculoskeletal injuries (Perkins et al.,

2004b). Exposure of the tissues of the limb to such loads is determined by training and racing
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management, which can be changed by regulation or voluntary adjustment of training regimens. A
balance needs to be found between too little high-speed exercise and too much high-speed exercise.
Indeed, if the exposure to cyclic load causes subchondral bone damage, the lack of high-speed exercise
in training would not allow the bone to adapt to the loads experienced under racing conditions. Both

scenarios increase the risk of fracture during racing (Parkin, 2008).

The role of the racetrack surface as a risk factor for musculoskeletal injury has been described in a
number of studies. Different racetrack surfaces have different risk profiles for musculoskeletal injury
(Parkin, 2008). This means that it could be possible to reduce the risk of injury to horses training or
racing on a track by adapting its design or surface condition (Perkins et al., 2004a). The first surface
property studied was the surface hardness, which has been positively associated with the prevalence
of lameness in a number of studies (Parkin, 2008). When evaluated in a univariate model, the odds
ratio of fatal fracture increased incrementally from 1 (heavy-soft going) through 1.5 (good-soft) to 2.2
(good-firm). However, in a multivariate model including the number of runners and the course
distance, odds ratio for fatal fracture increased from 1 (heavy-soft going) through 3.8 (good-soft) to

4.1 (good-firm) (Parkin et al., 2004a).

Racetrack surface is still a major area of research (Parkin, 2008). However, athletic injury in racehorses
is complex and related to multiple factors affecting both performance and health (Perkins et al.,
2004a). The relationships between surface properties and risk of injuries have not been completely
established and reducing the risk of a single cause of injury could increase the risk of other injuries
(Parkin, 2008). To understand the relationships between racetrack surface properties and risk of
musculoskeletal injuries, it will be necessary to fully understand how the tissues of the limb respond

mechanically to the surface properties, including stiffness and variability.

I.C.  Modelling in biomechanics
Biomechanical models have been developed to illustrate the mechanisms allowing animals to interact
with the environment. These models can be classified under three main types: conceptual models,

physical models and mathematical models (Alexander, 2003).

The conceptual models explain a mechanism by using another one that is well understood. For
example, the movement of the foot on the ground during human walking has been compared to an
egg rolling from one end to the other. The purpose of this type of model is to clarify and understand
simply a complex mechanism without mathematical consideration. However, they are generally not

realistic (Alexander, 2003).
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The physical models consist of built structures. This type of model is used to demonstrate that a
proposed mechanism actually works, check the output of mathematical models, facilitate
observations that would be difficult to make on real organism, explain unexpected phenomena, and
determine the consequences of changes in structures. Moreover, physical models indicate why a

particular structure is better than another (Alexander, 2003).

Finally, mathematical models represent a mechanical output with mathematical equations. These
models are used for prediction, seeking an optimum and inverse optimization. This category can be
subdivided into four sub-groups: the simple models, the more realistic models, the optimization
models and the inverse optimization models. The simple models are the best for establishing general
principles. They have been used in human, animal and insect locomotion, to explore effects of
changing the properties of tendons and muscles or the number of joints, and to explain other
phenomena that can be observed, such as the different shapes of bones or the feeding suction of fish.
Some problems may require more realistic models, which are often used to explain more complicated
movements, such as somersault or to calculate stresses in elaborately shaped bones. If these models
are more realistic than simple models, the assumptions made to develop these models prevent their
application in some environments or scenarios. For instance, a model studying the ligament strains at
a joint will consider the bones as rigid bodies, and although this model can be accurate for the
ligaments it will never be possible to use it to study bone fracture processes. Optimization models
enable the calculation of the best structure or pattern of movement possible. For example, they have
been used to predict the optimum properties of muscle-tendon units to minimize the metabolic
energy costs of movements, and in plants to determine the best patterns of branching to minimize
the bending moment and maximize lightinterception. Lastly, the inverse optimization models are used
to test hypotheses, generally about the parameters to optimize, by comparing the results of modelling
to actual measurements. This type of model has been used in movement studies, with different
optimized parameters: acceleration, muscle power or metabolic energy costs. Another application of
this method is to predict forces within the muscles. As there are more muscles than degrees of
freedom at a joint, the contributory forces to a net joint moment exerted by each muscle cannot be
determined. Optimization functions are needed to determine how the load is shared between the
different muscles (Alexander, 2003). Different combinations of optimizations have been tested,
depending on the aim of the studies. Seireg and Arvikar (1973) proposed different objectives for
optimization of load sharing between muscles: the minimization of the forces in the muscles, the
minimization of the work done by the muscles, the minimization of the vertical reaction forces at each
joint and the minimization of the moments carried by the ligaments at the joints. Other objectives can

be created by combinations of those listed. However, it seems that one optimization function may be
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specific to a case. The mathematically predicted muscle forces in Herzog and Leonard’s (1991) model
of the feline tarsal joint did not agree well the experimentally determined actual muscle forces. They
highlighted the variation in load sharing between step cycles as a culprit, and identified that these
were due to variation in force-velocity characteristics and/or to delays of onset of activation between
muscles. They also indicated that changes in load sharing between speeds may be caused by changes
in the magnitude of centrally controlled activation, and none of these principles were considered in

their theorical model.

To conclude, one of the main risk factors for musculoskeletal injury is the racetrack surface. However,
the interaction between the surface and the horse’s limb remains unclear, partly due to our current
incomplete knowledge of the adaptive mechanisms of the distal limb, which can be studied using a

mathematical model.

IIl. Hoof-track interaction

lII.LA. Risk factors

A number of studies have reported an association of track surface and injury in both race and sport
horses (Oikawa et al., 2000; Robin et al., 2009; Setterbo et al., 2011; Setterbo et al., 2013; Stover,
2003). Indeed, track surface properties affect both the forelimb hoof impact accelerations and the
ground reaction forces (Gustas et al., 2006b; Ratzlaff et al., 2005; Rollot et al., 2004; Setterbo et al.,
2009; Setterbo et al., 2011). The most important track surface properties implicated in racehorse
musculoskeletal injuries are the hardness and consistency of the surface. The consistency is influenced
by the homogeneity of material composition, moisture content, compaction and cushion depth
(Cheney et al., 1973; Kai et al., 1999; Mahaffey et al., 2013; Oikawa et al., 2000; Peterson and
Mcllwraith, 2008; Peterson et al., 2010; Ratzlaff et al., 1997; Setterbo et al., 2013). A greater
understanding of the material properties of racetracks, and optimising these might reduce the risk of
musculoskeletal injury (Setterbo et al., 2009; Symons et al., 2014a; Symons et al., 2016), and maximise

horse performance.

III.B.  Surface properties
A number of studies have explored the relationship between the track surface (dirt, turf, synthetic,
sand) and the rates and type of injury (Arthur, 2010; Hill et al., 1986; Rosanowski et al., 2016). Due to
the varying material properties of the different racetrack surfaces and their effects on shock and
vibration of the hoof and distal limb, some types of track surface are associated with certain injuries,
such as proximal sesamoid bone fractures on all-weather tracks and proximal phalanx fractures on

turf (Parkin et al., 2004b). The higher incidence of certain injuries may be associated with the inherent
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material properties of the different track surfaces. However, there is some variation in the type of
injury and the magnitude of the risk associated with different track surfaces reported in the literature.
This inconsistency may be due to differences in experimental design, analytic approach, injury and
case definition and confounding factors (Setterbo et al., 2009). In addition, variation in environmental
factors and surface maintenance procedures have a major impact on the relationship between track

surface and injuries, and are hard to control (Setterbo et al., 2011).

Rapid loading of the hoof during contact has been identified as an injury mechanism (Pratt, 1997) and
track surface properties have been shown to affect the nature of the impact shock and vibrations in
the distal limb. The impact shock was attenuated, and the vibration amplitude reduced on an all-
weather waxed trotting track compared to a crushed sand track (Chateau et al., 2009b). Vertical
ground reaction forces at trot and canter are highest at midstance, and deformation of the hoof
capsule, compressive forces across the joints and loading of the suspensory tendons and ligaments
are highest at or after this time (Johnston and Back, 2006). These loading events are primarily
associated with articular cartilage and subchondral bone degeneration (Chateau et al., 2009b; Radin
et al., 1973; Serink et al., 1977). To quantify mechanical loading at impact, tools such as impactors
have been developed to replicate the ground reaction forces of a horse in terms of load and speed
(Clanton et al., 1991; Mahaffey et al., 2013; Oikawa et al., 2000; Peterson et al., 2008; Peterson and
Mcllwraith, 2008; Pratt, 1985; Ratzlaff et al., 1997; Setterbo et al., 2011). The rate of loading can be
described on live horses through the use of ground reaction force measuring devices or of
accelerometers on the limbs (Barrey, 1990; Frederick and Henderson, 1970; Kai et al., 2000; Ratzlaff

et al., 1990; Roepstorff and Drevemo, 1993).

