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The purpose of the following study was to quantify mechanical changes in loading 

throughout the stance in both forefeet of Thoroughbred racehorses among various 

locomotory conditions that are normal for training and racing: speed, lead, and curve (turn 

or straight).  Its aim was to identify changes in strains and acceleration with condition that 

are sufficiently large to be implicated in the causation of injuries for which the conditions 

are known risk factors.  

Ten Thoroughbred racehorses were used (2yrs, 3yrs, and 10yrs; 2 fillies, 1 mare, 

1 gelding, 6 colts). High-percentage differences in loading were seen throughout the 

stance, with variables showing differences greater than 50% for the means and 

differences greater than 5% for variances. The high values of variability in loading, under 

relatively minor conditions, suggest that both differential changes in mean loading and 

the variability in loading may play key roles in the mechanical causation of specific 

injuries.   
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1 Introduction 

Lameness, leg, and hoof problems account for some of the largest health issues 

in domestic horses across the United States (US). In 2015, the United States Department 

of Agriculture (USDA) surveyed owners of horses across 28 states, and found that 61.7% 

of farms had one or more horses with lameness problems in the past 12 months1. In 

horses aged 1 year to less than 5 years, lameness accounted for the second highest 

percentage of health problems (10.8%), the highest being injury, wounds, or trauma 

(15.2%). In horses aged 5 years to less than 20, and 20 years and above, lameness 

accounted for the highest percentage of health problems seen among the age groups 

(23.7% and 17.0% respectively)2. Lameness cost the US $678 million dollars in 1998, 

with $448 million due to lost use, $195 million due to veterinary services, drugs, and 

additional care, and $35 million due to death loss3. The next closest costs were 

associated with colic (a blanket term for a variety of abdominal complaints, some of which 

are life-threatening), costing $115 million.  

The age of the horse, or age category, has been associated with varying 

percentages of lameness problems (Table 1.1). Another factor examined by the USDA 

was the intended use of the horse, or discipline. The highest percentage of horses with 

lameness in the previous 12 months by intended use was general use or pleasure (35.1%) 

followed by showing or competition (22.6%; not betting)4. 
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Table 1.1 Percentage of all horses surveyed that showed lameness problems sorted by age, 

as reported by the USDA in 20154.  

Age Category Percentage 

2 to 5 years 7.8 

6 to 10 years 22.5 

11 to 15 years 27.8 

16 to 20 years 21.2 

20+ years 20 

 

Epidemiologic studies have identified many different risk factors for injury, 

including the age and sex of the horse, and rider or horse experience. Other risk factors 

are more complex, presenting as trends rather than clear associations with the types, 

locations, and severity of injuries. The underlying mechanisms are not well understood. 

One such risk factor is the activity or discipline in which a horse participates. Each 

discipline asks the horse to perform a different task, which can include different 

movements, gaits, and speeds. One way to get at the underlying causes of lameness in 

these disciplines is to study the mechanics of loading in each, and under a range of 

different loading conditions. 

Some conditions include those that have been identified through epidemiologic 

studies, but how they influence loading is not well understood. Forces acting on the limb 

and accelerations differ throughout the stance, and can be associated with injury if their 

magnitude is high or through repeated loading of the limb. Through examination of 
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accelerations and strains, since strains in this material are proportional to the forces 

acting on the limb, we can gain a better understanding of how loading differs under 

various conditions. 
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2 Review of Literature 

The literature that is most relevant to this study falls into two fields: the epidemiology 

of risk factors for injuries to the limbs of horses, and the type and magnitude of 

biomechanical loading experienced by the limbs.  

2.1 Epidemiology 

2.1.1 Risk Factors for Injury 

2.1.1.1 Discipline 

Horses are subject to a wide array of injuries regardless of whether they are used 

for general purpose or high-level competition. The movements and actions performed by 

the horse in each discipline vary drastically and loading throughout the stance changes. 

Through observational and epidemiological studies, a pattern emerges of injury type and 

location, as well as discipline type (Table 2.1 and Table 2.2). 

Table 2.1 Most frequent injury site for each discipline5.  