[11.B.1. Impactors
Impactors seek to replicate the kinetic impact of the hoof with the surface, and measuring the
properties at different locations of a same track provide an indication of the consistency of the hoof
track interaction. They have been used to describe a positive linear relationship between the impact
force measured and the rate of occurrence of lameness on sand racetracks (Cheney et al., 1973). Using
an impactor that measured both vertical force and shear force during simulated hoof landing,
Peterson and Mcllwraith (2008) reported a reduction in peak vertical load of 34% after harrowing of
a dirt track used for Thoroughbred racing, but also that variability of the measured load increased by
more than the double across the 24 locations tested. The advantages of impactors are to remove the
variability between horses, and to avoid the use of live animals in research (Chateau et al., 2009b;

Cheney et al., 1973; Peterson et al., 2008; Ratzlaff et al., 1997; Robin et al., 2009).
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There has been an increase in the sophistication of the impactors used and their ability to represent
the hoof-ground interaction. Pratt (1984) tested the ability of a track to absorb kinetic energy from
the hoof. However, his method was cumbersome and inadequate to measure the properties of an
entire track (Oikawa et al., 2000). Small loads (10kg) from small heights (under 1m) were used to study
only the vertical forces, which are not representative of the triplanar equine hoof impact during racing,
and thus do not allow complete characterisation of the surface properties for racing conditions (Pratt,
1985).

Clanton et al. (1991) used a cone penetrometer in an impactor with a load cell to measure the force
applied to penetrate the soil of a Thoroughbred dirt track to carriable depth. Once again, this method
did not describe the complexity of the surface properties, nor did they report their vertical impact
velocities. The forces measured during penetration of the soil to 3, 6 and 9 cm only averaged 200, 450
and 1,200 N, which are substantially smaller than the typical vertical ground reaction force (Merkens
and Schamhardt, 1994) under the forelimb in a walking horse (about 4,000 N). If the loading rates are
not similar to those subjected to the hoof at gallop and if the loads applied are much smaller than
required to test the soil to the correct depth, so as to replicate the loading patterns observed in a
galloping horse, then the characterization of the surface can only be used in relative terms (Peterson
et al., 2008). Indeed, Clanton’s (1991) study was only seeking to characterize the relative surface

properties at defined locations across the width of the track and at certain points along its length.

Oikawa et al. (2000) combined a self-propelled racetrack hardness measurement device to an analysis
system to systematically measure track hardness, and sand depth for dirt surfaces, in all locations of
a track. The serial measurements for one entire track were performed across intervals of 5 meters.
This device solves the cumbersomeness of the characterisation of a whole track by the devices

developed previously.

Peterson et al. (2008) developed a mobile testing system that was able to load the track at the rate
and loads applied at gallop, at first contact and during the first part of the stance phase when the
superincumbent weight was transferred to the hoof. This platform allows the system to be positioned
anywhere on the track for sampling the surface and was able to detect changes in the track properties

caused by inconsistent surface maintenance.

The main drawback of the use of impactors is the strain-rate dependence of the racetrack properties
(Ratzlaff et al., 1997; Setterbo et al., 2013). Moreover, studies compared either the peak vertical

acceleration, which does not include any consideration of the shear strength of the surface, or used
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small loads, making these tests only representative of the acute impact phase of the horse gait

(Peterson et al., 2008).

I11.B.2. Force plates and hoof-mounted devices
The ground reaction force is a relevant property in track surface studies to assess the interaction
between the hoof and the ground surface (Robin et al., 2009). In particular, analysis of impact of the
hoof and limb may be useful when attempting to improve track conditions (Kai et al., 2000). Two
methods have been described to measure the ground reaction force: the use of a force plate or a
pressure plate (Pratt and O'Connor, 1976; Robin et al., 2009); or the use of hoof-mounted devices like

force measuring shoes, accelerometers and strain gauges (Bjorck, 1958; Parsons et al., 2011).

l.B.2.a.  Force plates vs hoof-mounted devices

The advantages of using a force plate are the ability to measure actual ground reaction forces in three
dimensions and the ease of operation. The disadvantages include expense, the inability to record
forces exerted during successive strides, difficulties in obtaining simultaneous recordings of forces
exerted by more than one limb, in recording forces at faster gaits and in getting horses to step on the
plate, which is the main drawback of this method (Frederick and Henderson, 1970; Kai et al., 2000;
Parsons et al., 2011; Ratzlaff et al., 1990; Schamhardt et al., 1993). These limitations generally mean
this method is not suitable for measurements in field conditions, at high speed (Robin et al., 2009).
Pressure plates have been proposed as an alternative solution to force plates. Compared to force
plates, they offer the advantages to allow the analysis of simultaneous and consecutive hoof strikes
at once and to provide information on the loading of the different portions of the hoof (Oosterlinck et
al., 2010b). However, pressure plates cannot simply replace a force plate when high accuracy of force
values is needed (Oosterlinck et al., 2010a).If hoof-mounted devices can overcome many of the
disadvantages of the use of force plates, such as measuring the ground reaction force over a large
number of strides on a wide variety of surfaces (Kai et al., 2000; Parsons et al., 2011; Robin et al.,
2009; Roland et al., 2005), they have other disadvantages. Their volume and weight might affect the
gait of the horse. Shoes with strain gauge transducers may not be reliable due to the heavy weight of
the device, which may alter the horse’s motion pattern. The measures of the vertical ground reaction
forces may also be distorted in devices including strain gauge transducers or piezoelectric transducers
by the use of preloaded transducers or by the transducers supporting only a portion of the vertical
ground reaction forces. In addition, the first hoof-mounted devices did not supply information about
acceleration, which is an important component of the kinetic analysis of gait and gives information on
shock and vibration during hoof impact on the ground (Barrey et al., 1991; Hjerten and Drevemo,
1994).
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l11.B.2.b.  Development of hoof-mounted devices
Given the advantages offered by hoof-mounted devices compared to force plates, a number of studies
have focused on their development and improvement. The first hoof-mounted device was developed
by Bjorck (1958). He attached strain gauges to a shoe to measure vertical and horizontal forces exerted
by draft horses. The patterns of the force-time curves obtained with this device were typical, in shape,
of those obtained by other methods, although the shoe was heavy and thick (Kai et al., 2000).
Frederick and Henderson (1970) developed and tested a force-sensitive horseshoe that incorporated
three preloaded transducers and obtained the vertical ground reaction forces exerted by a horse at

different gaits.

Barrey (1990) used an instrumented boot to investigate vertical ground reaction forces exerted at four
parts of the hoof. Ratzlaff et al. (1987), Ratzlaff et al. (1990) and Ratzlaff et al. (1993) developed two
types of light-weight instrumented shoes using piezoelectric transducers, which measured ground
reaction forces exerted over the centre of the frog or at three points on the hoof by horses at different
gaits. Roepstorff and Drevemo (1993) equipped a light horseshoe with strain gauges at the toe and at
each of the quarters. This device was then used by Roepstorff et al. (1994) to analyse the effect of

different treadmill constructions on ground reaction forces exerted by trotting horses.

Kai et al. (2000) developed a hoof-mounted device composed of two metal plates, two bolts, four load
cells and three accelerometers. The forces recorded from the four load cells (medial and lateral heel,
medial and lateral toe) were summed to yield an overall vertical force curve which closely resembled,
in both amplitude and shape, the pattern of vertical force measured using a force platform reported
by other studies for trot and canter (Gustas et al., 2006b; Merkens et al., 1993). Further the data
recorded at trot and canter from two measurement sessions a week apart were not significantly

different from each other.

Gustas et al. (2004) trotted horses across a force platform, while also collecting data from
accelerometers mounted on the fore and hind hooves. The accelerometer signals for the first 50 ms
after fore and hind hoof contact were temporally similar but vertical deceleration amplitudes were
greater in the fore compared to the hind limbs, agreeing with earlier studies and reflecting the
mechanical differences between the functions of the fore and hind limbs. Signals from the force
platform likewise indicated similar temporal patterns but with greater rate of loading and larger
vertical and horizontal braking forces measured under the forelimb. Roland et al. (2005) developed a
3D dynamometric horseshoe weighting 860 g. It was tested on a treadmill and provided force profiles
similar to those reported by studies using other devices (hoof-mounted or force plates). More

recently, Chateau et al. (2009a) developed a lighter custom-made device (490g), which was tested on
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several types of ground at slow speed, and was judged to be well adapted to compare the ground

reaction forces of different surfaces.

The device used by Chateau et al. (2009b) was sensitive enough to discriminate between the
biomechanical effects of a crushed sand track and an all-weather waxed track. However, they only
tested two kinds of tracks and it is unknown if the device is sufficiently sensitive to identify change of

properties within a surface due to variation in moisture level or depth.

The main disadvantage of the studies using live horses is the variability between horses. For example,
Chateau et al. (2009b) observed the pattern of hoof deceleration during landing composed of two
peaks and found differences between three horses. For two of them, they observed a delay of the

second peak, but not for the third horse and they were unable to explain the reason for this difference.

However, when comparing data, consideration is needed on the mechanism in which the device is
used as the stiffness of the surface decreases when the angle of impact increases and when the impact
velocity decreases (Setterbo et al., 2011; Setterbo et al., 2013). Thus, the setup of the testing device

can have a large impact on the absolute properties reported for a surface.

I11.B.3.  Comparison of surface properties
Racetrack surface mechanical properties have generally been compared between surface types (turf,
sand, dirt, synthetic). Very few recent studies have compared the properties between traditional
surfaces, but have focused on how synthetic surfaces differ to generally one of the traditional surfaces.
The difficulty of such comparisons is the maintenance of the ground surface. Indeed, harrowing has
been reported as significantly affecting the mechanical behaviour of the surface (Tranquille et al.,
2015). Within turf tracks, the turf roots and the soil moisture levels are responsible for increased
hardness and resistance to shear (Ratzlaff et al., 1997; Zebarth and Sheard, 1985). Epidemiological
studies have identified that turf tracks were associated with a lower risk of breakdown compared to
dirt surfaces (Mohammed et al., 1991), however, this will vary with the state of the track. The Jockey

Club’s Equine Injury Database (http://www.jockeyclub.com/default.asp?section=Resources&area=10, data

for 2019) indicates racing fatalities are lowest on synthetic surfaces (0.93 fatal injuries per 1,000 starts
on synthetic compared to 1.56 on turf surfaces and 1.60 on dirt) although the interaction between
surface type and age of the horse continues to be equivocal. Whereas older horses tend to be more
at risk of injury on dirt surfaces, there is no significant difference in fatal injury rate between 2-year

old horses and older horses on synthetic surfaces (Larkin, 2011).
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l1.B.3.a.  Synthetic surfaces
Synthetic racetracks are reported to provide improved consistency and safety compared to dirt tracks
(Rezendes, 2007). The synthetic surfaces have been described as generally less stiff and softer than
dirt surfaces (Setterbo et al., 2011; Setterbo et al., 2013), and to have better shock-absorbing
properties than dirt or sand surfaces (Chateau et al., 2009b; Robin et al., 2009; Setterbo et al., 2009;
Symons et al., 2014a; Symons et al., 2016).

The maximum vertical forces and loading rates are reported to be lower on synthetic than on
traditional surfaces (Chateau et al., 2009b; Crevier-Denoix et al., 2009; Robin et al., 2009; Setterbo et
al., 2009; Setterbo et al., 2011, Setterbo et al., 2013). For example, Setterbo et al. (2009) reported
peak vertical ground reaction forces of 11.5 N.kg, 13.8 N.kg™ and 16.1 N.kg™* for synthetic, turf and
dirt racing surfaces respectively in cantering Thoroughbred horses, and loading rates of 106 N.kg™.s?,
193 N.kgt.s* and 111 N.kg™.s? respectively. However, as previously stated, the maintenance and

hydration status will affect the surface properties at any measurement time.

The same overall pattern has been reported for the ground reaction forces, maximum impact forces,
vertical force peak at impact, vertical force at mid-stance and maximum longitudinal braking force
(Chateau et al., 2009b; Crevier-Denoix et al., 2013b; Robin et al., 2009; Setterbo et al., 2009; Setterbo
et al., 2011, Setterbo et al., 2013). The peak vertical ground reaction force on the synthetic surface
was 83% of the peak on a dirt surface and 71% of the peak on a turf surface (Setterbo et al., 2009).
The times of occurrence of the maximal longitudinal force during braking and of vertical force at mid-
stance were delayed by 24% and 9% respectively on all-weather waxed surfaces compared to turf
surfaces (Crevier-Denoix et al., 2013b), and the time of maximal “sink” of the hoof into the surface
was likewise delayed by 30%. A dirt surface, while potentially having more resistance to vertical
compression (depending on its depth and maintenance state) will usually allow more horizontal sliding
of the hoof, compared to a turf surface that will resist this sliding and therefore allow a greater braking

effect across a shorter timespan (Pratt, 1997).

Another important parameter to characterize the interaction between the hoof and the track surface
is the deceleration of the hoof at impact. On an all-weather surface, the vertical hoof velocity before
impact was higher than on a turf surface but the acute hoof deceleration at impact was not
significantly different between surfaces (Crevier-Denoix et al., 2013b). Chateau et al. (2009b) recorded
a shorter braking phase in trotters on a crushed sand surface (29.7 ms) than on an all-weather surface
(35.5 ms) and Robin et al. (2009) associated this with a larger amplitude braking force on the crushed

sand track (2,923 N) compared to the all-weather surface (2,392 N).
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The impact of the hoof on the ground surface creates vibrations within the hoof, which are
subsequently transmitted to other tissues within the legs. In general, hoof vibrations at impact have
lower amplitudes on synthetic surfaces than on traditional surfaces (Chateau et al., 2009b; Robin et
al., 2009; Setterbo et al., 2009). This is due to the fact that different surfaces have different vibration
energy; for example, low frequency vibrations have higher amplitude on a turf surface compared to
an all-weather surface and high frequency vibrations have higher amplitude on an all-weather surface

than on a turf surface (Crevier-Denoix et al., 2013Db).

Stride characteristics have also been compared between the different types of surface. Slip and sink
distances during braking and at maximal sink have been reported to be larger on an all-weather
surface than on turf (Crevier-Denoix et al., 2013b). Horizontal displacement of the heel during slide is
smaller on a synthetic surface than on a dirt surface (Symons et al., 2014a). Shorter stride length and
higher stride frequency have been observed on all-weather tracks compared to crushed sand (Chateau
et al., 2009b; Robin et al., 2009). The maximum fetlock angle and the heel-strike fetlock angles of the
hind limb are smaller and the maximum fetlock angle is delayed on a synthetic surface compared to a

dirt surface (Symons et al., 2014a).

With all these observations, it seems that synthetic surfaces may mitigate the risk of musculoskeletal
injuries (Symons et al., 2014a). However, different results may be observed with different
environment and management conditions. For example, the differences between dirt and synthetic
surfaces increase as the dirt surface is compacted with repeating impacts or increasing impact
velocities (Setterbo et al., 2013) and decrease after harrowing the dirt surface (Setterbo et al., 2011).
Moreover, these studies can be affected by large inter-horse variability due to small horse sample size

(Chateau et al., 2009b; Crevier-Denoix et al., 2009; Robin et al., 2009).

The apparent “better properties” of the synthetic surfaces compared to the traditional surfaces
explain the substitution of dirt racetracks with synthetic racetracks (Setterbo et al., 2011). In 2006, the
California Horse Racing Board declared that all major tracks in the state must install a synthetic track
surface by the end of 2007 (Peterson et al., 2010). With these conversions, fatality rate has been
reported to be reduced (Arthur, 2010; Setterbo et al., 2009). This, nevertheless, is just an
interpretation as horseshoe regulation and pre-race examination practices also changed at this time
(Arthur, 2010). In addition, trainers and veterinarians observed longer race times and more non-
catastrophic musculoskeletal injuries. This, combined with the difficulty in managing the synthetic
racetrack surface led to the reinstallation of some dirt surfaces (Symons et al., 2016). The observation
of greater numbers of non-catastrophic injuries may have been related to the change in surfaces, or

may simply have been due to changes in data collection, which are more and more robust.
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l11.B.3.b.  Other comparisons
Racetrack surfaces are generally graded according to an ordinal scale that relates to the track hardness
and these vary according to the track surface type (dirt or turf). The studies that have used this
classification to compare different racetrack surfaces have been epidemiologic. Mohammed et al.
(1992) reported higher odds of breakdowns on “sloppy” and “good” tracks than on “muddy” and
“firm” tracks respectively (odds ratio of 2.8 and 2.3, respectively). Zebarth and Sheard (1985) reported
the odds of serious injury associated with “fast” track conditions was 3.5 times that associated with
“heavy” track conditions. Harder, drier or faster race surfaces may be associated with higher risks than

rain-affected softer or slower race surfaces (Reiser et al., 2000).