Discipline General Injury Site 

General Purpose 
Suspensory Ligament 
Navicular Bone and Ligaments 
Tarsus 

Elite Show Jumping 
Suspensory Ligament 
Distal Deep Digital Flexor Tendon 

Non-Elite Show Jumping Navicular Bone and Ligaments 

Elite Dressage Suspensory Ligament 
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Tarsus 

Non-Elite Dressage 
Suspensory Ligament 
Navicular Bone and Ligaments 

Eventing 
Suspensory Ligament 
Navicular Bone and Ligaments 

Flat Racing 

Carpus 
Crus 
Pelvis 
Thoracolumbar Region 

National Hunt Racing 
Suspensory Ligament 
Thoracolumbar Region 
Distal Interphalangeal Joint 

Endurance Tarsus 

 

While differences in injury type can be seen when comparing disciplines, variables 

such as horse-related factors, as well as discipline-related factors, could act as 

confounding variables. Some examples of horse-related factors are horse age, breed, 

height and fitness. Horses competing in flat racing tend to be younger than those 

competing in dressage or show jumping, and elite horses are relatively more fit than non-

elite horses. All these factors can influence the types of injuries seen in the various 

disciplines. Discipline specific factors include surface type and activity performed, which 

will be discussed in further detail in section 2.1.1.9. 

  



 

 

6 

 

 

Table 2.2 Thoroughbred racing specific injuries classified by severity. 

Severity of Injury Type of Injury 

Fatal 
(Fracture) 

Carpus 
Cannon 
Fetlock Joint 
Coffin 
Sesamoids 

Debilitating 
Bowed Tendons 
Tendonitis 
Navicular 

Chronic Soft Tissue Bruising 

 

2.1.1.2 Race Type 

There are different forms of racing in which thoroughbred horses can participate. 

For the purposes of this discussion, the two that will be focused on are thoroughbred flat 

racing and national hunt racing. As the different types of races are asking the horses to 

perform different tasks, the risk of injury differs. Horses participating in national hunt races 

are at a greater risk for catastrophic injury compared to those participating in flat races6,7. 

This is most likely due to the added complexity of having to clear jumps in the hunt races, 

while also maintaining high speeds. 

Another difference between the race types as well as within flat racing is the 

distance of the race. Some studies report an increased risk of injury for races with greater 
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distance, while others report an increased risk for shorter races6,7. Most studies, however, 

agree that there are a higher proportion of catastrophic and fatal injuries in shorter races 

compared to longer races. Shorter races typically result in the horses travelling at higher 

speeds, which has been identified as a strong risk factor for injury8.  

Horses in claiming races tend to show a higher incidence of injury, specifically 

catastrophic musculoskeletal injuries, compared to those in non-claiming, maiden, or 

allowance races8,9. This is most likely due to lower quality or injured horses who are 

already at an increased risk of injury before being placed in these claiming races. 

2.1.1.3 Age 

Age of the thoroughbred racehorse as a risk factor for injury has been examined 

by many studies with mixed results. Some report that older horses tend to be at greater 

risk for musculoskeletal injuries compared to younger horses10–15; however, others report 

no significant association of age with musculoskeletal injury16,17. Those that reported age 

to be significant typically showed an increasing risk with increasing age. The risk of 

sustaining a fatal musculoskeletal injury was twice as high for 4 year olds compared to 3 

year olds, but 3 year olds incurred the highest percentage of catastrophic musculoskeletal 

injuries18. This could be due to an interaction in the distribution of horse age in the 

population examined and the exposure of the horses to racing10.  
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The risk of sustaining a specific type of injury changes depending on the age of 

the horse. Tibial stress fractures and dorsal metacarpal disease are more common in 2 

year olds compared to other age groups9,19. Humeral stress fractures occurred more 

frequently in 3 year olds than any other age group, and horses aged 4 years and older 

were more likely to incur a fatal suspensory apparatus injury9,19. 

Younger horses tend to experience a greater number of injuries in training versus 

racing11. This is most likely due to several factors including experience. For example, 2 

year olds are just starting to participate in high speed workouts, which can put them at 

greater risk. Training at higher speeds increases risk for certain types of injuries, such as 

dorsal metacarpal disease, especially when the horse has no prior experience9,20. One 

study found, however, that regardless of the age, starting high speed training puts the 

horse at increased risk for injury9.  

Age can also be considered a confounding variable in that it is related to other 

factors implicated in injury. Age is typically associated with things such as racing 

experience, career length, and number of previous injuries9,17. Older horses tend to have 

more experience and have spent a longer time both racing and training at higher speeds. 