In addition to comparison of racetrack surfaces by their class (fast, slow...), it is possible to examine
their properties (hardness, shear strength, etc.). A number of studies have related the hardness of
track surfaces to an increase of incidence of injuries (Cheney et al., 1973; Drevemo and Hjerten, 1991;
Drevemo et al., 1994; Pratt, 1984). Other authors have reported that the ability of a racetrack surface
to absorb impact shock reduces the number of breakdowns (Kai et al., 1999; Ratzlaff et al., 2005).
Clanton et al. (1991) concluded that the high incidence of breakdowns in one area of a racetrack used
for Thoroughbred racing was caused, in part, by the change in slope and compaction of the track in
this area. The impact intensity and the shearing forces linked to the horizontal deceleration of the
hoof are believed to be important factors in the occurrence of lameness (Cheney et al., 1973; Hjerten
and Drevemo, 1994). Impact intensity is related to density and composition of the track (Barrey et al.,
1991). Both compaction and composition of the track surface dramatically affect hoof impact
deceleration (Barrey et al., 1991; Pratt, 1984). Lower compaction and higher percentages of organic
matter result in lower impact forces (Ratzlaff et al., 1997). The compaction of the track surface may
also vary broadly over different areas of the same track (Clanton et al., 1991; Drevemo and Hjerten,

1991; Drevemo et al., 1994; Pratt, 1984; Ratzlaff et al., 1997).

Some studies on surface physical properties have also related these to mechanical properties. For
example, an increase in moisture content of the surface leads to a decrease of the variation in the
magnitude of vertical forces between successive strides (Ratzlaff et al., 1997). However, the problem
of comparing racetrack surfaces by physical properties is the interdependence of some properties. For
example, an increased cushion depth reduces the dry density and hardness of the surface, which
results in lower peak decelerations of the hoof at impact; and a reduced dry density leads to a reduced
frequency and duration of vibrations at hoof impact (Barrey et al., 1991). There are even more
complex relationships between properties. Ratzlaff et al. (1997) reported that when the moisture

content was increased up to 8%, returned energy and impact resistance decreased and when the
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moisture content was increased from 8% to 14%, energy returned and impact resistance were
progressively increasing. Changes in moisture content also affected the hoof-surface forces, but this
relationship depended on the speed of the horses; indeed, they observed the lowest forces at 8%
moisture content for horses galloping between 14.5 and 15.4 m.s* and at 12% moisture content for
horses galloping between 15.5 and 16.5 m.s™. The hoof-surface forces are also affected by changes in
the percentage of energy returned and the impact resistance of the track. For horses with a speed
between 14.5 and 15.4 m.s%, the forces exerted increased as energy returned and impact resistance
increased whereas for a speed between 15.5 and 16.5 m.s?, the forces exerted decreased as energy

returned and impact resistance increased (Ratzlaff et al., 1997).

[11.B.4. Best properties?
The objective when installing a new racetrack is to ensure it would have the best properties possible,
which implies identifying the surface properties that would minimize the incidence of injuries and
maximise the performance of the horses. It is then necessary to understand the role of the track

surface in equine locomotion.

During the stance phase (the period from first impact to the end of break over) large peak
decelerations, the highest vertical load, and highest shear loads are applied (Biewener, 2003; Gustas
et al., 2006b; Peterson et al., 2008; Radin et al., 1991), which is why this is the most studied period of
the gait cycle. Large high-frequency decelerations in both the vertical and cranio-caudal directions in
the early stance phase can have detrimental effects on the musculoskeletal system with associated
subchondral bone damage and degenerative changes in the joints (Gustas et al., 2004; Gustas et al.,
2006b; Lahm et al., 2004; Lahm et al., 2005; Palmer et al., 1996; Parsons et al., 2011; Radin et al.,
1973; Radin, 1999; Serink et al., 1977; Wilson et al., 2001). The forces associated with these large
amplitude and high-frequency hoof decelerations are transmitted to more proximal musculoskeletal
structures through the hoof as shockwaves (Dyrhe-Poulsen et al., 1994; Gustas et al., 2001; Gustas et
al., 2004; Gustas et al., 2006b; Hjerten and Drevemo, 1994; Merkens and Schamhardt, 1994; Parsons
et al., 2011; Pratt and O'Connor, 1976; Symons et al., 2014a; Willemen et al., 1999; Wilson et al.,
2001). A damping effect has been described, with the attenuations occurring distal to the proximal
phalanx (Dyrhe-Poulsen et al., 1994) or distal to metacarpus (Gustas et al., 2001; Willemen et al.,
1999). These attenuations have been specified in some research; Lanovaz et al. (1998) and Willemen
et al. (1999) described the frequency attenuation as being mainly within the soft tissues of the hoof,
while the amplitude attenuation seems to be related to the bones and interphalangeal joints at a slow

trot (Gustas et al., 2004).
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During the impact phase, the hoof is moving at high speed downwards and requires the track to
decelerate it and this is the role of the cushion of the track when compressed (Peterson et al., 2008).
At first contact, the loading of the limb leads to increased friction between hoof and ground. The
vertical deceleration curve shows two peaks during this phase; the first low peak is attributed to heel
landing and the second peak to complete landing of the hoof (Chateau et al., 2009b). The horizontal
deceleration curve is described as a complex of more or less prominent peaks followed by the distinct
local minimum coinciding with the first maximum of the loading rates. The onset of the ground
reaction force is characterized by this period (Gustas et al., 2004). The ground reaction force is
composed of two principal components; the force associated with acute hoof impact and the one
associated with loading of the hoof by the superincumbent limb during stance (Gustas et al., 2001;
Gustas et al., 2004; Gustas et al., 2006b; Hjerten and Drevemo, 1994, Parsons et al., 2011; Ratzlaff et
al., 2005).

The braking phase is defined as the period following impact and during which the hoof still undergoes
a sliding movement before complete stabilization on the ground (Chateau et al., 2009b). The forward
movement of the hoof coincides with a period of fast extension of the fetlock joint and fast flexion of
the coffin joint (Back et al., 1995; Gustas et al., 2004; Johnston et al., 1995). The combination of the
sliding hoof, the fast moving distal bone segments and the successive increase in load is suggested to
be the cause of the coinciding second complex of vertical deceleration peaks at hoof level, which are
also measured at the metacarpus (Gustas et al., 2001). During this phase, there is a rapid increase in
the longitudinal braking of the hoof, which appears as a single peak. This peak indicates a horizontal
velocity change at the hoof, and shows a large variation in amplitude and timing. The next longitudinal
hoof braking peak appears at the time of the second distinct increase in the horizontal hoof braking
and metacarpal deceleration (Gustas et al., 2001). The end of this phase is characterized by a more
gradual longitudinal deceleration of the hoof. The time period of the horizontal braking of the hoof is
also an important factor in the attenuation of the impact (Gustas et al., 2001). Gustas et al. (2006b)
concluded that the qualities of the ground surface have an effect on the hoof-braking pattern. The
role of the surface during this phase is to help the hoof decelerate, which is also affected by other

factors such as the horseshoe design (Kane et al., 1996; Peterson et al., 2008).

Ratzlaff et al. (2005) identified an inverse relationship between track rebound rate and negative
acceleration peaks of all hooves and concluded that any factors reducing deceleration of the hooves
will increase stride efficiency by allowing smoother transition from braking to propulsion and

therefore may be important in determining the safety of a racing surface.
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In late stance and during breakover, the horizontal load on the surface is completely reversed to
provide a propulsive force. Both braking and propulsion phases determine the properties required for
the track surface in terms of shear strength; it has to reduce the magnitude of the abrupt deceleration
of the hoof during braking and not fail in shear during propulsion (Biewener, 2003; Clayton, 2004;
Peterson et al., 2008; Reiser et al., 2000) and any shear failure during propulsion may have an impact
on horse performance (Biewener, 2003; Peterson et al., 2008; Thomason and Peterson, 2008).
However, if a surface inhibits slip or decreases the rate of energy dissipation there may be an increased
risk of injury, indeed, a shorter slip distance has been associated with higher vertical and horizontal
loading rates and the energy that is not dissipated by the ground surface needs to be dissipate by the

horse limb (Gustas et al., 2001; Parsons et al., 2011).

The magnitude of vertical forces applied to the hoof and limb during stance have been linked to
extreme angles of fetlock hyperextension (McGuigan and Wilson, 2003; Symons et al., 2016). Those
extreme angles increase the load transferred to the suspensory apparatus, and they are related to
musculoskeletal injuries around the fetlock joint, which is the region most affected by musculoskeletal

injuries (Le Jeune et al., 2003; Santschi, 2008; Singer et al., 2013; Symons et al., 2016).