The number of previous injuries tends to be higher in horses that are older as they have 

been at risk for a greater amount of time than younger horses. Over time, horses 

accumulate micro-damage to both bone and soft tissue as a result of repetitive loading, 

which increases their risk of injury20. 
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2.1.1.4 Sex 

Most studies that examined sex as a risk factor found that mares were at a lower 

risk for injury than geldings or stallions. When comparing the risk between intact males 

and geldings, some studies reported an increased risk for geldings while others reported 

an increased risk for intact males.  

Stallions were found to be at greater risk of sustaining a fracture, catastrophic 

musculoskeletal injury, non-fatal superficial digital flexor tendon injury, or any type of fatal 

injury compared to mares and geldings among multiple studies17,21. They were 2.3 times 

more likely than mares to incur a fracture of the proximal sesamoid bone; however, no 

significant relationship was found when comparing geldings to mares and stallions when 

examining proximal sesamoid bone fractures21.  

Another study found geldings were at greater risk for musculoskeletal injury than 

mares (OR 2.0)16 and had a higher incidence of fatality associated with musculoskeletal 

injury compared to mares and stallions9. Stallions and mares are typically retired from 

racing earlier than geldings as they are used for breeding purposes. A combination of a 

longer racing career and a higher number of races on average increases the risk of 

catastrophic or fatal injuries in geldings. 
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2.1.1.5 Experience 

The amount of experience a horse has in both training and competition can 

influence the type and severity of injury sustained21. In flat racing, horses that are just 

entering high speed race training are at greater risk for injury than those who have prior 

high-speed training experience, regardless of age9. Experience tends to be linked to age, 

with older horses having more experience than younger ones. However, if a 3-year-old 

were to start high speed training alongside a 2-year-old, they would both have an 

increased risk of injury. 

While experience is typically thought to reduce injury risk, the more time a horse 

spends racing and training at high speeds, the more likely it is to sustain an injury7,22. 

Over time repetitive loading of various structures in the limb can result in micro damage 

to both bone and soft tissue. As the amount of micro damage accrued increases, the 

horse is more likely to injure the weakened/compromised bone or soft tissue. 

Horses that participated in a greater number of races were at increased risk for 

humeral stress fractures compared to those who raced less9. Horses that did not race or 

participated in a lower number of races were at increased risk for tibial stress fractures21. 

This suggests that the type of injury sustained can also differ between levels of 

experience. 
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2.1.1.6 Exercise 

The intensity of exercise is associated with a greater risk for musculoskeletal injury 

and non-fatal suspensory apparatus injuries. This can be related back to accumulation of 

micro damage during both racing- and training- related exercise23,24. High speeds are 

associated with increased load per loading cycle when compared to lower speeds. The 

forces experienced by the limb at midstance for horses travelling at high speeds, such as 

a gallop, can reach up to 2.5 times the horse’s body weight25. This can result in 

overloading of the limb during the stance and failure of the structures resulting in injury.  

As previously discussed in the section on age as a risk factor for injury, horses 

entering high speed training are at greater risk for injury22,24. These risks have been 

shown to be reduced through shorter periods of breeze training multiple times per week 

and decreasing the distance of high-speed training22. 

2.1.1.7 Shoeing 

The presence of toe-grabs has been identified as increasing the risk for 

injury21,26,27. Multiple studies have reported that higher toe grabs were associated with 

higher risks for injury including fatal musculoskeletal injuries, suspensory apparatus 

injury, and cannon bone condylar fracture21,26,27. 
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Horses shod with lower toe grabs were 6.5 times more likely to suffer an injury to 

the suspensory apparatus compared to horses without toe grabs, and those with regular 

toe grabs were 15.6 times more likely to injure the suspensory apparatus21,27. Horses 

shod with regular toe grabs were 17.1 times more likely to suffer a cannon bone condylar 

fracture27.  

When examining other shoe types such as those with rim or pad features, the 

association with injury risk is not as clear. One study reported no significant relationship 

between these shoe types and an increased risk for injury21. Another study found that the 

presence of a rim on the shoe was associated with fatal musculoskeletal injuries and 

failure of the suspensory apparatus; however, the odds of sustaining a fatal 

musculoskeletal injury or suspensory apparatus failure were decreased in horses shod 

with rim shoes compared with those shod without rim shoes27. 

2.1.1.8 Pre-Existing Injury 

Horses with a known pre-existing injury are at increased risk of subsequent injuries 

when compared to horses that have not experienced a prior injury. Most horses that 

experience some form of injury show prior underlying damage or micro damage as 

discussed previously9. For example, prior to a complete fracture of a bone, there tends to 

be evidence of micro fractures at the site8.  
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One study examining superficial digital flexor tendon (SDFT) injury in the forelimb 

found horses that had previously sustained an injury to that site were 12.6 times more 

likely to have had an irregularity of the SDFT in the pre-race inspection compared to those 

that did not8. Similar results were found with injury to the suspensory apparatus in the 

forelimb, with horses being 3.3 or 5.3 times more likely to have an irregularity prior to 

commencement of the race8. These results indicate that pre-race inspections are critical 

in identifying horses that are at increased risk for sustaining an injury during the race. 

However, further investigation into what types of testing and how to best implement this 

into pre-race inspection is required to identify those with micro-damage to bone and soft 

tissue.  

2.1.1.9 Surface 

Working surfaces have been studied across disciplines, as different disciplines 

tend to take place on a variety of surfaces. In dressage, most horses tend to compete on 

sand surfaces mixed with rubber, while horses competing in show jumping typically 

compete on a sand-fiber or turf surface. 

The type of surface used in flat racing varies depending on the race track at which 

the horse is racing or training. Some examples of surfaces used by race tracks are 

synthetic, turf, dirt, and all-weather. When looking at risk of injury on different surfaces, 

the synthetic track is typically associated with decreased accelerations and vibrations as 
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well as a lower risk of injury compared to the other surface types28–30. However, the results 

of some studies do not agree with this31. Horses running on a dirt track were 2.5 times 

more likely to develop dorsal metacarpal disease compared to those running on a wood 

chip surface9.  

One study compared epidemiologic data for dirt versus turf tracks and found that 

there were inconsistencies depending on the geographical location of the track9. No 

associations were found between dirt or turf surfaces and risk of injury on tracks located 

in California and Minnesota9. In Florida, there was a greater risk for fatal musculoskeletal 

injury on turf tracks compared to dirt9,16. Finally, in New York, the researchers found a 

lower risk for fatal musculoskeletal injury on turf compared to dirt tracks9. There are many 

different properties of a surface that can influence the injury rate and type of injury 

experienced by the horse. Another potential confounding factor is the location of the 

track9,12,16. While one surface type may perform well on a track located in a dry, warmer 

climate, it may not perform as well in a climate that is slightly damp and cooler9,32. 

The location on the racetrack itself has also been identified as a risk factor for 

injury; however, there are differences in location on the racetrack and injury association 

among racetracks. The club-house turn, backstretch, or stretch turn were most commonly 

associated with catastrophic injuries, while career-ending injuries not resulting in death or 

euthanasia were most commonly associated with the stretch or after the wire in 

Kentucky9,33. 
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A study conducted on the Equine Injury Database (EID) of North American 

Thoroughbred racing showed the effect of turning on injury risk (Peterson et. al., in 

preparation)34. This study showed that the prevalence of catastrophic injuries in North 

American Thoroughbreds was greater in the left forelimb compared to the right forelimb 

on a turn34. The authors speculated that the differences were related to loading on the 

limb as the horse navigates the turn. The margin for error is most likely lower on a turn 

compared to a straight due to the added complexity of balancing the center of mass 

around the turn, as well as a higher potential for off-axis loading of the long bones.  

2.2 Biomechanical Terminology 

2.2.1 Ground Reaction Force 

 When the hoof pushes against the ground, the ground pushes back against the 

hoof. This is known as the ground reaction force (GRF). The GRF is a vector quantity and 

is the resultant of three different components: vertical, longitudinal (horizontal), and 

transverse (GRFV, GRFH, GRFT).  The blue arrows in Fig. 2.1 show the combination of 

GRFV and GRFH. 

2.2.2 Moments 

A moment is the turning or rotational effect that is produced when a force acts on 

an object. The hoof tends to rotate about the center of rotation (COR) of the coffin joint, 
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also known as the distal interphalangeal joint35. The coffin joint is the intersection of the 

coffin bone, or distal phalanx, and the short pastern, or middle phalanx. Figure 2.1A 

shows an overview of moments on the hoof.  

 A moment arm is the distance between the point of action of the GRF, and the center of 

rotation (Figure 2.1B). When the GRF acts through the COR, it is said to be at the point 

of zero moment, and no moment arm is present. 

 

 A.  

 

B. 

 

Figure 2.1 Diagram of hoof showing: A. The center of rotation and point of zero moment, B. 