Generally, racetrack mechanical properties affect both the performance of the racehorse and the
safety of a race. For example, loading rates have been observed to be higher on harder surfaces, so
the surface needs to be soft enough to absorb the impact force (Chateau et al., 2010; Gustas et al.,
2006b; Mahaffey et al., 2013); on the other hand, stride lengths have been reported to be longer on
harder surfaces, suggesting a greater efficiency, so the surface needs to be hard enough so as not to
affect the performance of the horse (Mahaffey et al., 2013). To optimize the racetrack surface, both
aspects have to be accounted for, in this example, the hardness of the track needs to be determined
not to affect the horse performance while reducing the injury risk factor. However, little is said about
how to quantify these properties, and the balance of performance and safety properties is even more

complicated by the interdependence between some properties.

To conclude, it is important to study racetrack surfaces to determine the cause of musculoskeletal
injuries. For this reason, devices have been developed and the surface properties have been compared
against injury rates. However, the relationships between surface properties, risk of injuries and
performance are very complicated and/or unknown and do not currently allow specification of the
ideal track properties. In order to clarify these relationships, it is necessary to understand how soft
tissues are affected by changes in the track properties. To try to answer this question, a model needs

to be used.
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IV.Equine modelling

The installation of new racetrack surfaces is expensive and the experimental data collection required
to test these can be difficult to obtain, time consuming and necessitates the use of animals in research.
Computational models may make it easier to survey a wide range of racetrack surface mechanical
properties to gain insight into their effects on racehorse limb motions and musculoskeletal tissue loads
that are difficult to measure in vivo (Symons et al., 2016). Several studies have been published

describing initial models of the equine forelimb (Swanstrom et al., 2005; Symons et al., 2016).

Mathematical modelling is a useful tool for evaluating muscle and joint loading during movement
(Harrison et al., 2010). This approach has been used extensively to determine musculoskeletal
function in human movement (Pandy and Zajac, 1991; Pandy, 2001; Pandy and Andriacchi, 2010;
Shelburne et al., 2004; Shelburne et al., 2006; Van Soest et al., 1993; Zajac, 1993). However, relatively

few studies have used it to study equine movement and those are described in the following sections.

IV.A.  The spring model

The spring model is the model most developed for equine simulations. The idea of the spring model
first came from the observation that a kangaroo’s hop is powered by spring-like tendons that allow it
to literally bounce along the ground (Alexander and Vernon, 1975). The spring-mass representation
has since been generalized to all animals as it has been noticed that, while moving, they prefer a
particular stride frequency and speed for each gait (Heglund and Taylor, 1988; Pennycuick, 1975). Gait
is not the only parameter determining the preferred stride frequency; others also affect it, such as
body stiffness (Blickhan, 1989). This preferred frequency appears to maximize the utilization of strain
energy (Blickhan, 1989; Harrison et al., 2010). It is now clear that the role of elastic mechanisms in
movement extends well beyond obviously springy gaits such as hopping, influencing the mechanics,
energetics and control of a wide range of activities (Roberts and Azizi, 2011). The role of tendons as
elastic structures that store and return elastic energy makes them integral to the spring-mass model
(Blickhan, 1989; Cavagna et al., 1977; Ker, 1981; McGuigan and Wilson, 2003; McMahon, 1985;
McMahon and Cheng, 1990; Thorpe et al., 2012).

Generally, animals use a bouncing gait during rapid terrestrial locomotion as it allows the animal to
minimize energy expenditure (Blickhan, 1989; Cavagna et al., 1977; Harrison et al., 2010; Heglund et
al., 1982). Empirical and theoretical approaches have demonstrated that the use of elastic
mechanisms also occurs during walking, and some studies suggest that elastic mechanisms are an
essential part of both walking and running gaits (Roberts and Azizi, 2011). By these mechanisms, some

animals can store elastic strain energy from ground reaction forces in elastic tissues, and some studies
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have estimated that up to 70% of the kinetic energy delivered during landing could be stored, which
can then be used for take-off (Alexander and Vernon, 1975; Blickhan, 1989; Dickinson et al., 2000;
Harrison et al., 2010; Roberts and Azizi, 2011). The benefit of a springy gait is that most of the work is
done by tendons, which is metabolically cheaper than muscle work. The utilization of tendon elasticity
is, however, not completely free as they work in series with muscles and can only act as useful springs
when muscles generate force (Roberts and Azizi, 2011). This can be explained thanks to two effects.
The “Fenn effect” states that active muscles use more energy when performing positive or negative
work than when only generating force (Fenn, 1924). Energy stored in tendons thus reduces the rate
of energy consumption of each active muscle fibre by allowing muscles to generate force without
doing work, or doing less work (Roberts and Azizi, 2011). The second effect is the influence of tendon
mechanisms on the recruited muscle volume. Due to the force-velocity properties of muscles, force
can be produced with fewer active muscle fibres if the muscle operates at low or zero shortening
velocity (Gabaldon et al., 2008; Roberts et al., 1997). Moreover, this elastic behaviour of the leg can
stabilise movement, having the ability to recover from a perturbation with limited, or no change in
control strategies (Blickhan et al., 2007; Ghigliazza et al., 2005). Familiar tendon springs, connective
tissue elements that hold muscles together, and the molecular constituents of muscles themselves all
provide spring-like actions that may significantly influence muscle and locomotor function (Roberts

and Azizi, 2011).

For tendon springs to operate effectively, their mechanical properties must be matched to their
function. One of the key parameters for elastic mechanisms is tendon stiffness, which is tuned by
remodelling to optimize the operation of the muscle-tendon-load system (Roberts and Azizi, 2011).
For instance, tendon stiffness increases in response to long-term exercise (Arampatzis et al., 2007;
Buchanan and Marsh, 2001). However, there is a lack of consensus on whether such exposure to
exercise leads to changes in tendon dimensions, material properties, both or none (Buchanan and
Marsh, 2001; Kasashima et al., 2002; Moffat et al., 2008; Seynnes et al., 2009). These studies did
demonstrate that tendon properties are more plastic than previously thought (Roberts and Azizi,
2011).

Therefore, the animal’s musculoskeletal system can be considered mechanically as an actively-driven,
non-linear, multicomponent spring-mass model. Using this concept, Blickhan (1989) chose to model it
with a point mass bouncing passively on a massless spring without viscous losses. The advantages of
this model are its simplicity and its transparency with respect to the influence of physical and
morphological conditions. This model describes the interdependency of the parameters characterizing

running and hopping (Blickhan, 1989; Farley et al., 1993; McMahon and Cheng, 1990; Roberts and
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Azizi, 2011). Blickhan (1989) found this model was successful in predicting and describing general

features of animal locomotion.

The spring-mass model has been shown to be able to discriminate different gaits and explain some leg
responses. For example, human walking and running can be identified by the vertical position of the
centre of mass at mid-stance (when the hip of the stance leg passes over the ankle). During walking,
the body’s centre of mass is at its highest position at mid-stance, whereas it is at its lowest point at
mid-stance during running due to the shock-absorbing flexion mechanisms of the knee and hip
(Cavagna et al., 1976; McMahon and Cheng, 1990). If the limb is modelled as an inverted pendulum,
at walk, work is done to raise the centre of mass in the first half of stance. This raising of the centre of
mass results in storage of potential energy, and this is returned as kinetic energy during the second
half of the step as the centre of mass falls forward. When running, changes of forward kinetic and
gravitational potential energy are in phase and therefore cannot exchange with one another to
smooth out fluctuations of total mechanical energy over a step (Cavagna et al., 1976; McMahon and
Cheng, 1990). However, that energy can be stored in tendons at mid-stance as elastic energy. These
general features of walking and running have been recognised in the gait of birds and quadrupedal
mammals, as well as humans (Cavagna et al., 1976; Cavagna et al., 1977). McMahon and Cheng (1990)
found good agreement between the experimental records and the calculation of vertical accelerations
versus vertical displacement and concluded it supports the validity of the model, even if some
differences were observed between experiment and model. The differences observed were: an early
rise in vertical force in the experimental records for the man running, followed by a fall, before a rise
to a second peak at mid-step; and, take-off occurs when the mass is somewhat higher than it was on

landing in the experimental records for the man and the kangaroo.