The moment arm produced when GRFVt acts away from the center of rotation 
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2.2.3 Strain and Acceleration 

The following is summarized from Beer and Johnston (1981)36 and Thomason 

(1998)37. Tissues tend to deform as a result of a force being applied. Strain is the 

measure of the change in length of a material when a force is applied. If a cube of material 

is loaded with a compressive force along its axis (Figure 2.2), the primary strain will be 

compressive and parallel to the force acting on the cube (ε2). The cube will shorten on 

the axis parallel to the force but, to maintain volume, will expand along the axis 

perpendicular to the force (Figure 2.2A). This results in a secondary strain called Poisson 

strain (ε1), which is approximately one-third of the primary strain, a ratio called Poisson’s 

ratio. The two resultant strains from the force being applied are the principal strains, which 

have both a magnitude and orientation. Principal strain ε1 is always perpendicular to 

principal strain ε2. 

Principal strain ε1 has the lowest absolute magnitude and principal strain ε2, the 

highest.  Most strains recorded from the hoof show ε2 to be compressive (which is given 

a negative sign by convention), and ε1 to be tensile (which is given a positive sign).  In 

some circumstances, both strains are compressive—a condition called biaxial 

compression, which will be described below.   

If a twisting force is applied, or the cube is twisted, one upper corner moves closer 

to the opposite lower corner (Figure 2.2B). This results in a shortening of the cube along 
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one diagonal axis and lengthening along the other diagonal axis. As one diagonal is 

shortened while the other is lengthened, the two principal strains (ε1 and ε2) are now 

relatively equal. While they are still perpendicular to one another, they are now 45° to the 

axis of the cube.  

If a combination of loading is applied to the cube, the principal strains that result 

from each loading condition are added (Figure 2.2C and D). One example is biaxial 

loading, when the square is loaded by compressive forces along both axes. If the 

compressive forces are equal, it can cancel out both of the tensile Poisson strains 

produced by each force. If the compressive forces are not equal, the tensile principal 

strains may be reduced to zero.  

When the ε1 principal strain is roughly one-third the value of the ε2 principal strain, 

and the orientation of the ε2 principal strain is approximately parallel to the force being 

applied, this indicates compressive loading. When the ε1 and ε2 principal strains are 

roughly equal, this indicates torsional loading (twisting) of the hoof. When the ε1 principal 

strain differs greatly from one-third the value of ε2 and is not roughly equal to ε2 principal 

strain, this indicates a combination of loading of the hoof.  

Strain gauges are used to measure strain in various materials. These gauges 

change their electrical resistance in response to deformation in a given direction. This 

change in electrical resistance is converted to a voltage output that is proportional to the 
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strain. A rosette gauge is a combination of three orthogonal strain gauges positioned at 

45° angles to one another. The three measurements of strain are resolved to determine 

principal strain magnitudes and orientations.  

Accelerometers are used to measure acceleration of the surface or material they 

are attached to. A triaxial accelerometer measures acceleration in three orthogonal 

directions: vertical (X), horizontal (Y), and transverse (Z) (Figure 2.3).  
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Figure 2.2. Overview of strains on a cube of material. The solid lines represent compressive 

(ε2) principal strain, and the dashed line represents tensile (ε1) principal strain A. Principal strains 

ε1 and ε2 in a cube as a result of compressive loading. The dashed lines indicate deformation of 

the material in response to compressive loading. B. Principal strains in a cube as a result of bending 

force or torsional loading. Angle of the ε2 principal strain shown is 45° to the vertical axis. C. 

Principal strains in a cube as a result of compressive loading and torsional loading. Angle of 

principal strain is represented by ϴ. D. Principal strains in a cube as a result of biaxial compressive 

loading (horizontal and vertical force).  From Thomason (1998)37. 
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Figure 2.3 Orthogonal Accelerometer (A) with the three directions oriented to the hoof: X is 

vertical, Y is horizontal, and Z is transverse (perpendicular to this page). 

2.2.4 Friction 

Friction is a force that occurs when the body of an object moves across the surface 

of another object. It works in the opposite direction of the motion of the object. Static 

friction opposes and cancels out the forces needed to cause movement, up until the object 

starts to move, after which dynamic friction continues to oppose the motion. For an object 

to move, the forces acting on the object must exceed the coefficient of static friction and 

thus overcome limiting force of friction. The limiting friction is a result of the ground 

reaction force and the coefficient of limiting friction36. As the ground reaction force 

increases, the limiting friction also increases. The coefficient of limiting friction depends 

on the surface and the object moving across it.  
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In the case of the horse, friction is needed to generate a tractive force between a 

horse’s hoof and the ground for the horse to move forwards. The type of surface the horse 

is on influences the static friction. Surfaces that are slippery have a low static friction 

compared to surfaces that are not slippery.  