Another example of the utility of this model relates to the responses to ground perturbations, such as
sudden change in surface stiffness, which have been demonstrated to be due, at least in part, to the
spring-like behaviour of the leg in human runners. An unexpected change in surface stiffness led to
changes in leg stiffness that were faster than typical reflex responses and preceded changes in
electromyograph activity. This response was attributed to passive mechanical reactions of the spring-
like limb (Moritz and Farley, 2004; Roberts and Azizi, 2011). However, the mechanism of these actions
is not very clear. The elastic action of the tendons as well as the action of muscles, but also actions of
other elastic elements in series with the muscles, might be involved (Roberts and Azizi, 2011; van der
Krogt et al., 2009). The idea that some elastic responses of the support limb are actually explained by
active muscle function is supported by studies on guinea fowl and humans (Daley and Biewener, 2006;

Ferrisetal., 1998; Roberts and Azizi, 2011). Muscles undergoing a stretch-shorten cycle could produce
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some of the spring-like function of the leg and might provide some of the rapid mechanical feedback

observed experimentally (Ferris et al., 1998; Roberts and Azizi, 2011).

In the specific case of equine locomotion, storage and utilization of elastic strain energy is thought to
be particularly significant (Harrison et al., 2010). This property comes in particular from the
hyperextension of the fetlock joint, which causes the long digital flexor tendons to stretch and results

in the storage and release of elastic strain energy (Biewener, 1998; Harrison et al., 2010).

Due to its anatomical properties, the forelimb can be modelled as two compression springs in series,
one for the proximal limb from the scapula to the elbow and one for the distal leg from the elbow to
the hoof (McGuigan and Wilson, 2003; Wilson et al., 2001). The distal limb is acting as a passive spring,
by the action of the hyperextension of the fetlock joint (Bobbert et al., 2007; Harrison et al., 2010;
McGuigan and Wilson, 2003; Witte et al., 2004). The main joints acting on changing the length of the
distal limb (127 mm at gallop) are the metacarpophalangeal and distal interphalangeal joints. The
extension of the metacarpophalangeal joint is controlled by three main structures; the superficial and
deep digital flexors and the suspensory ligament (Dyce et al., 2010). During locomotion, these
structures are subject to high strains and forces (Biewener, 1998; Dimery et al., 1986; Meershoek et
al., 2001; Stephens et al., 1989) and the suspensory ligament and flexor tendons are the location
where 50% of racehorse injuries occur (Williams et al., 2001). The role of the digital flexor muscles are
to tension their tendons, and it has been observed that these muscles are able to change their length
during gait by only a few millimetres due to their pennation (McGuigan and Wilson, 2003; Wilson et
al., 2001). The limb force and metacarpophalangeal joint angle are linked by a linear relationship.
McGuigan and Wilson (2003) determined this relationship and used it to predict the vertical ground

reaction force during a 12 m.s* gallop on a treadmill.

The proximal limb is more active and its vertical length can change by around 12 mm (McGuigan and
Wilson, 2003), caused by the flexion of the shoulder and of the elbow. The extension of the shoulder
is controlled by the biceps and supraspinatus and the extension of the elbow by the triceps and the
digital flexors (Dyce et al., 2010). The other muscles appear to act as stabilizers or co-contract with the
agonists. The possible role of the proximal limb is to tune the properties of the whole limb to adapt
its compliance to the ground surface hardness or to complement the distal spring (McGuigan and
Wilson, 2003).

To conclude, the spring models allow us to understand the general behaviour of the limb. However, it
is worth noting that even if animals’ movements are very similar to a spring-mass model, they are not

just elastic bouncing with some deviations. One of the limitations is the inability to account for the
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differences between take-off and landing; the legs are stiffer during landing than during take-off
(Blickhan, 1989). Furthermore, these descriptions do not describe the mechanisms of response of the
limb to a change of ground surface. Therefore, another method is needed to model the limb and
observe the changes in the mechanical behaviour of discrete joints and tissues, and observe the

different roles of each muscle and ligament.

IV.B. Musculoskeletal model

IV.B.1. The different approaches
Musculoskeletal models include segment, joint, muscle-tendon, and ligament information
(Swanstrom et al., 2005). There are two different categories of simulation, the forward dynamics

approach and the inverse dynamics approach.

The forward dynamic simulation is the calculation of the movement/displacement from forces
(Schellenberg et al., 2015). The input data for this approach are a proximal-driving force, a distal
ground reaction force model, muscle activations, and initial positions and velocities (Swanstrom et al.,
2005). The main difficulty is to find a physiologically feasible set of controls for muscle activity
(Schellenberg et al., 2015). OpenSim (National Center for Simulation in Rehabilitation Research, CA) is

a software package using this approach (Alamdari and Krovi, 2017; Rajagopal et al., 2016).

The inverse dynamic simulation is the calculation of segment forces and moments from motion
capture data. Optimisation functions can be added to this approach to distribute the net
intersegmental forces between the different muscles. The advantages of inverse dynamics compared
to forward dynamics are that the inverse dynamics simulation is quicker and is relatively
computationally inexpensive. The problem with this approach is that the movement is considered as
quasi-static to compute the muscle forces when the movement studied is not (Schellenberg et al.,
2015). AnyBody Modeling System™ (AnyBody Technology A/S, Denmark) is a software using this
approach (Alamdari and Krovi, 2017).

Schellenberg et al. (2015) proposed alternative methods combining both inverse and forward

approaches or combining electromyography data and joint kinematic data.

IV.B.2. Reasons
The reasons for musculoskeletal modelling are to calculate quantities that can otherwise only be
measured by invasive means, like muscle tensions and joint contact forces, from components that can
be measured by non-invasive means, such as segment kinematics, ground reaction forces and muscle

activities using respectively motion capture, force plates and electromyography (Moissenet et al.,
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2017; Rajagopal et al., 2016). Musculoskeletal models can also be used to understand how muscles
coordinate and contribute to body weight support and propulsion, and how muscle coordination

impacts joint contact forces (Rajagopal et al., 2016).

The above advantages and usefulness of musculoskeletal models are the reason why they have been
developed most frequently for humans and have been used in different fields such as orthopaedic
surgery, neurology, sport and ergonomics (Delp et al., 1994; Higginson et al., 2006; Manal and
Buchanan, 2005; McLean et al., 2003; Pandy et al., 1990; Paul et al., 2005; Piazza and Delp, 2001,
Piazza et al., 2003; Rasmussen et al., 2012; Reinbolt et al., 2009; Steele et al., 2012; To et al., 2005;
Van der Krogt et al., 2013; Wu et al., 2009).

In the specific case of equine musculoskeletal models, they have been developed for use in research
on the locomotor system (Lawson et al., 2007; McGuigan and Wilson, 2003; Swanstrom et al., 2005),
to evaluate or aid diagnosis of clinical problems, and evaluate different interventions (Buchner et al.,
1996; Buchner et al., 2003). Equine musculoskeletal models have also been used for teaching or

demonstration (Tomlinson et al., 2003).

One of the major interests of equine musculoskeletal models is the possibility to study the loads in
muscles, tendons and ligaments, which is important to understand the origin of musculoskeletal
injuries (Lawson et al., 2007). A number of studies have measured tendon strain in vivo by implanting
strain gauge transducers directly in the tendons of live subjects (Butcher et al., 2009; Jansen et al.,
1993a; Jansen et al., 1993b; Lochner et al., 1980), but invasive experiments are limited for ethical and
practical reasons (Harrison et al., 2010). In particular, attaching strain gauges to the tendons is likely
to affect the gait pattern of the animal (Jansen et al., 1998) and the data have not been recorded for
all important tendons simultaneously across a wide range of gait speeds (Harrison et al., 2010).
Moreover, local measurements of tendon strain may not always accurately reflect the total change in
length of the tendon (Harrison et al., 2010). Harrison et al. (2010) concluded that musculoskeletal
modelling could be more powerful than invasive experiments, if the models can be appropriately

validated.

Another use of equine musculoskeletal models is to predict racehorse limb biomechanics on race
surfaces prior to installation (Symons et al., 2014b) and to survey the effects of a wide range of race
surface mechanical properties (Symons et al., 2016). Indeed, it may be difficult to carry out studies on
different racetrack surfaces as their installations are expensive and it is then not feasible to install
them just for experiments. Moreover, experimental data collection on live racehorses is difficult, time-

consuming and necessitates the use of animals in research (Symons et al., 2016).
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IV.B.3. Equine musculoskeletal models
Few musculoskeletal models of the equine limb have been proposed and are often limited to the distal
limb. Furthermore, many of the models available have only used highly simplified descriptions for their

tendon paths (Lawson et al., 2007).

Brown et al. (2003b) developed a model comprising eight segments. In this model, the authors did not
model the proximal sesamoid bones but they did separate the metacarpus and the distal row of the
carpal bones. Based on this model, Harrison et al. (2010) created their own model. The forelimb was
modelled with eight segments (humerus, radius and ulna, proximal row of carpal bones, distal row of
carpal bones and the metacarpus, proximal sesamoid bones, proximal phalanx, middle phalanx, distal
phalanx). The soft tissue structure was composed of nine muscle-tendon units (extensor carpi radialis,
common digital extensor, lateral digital extensor, ulnaris lateralis, flexor carpi ulnaris, flexor carpi
radialis, superficial digital flexor, deep digital flexor, lacertus fibrosus) and six ligamentous structures
(interosseous muscle or suspensory ligament , accessory ligament of superficial digital flexor,
accessory ligament of deep digital flexor, medial and lateral oblique sesamoidean ligaments, straight
sesamoidean ligament, with extensor branches also considered as extensions of interosseous muscle).
Symons et al. (2016) used the same muscles and added the extensor carpi obliquus. The behaviour of
the ligaments and tendons (force-length curves) in Harrison’s (2010) model were obtained by fitting
polynomial functions to describe experimental data. To create subject-specific models, they scaled
the body morphometry and the lengths and paths of the muscle-tendon units to kinematic and
morphometric measurements obtained for each animal. They scaled the segmental inertial properties

to each animal’s weight using regression equations reported by Buchner et al. (1997).

The model used by Lawson et al. (2007) was a subject-specific, link-segment model written in Matlab™
(Mathworks Inc., MA), taking its input from motion capture, and producing tendon strain calculations
and a 3D animation. In their model, they represented the third metacarpal bone, the first, second and
third phalanges and the sesamoid bones. The sesamoid bones were modelled to allow a more accurate
description of the tendon paths, but their positions were not recorded. Within the model, the palmar
sesamoidean ligament was modelled as a rigid body uniting the proximal sesamoid bones into asingle,
solid structure. The model also included virtual ligaments to tie the proximal and distal sesamoid
bones to the proximal and distal phalanges, respectively. The movement of the proximal sesamoid
bones was modelled using both their attachment to the proximal phalanx by an isometric ligament
and a constraint of remaining in optimal contact with the articular surface of the third metacarpal.
The same principles were used to model the movement of the distal sesamoid bones. As the model

was limited to the height of the carpus, the proximal origin of the deep digital flexor muscle was not
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included but was replaced by a virtual origin at the level of the proximal limit of the model, and
following the orientation of the accessory ligament. The insertion of the deep digital flexor tendon
was taken as the centroid of its large attachment site on the distal phalanx. To represent the path of
the deep digital flexor tendon, they added some wrapping surfaces to constrain the tendons to not
penetrating bones. They used the same process for the superficial digital flexor tendon. The
suspensory ligament origin was modelled as a point taken at the centre of the broad attachment to
the proximal metacarpus and its attachment to the distal row of carpal bones was ignored. A virtual
insertion at the midpoint of the insertions of its medial and lateral divisions on the corresponding

sesamoid bones was also included.

A major limitation of musculoskeletal models is the accuracy of the model inputs. Carbone et al. (2015)
stated that the reliability of force predictions is affected by the accuracy, in particular, of the
musculoskeletal geometry, which is represented by muscle moment arms and is one of the most
sensitive parameters (Hoy et al., 1990; Out et al., 1996). Its estimation depends on the identification
of the muscle-tendon lines-of-action (Pal et al., 2007; Rohrle et al., 1984). Moreover, errors in the
estimated position of muscle attachment sites have been shown to affect muscle force predictions

(Carbone et al., 2012).

Lawson et al. (2007) used their model to study the consequences of modifying the superficial and deep
digital flexor tendon paths on their strains. They found the computed movement of the proximal
sesamoid bones to be in agreement with the one recorded in vitro. However, this study was mainly a
sensitivity analysis to determine the accuracy needed for insertion and origin sites in musculoskeletal

modelling.

Brown et al. (2003b) found their model provided good representation of the muscle paths and
calculated the moment arm and force generated by each muscle. However, they did not have the
opportunity to compare the computed moment arms and forces to real measurements. They reported
some differences with data from the literature, in particular at the carpal and metacarpophalangeal
joints. Harrison et al. (2010) computed the force developed in tendons, muscles and ligaments as well
as contact forces in joints. The joint angles, ground reaction forces and net joint torques they

computed were in general agreement with results reported in the literature.

Symons et al. (2016) combined forward and inverse dynamics in their model. The fetlock and hoof
kinematic profiles simulated by this model had similar shapes and comparable peak magnitudes

compared to experimental data. The deviations they observed occurred mainly at the end of the
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stance phase and after key events such as fetlock hyperextension. They also found the fetlock

hyperextension to occur earlier in simulations than in measured data.

IV.B.4. Modelling challenges
The main challenge in musculoskeletal modelling is to build subject-specific models without intensive
and time-consuming manual interventions. To represent different subjects without entirely
reconfiguring the model template, it is necessary to scale a generic model. One method is to apply
simple linear scaling laws to generic models, which are based on one or more cadaver specimens
(Arnold et al., 2010; Delp et al., 1990; Horsman et al., 2007). The problem with this method is that the
variability in musculoskeletal geometry between individuals is not taken into account (Duda et al.,
1996; White et al., 1989). Several studies have focused on creating subject-specific models based on
imaging or functional measurements but their clinical application on a large scale has not been
demonstrated (Blemker et al., 2007; Carbone et al., 2015; Hainisch et al., 2012; Hausselle et al., 2014;
Scheys et al., 2011). Another scaling method is to use the medical images of the individual subject and

incorporate them in the generic model (Carbone et al., 2013; Pellikaan et al., 2014).

A challenge specific to equine limb musculoskeletal modelling is to represent the stay apparatus.
Indeed, the interactions between the digital flexor muscles and their accessory ligaments have not
been studied when a detailed mathematical model of these interactions are necessary to determine
accurately the forces generated by the muscles, tendons and ligaments and for a thorough analysis of

the work done by each of these structures (Harrison et al., 2010).

To conclude, spring models are good approximations for kinematic and energy studies, with the
properties of the spring linked to the morphometry of the animal. The problem with this type of model
is its inability to describe the roles of the different elements of the leg (muscles, ligaments, etc.) and
their interactions. Therefore, the spring model cannot be used for understanding musculoskeletal
injury mechanisms. Musculoskeletal models are more adapted for this purpose. The equine models
developed so far have largely been limited to the distal limb. The objective of this study is to develop
a preliminary 3D musculoskeletal model of the whole equine forelimb to study the effects of the
perturbations on the limb response and to assess whether the response occurs acutely in the
perturbed stance phase or in the next stance phase. Moreover, the model developed will include the

proximal limb, and then it will take into account the interactions between the two parts of the limb.

V. Conclusion

The Thoroughbred industry is the most economically important part of the New Zealand equine

industry (Rogers et al., 2017). Unfortunately, within the industry there is significant wastage with
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musculoskeletal injury accounting for the majority of the loses of horses and training days (Perkins et
al., 2004b).

Thoroughbred racehorses are most often affected by musculoskeletal injuries of the forelimb, which
are the main cause of involuntary retirement, death and rest periods for rehabilitation (Bolwell et al.,
2017b; Parkin, 2008; Perkins et al., 2004b). These musculoskeletal injuries have economic costs
through medical or surgical care, time lost from racing as well as public perception (Perkins et al.,
2004b).

A number of studies have focused on identifying risk factors and on how to reduce the risk of
musculoskeletal injuries. Track surfaces have been recognized as one of the main modifiable risk
factors (Peterson et al., 2008; Robin et al., 2009; Setterbo et al., 2011). For this reason, racetrack
surface is one of the major areas of research (Parkin, 2008). Despite the number of studies on this
topic, the relationships between racetrack surface type, properties and the risk of injuries are very
complex and remain unclear. In some situations, changing racetrack surface properties could then

decrease the risk of one type of musculoskeletal injury but increase another type (Parkin, 2008).

For this reason, it is necessary to understand how tendons and ligaments transmitting force in the
limb respond to different surface properties. It should then be possible to determine the properties
reducing the risk of a specific musculoskeletal injury while checking they are not increasing the risk of
musculoskeletal injury in another element of the limb. The best way to answer these questions is to
use a musculoskeletal model. Indeed, they have been developed to illustrate and understand how
animals interact with the environment (Alexander, 2003) but allow also to study the loads in muscles,
tendons and ligaments, which is important to understand the origin of musculoskeletal injuries
(Lawson et al., 2007). To date, the equine musculoskeletal models developed have focused mostly on

the distal limb. Therefore, as stated in the Introduction, the objectives of this study were to:

- To develop a preliminary 3D musculoskeletal model of the whole equine forelimb based on
data published in the literature and derived from anatomical measurements (Part 1)
- To determine the effects of the perturbations by the ground surface on the limb response
with the musculoskeletal model developed and to assess whether the response occurs acutely
in the perturbed stance phase or in the next stance phase (Part 2)
This project has been approved by Massey University Animal Ethics Committee (MUAEC Protocol
17/20).
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PART 1
CREATING THE MUSCULOSKELETAL
MODEL
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Chapter 2
Collecting Ligament and tendon
properties

|. Introduction

Developing a musculoskeletal model requires knowledge of the morphology and material properties
for the different tissues. The aim of this part was to gather all the anatomical data required to create
a musculoskeletal model of the equine forelimb with the AnyBody Modeling System™ (AnyBody
Technology A/S, Denmark; hereafter called AnyBody). Some of the tissue measurements utilised have
been reported in the literature. The 3D representations of the bones and the 3D geometries of the

joints were generated from computed tomography (CT) of a Thoroughbred forelimb.

II. Segment properties

Two properties are required to model a segment: its mass and its principal moments of inertia. The
3D image of the segment is not necessary but it helps to define the joint geometry and ligament and

tendon path.

Aright forelimb was obtained from a 6-year old Thoroughbred mare euthanized for a non-orthopaedic
reason. After removing all soft tissues, excluding joint capsules, the limb was positioned with the joints
in the anatomical standing position. The horse limb was too long to be CT-scanned in a single attempt,
and so it was scanned in two separate passes. The proximal limb was scanned to the level of the distal
metacarpus, and then the distal limb was scanned up to the carpus, such that the metacarpus was
included in both scans. Four pins (ordinary sewing pins) were inserted into the metacarpus, in different
planes, to be able later to have a reference frame to align the two CT scans in the same global
reference frame, which isimportant to assure the joint geometry. Small (6mm) spherical markers were
placed on the pins. The limb was scanned using a Philip spiral CT scanner (Phillips Brilliance 16-slice
helical scanner, Phillips Healthcare, The Netherlands). The CT scans were acquired by Massey
University Radiology Department Imaging with voxel size 0.8 mm x 0.8 mm x 0.8 mm, a 1 mm slice

thickness and a 0.5 mm overlay.

The CT scan was then processed using YaDiV (Welfenlab, Leibniz Universitat Hannover, Germany).

YaDiV (“Yet Another Dicom Viewer”) is a program to visualize and segment data in DICOM format,
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such as the files created by CT scanner. A 3D image was created for each single bone, and the centre

of mass and principal moments of inertia were computed using Solidworks®.

Il. Muscle-tendon properties

lII.LA.  Muscle-tendon properties required for modelling
AnyBody allows the use of three different muscle models: the simple model, the 2-element Hill model
and the 3-element Hill model. The simple model represents only the contractile element of the muscle.
The 2-element Hill model represents a contractile element for the muscle fibres and a serial elastic
element for the tendon. In this model, the force-length and the force-velocity relationships of the
contractile element as well as the force-length relationship of the serial element are linear. The 3-
element Hill model includes a contractile element for the active muscle fibres, a non-linear serial
elastic element for the tendon and a non-linear parallel elastic element for the passive part of the

muscle fibres.

All the muscle models require the origin and insertion sites of the muscles. A muscle with more than
one origin and one insertion sites therefore have to be modelled as several muscles. The other
properties required to model the muscle-tendon units depend on the model chosen. The properties
required for the 2- and 3-element Hill models are the nominal strength, which is also called the
maximal isometric muscle force; the nominal tendon length and the maximum contraction velocity or
the percentage of fast twitch fibres. Some properties can be added in the muscle-tendon unit
definition but are not mandatory, such as the optimal muscle fibre length or the volume of the muscle
fibres. All the properties that are required and that can be added for each muscle model are listed in

Table 1.
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Table 1 Muscle properties that are required or that can be added for each muscle model

Model Properties required Properties that can be added
Simple model - FO: nominal strength - LfO: optimal muscle fibre length
- VolO: volume of the muscle fibres
2-element Hill model | - FO - LfO
- Lt0: nominal tendon length | - VolO
- VO: maximum contraction - Lfbar: nominal fibre length
velocity - Epsilon0: optimal tendon strain
- Epsilonbar: nominal tendon strain
3-element Hill model | - FO - LfO
- Lt0 - Vol0
- Fcfast: percentage of fast - Lfbar
twitch fibres - Epsilon0
- Epsilonbar

- Gammao: optimal pennation angle

- Jt: shape constant for the tendon
element force relationships

- Jpe: shape constant for the parallel
elastic element force relationships

- K1: normalized contraction velocity

- K2: contribution to normalized maximum
velocity for fast fibres

- PEFactor: relative stiffness parameter for
the parallel elastic element

- Gammabar: nominal pennation angle

III.B. Muscle-tendon data
The muscle-tendon units that were included in the AnyBody model are the lateral digital extensor
(LDE), common digital extensor (CDE), extensor carpi radialis (ECR), extensor carpi obliquus (ECO),
ulnaris lateralis (UL), flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), deep digital flexor (DDF) and
superficial digital flexor (SDF). In the proximal part of the limb, the muscles modelled are the biceps

and triceps.

The origin and insertion sites were identified from anatomical drawings from the lab (reported in the
Appendix) and from key anatomy textbooks Dyce et al. (2010) and Budras et al. (1994). They were
then reported on the 3D picture of the corresponding segment using Solidworks®, which generated

the local coordinates of these sites.

The nominal strength of the distal muscles were reported by Brown et al. (2003b). They first found
the muscle volume and muscle fibre length by dissecting seven forelimbs from five Thoroughbred

horses. Then, they computed the physiological cross-sectional area by dividing the muscle volume by
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the muscle fibre length, and they finally obtained the nominal strength by multiplying the physiological
cross-sectional area by the maximum muscle stress (taken as 300 kPa). The nominal strength for the
biceps and triceps were reported by Watson and Wilson (2007). They first measured the muscle
weight and muscle fibre length from seven biceps and twelve triceps from 20 fresh riding horse
cadavers of unknown breed (the muscles of one type were from different horses).Then, they
computed the physiological cross-sectional area by dividing the muscle mass by its density (taken as
1.1 g.cm™®), and again by the fibre length. They obtained the nominal strength as Brown et al. (2003b),

by multiplying the physiological cross-sectional area by the maximum muscle stress (taken as 300 kPa).

The optimal muscle fibre lengths and the optimal pennation angles are two properties required for
modelling. However, the data that are generally reported are the fibre length and pennation angle in
the rest position. As an approximation, the properties measured at rest were considered as the
optimal values. The muscle fibre length and pennation angles for the distal muscles have been
reported by Brown et al. (2003b). These data were also determined by dissection in the laboratory,
and the complete list of measurements is presented in the Appendix. One Thoroughbred forelimb was
dissected and the muscle fibre lengths and pennation angle were measured with a ruler and a
protractor. The data from both sources were in good agreement for most of the muscles. Indeed, the
muscle fibre length was reported to be 0.0422m and 0.037m for LDE, 0.076m and 0.078m for ECR,
0.0174m and 0.015m for UL, 0.0897m and 0.075m for FCR, 0.0183m and 0.02m for FCU, and 0.0075m
and 0.008m for SDF by Brown et al. (2003b) and in the laboratory respectively. The pennation angles
were reported to be 17.5° and 17° for LDE, 34.3° and 30° for UL, 6.7° and 7° for FCR, 31.6° and 32° for
FCU, 21.6° and 23° for DDF, and 41.6° and 40° for SDF by Brown et al. (2003b) and in the laboratory
respectively. For CDE, the data from the laboratory separated the properties between the lower and
upper parts of the muscle, and the muscle fibre length and the pennation angle were respectively
measured to be 0.085m and 15° on the lower part and 0.11m and 10° on the upper part while Brown
et al. (2003b) just reported these values to be 0.0814m and 13.3° without distinction between the
upper and lower parts. Larger differences were observed in the muscle fibre length of DDF and
pennation angle of ECR. For DDF, the optimal muscle fibre length was reported to be 0.0202m by
Brown et al. (2003b) and 0.072m at the laboratory. The pennation angle of ECR was reported to be
16° by Brown et al. (2003b) and 30° by the data from the laboratory. In addition, the data for ECO was
only available at the laboratory, the muscle fibre was measured to be 0.019m and the pennation angle
to be 23°. The measurements used in the model were those from Brown et al. (2003b) because they
were collected from seven Thoroughbred s