Friction plays a role during the stance at both impact and breakover of the hoof. 

During secondary impact, when the hoof tends to slide forwards and come to a stop again, 

if the surface has a low coefficient of static friction, the horse is at risk of slipping. If the 

surface has a high coefficient of static friction, when the body of the horse runs into the 

limb, the hoof may slide forwards only a small amount or not at all, which puts the limb 

and hoof at risk of injury38. During breakover, the horse requires enough traction to propel 

itself forwards. If the coefficient of static friction is low, the horse may not have enough 

traction and the hoof may slip while pushing off, resulting in injury. 

 

2.3 Biomechanics and Loading on the Hoof 

The stance phase is key in producing forward movement of the horse. The im-

mobility of the ground, in combination with force generated by the hoof when in contact 

with the ground, allows for this movement. While the limb is involved with generating the 

force, the hoof and how it interacts with the ground is of key interest in the present study. 

This phase is also important in resisting the tendency of gravity to pull the body of the 
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horse downwards, and in reversing the downward momentum of the body at impact to 

become upwards and forward momentum during breakover.  

This section will introduce key concepts related to biomechanics in horses. The 

stride of the horse consists of two phases: the swing phase, when the hoof is in the air, 

and the stance phase, when the hoof is in contact with the ground. The stance phase can 

be further divided into four distinct phases: primary impact, secondary impact (slide), 

midstance, and breakover (Figure 2.4). 

2.3.1 Phases of the Stance 

The four phases of the stance are primary impact, secondary impact, midstance, 

and breakover, which are associated with different types of loading and forces on the hoof 

(Figure 2.4).  

Primary impact occurs when the hoof makes initial contact with the ground, and 

is associated with high vertical decelerations, low horizontal decelerations and low 

forces25,39–41. The hoof experiences shock waves due to the rapid deceleration as it 

strikes the ground39. Secondary impact is characterized by accelerations that depend 

on the amount of slip on the surface and penetration into it: harder surfaces tend to have 

higher vertical deceleration; surfaces with high grip tend to have higher horizontal 

deceleration of short duration, and lower magnitudes but longer duration for surfaces with 

low grip. Immediately following primary impact, when the hoof has come to a stop, the 
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body of the horse runs into the limb, resulting in a tendency for the hoof to slide forwards 

and come to a stop again25,40. This sliding and stopping of the hoof results in a higher 

horizontal deceleration40. The amount of slide is dependent on both the speed of the 

horse and the properties of the surface42. Midstance is defined as the middle time point 

of the stance, when the weight of the horse is bearing down on the limb. It is characterized 

by a high vertical force equivalent to or higher than that of the horse’s own body weight. 

At higher speeds, such as a gallop, this force can reach up to 2.5 times the horse’s body 

weight25. Breakover starts when the heel starts to lift off the ground, and the hoof rolls 

up onto the toe. The tendons are loaded during this stage and as the hoof continues to 

roll up, the hoof snaps back and lifts off the ground. This snap back motion produces rapid 

changes in tendon strain, and tension in the heel region is at its highest29,43. 

 When a triaxial accelerometer is mounted to the hoof, it can help to determine the 

phases of the stance such as primary impact and breakover. A sudden spike in horizontal 

acceleration indicates primary impact, when the hoof initially strikes the ground. When 

the horizontal, vertical, and transverse accelerations come to a rest, this signals the end 

of secondary impact, when the hoof has come to a stop again. The start of breakover is 

signaled by all three accelerations starting to move away from the zero line again. 

Breakover itself, when the hoof leaves the ground, is signaled by an inflection point, 

typically seen in both the horizontal and vertical acceleration traces.
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1° impact 

Braking 

2° impact Midstance 

Propulsion 

Breakover 

        

‘Slide’ and Stop 
Deceleration 

Shock 
Force 

Figure 2.4. The phases of the stance including primary impact, secondary impact, midstance, and breakover. 
The dashed red arrows represent deceleration of the hoof, and the solid blue arrows represent ground reaction force 
acting on the hoof. Modified after Thomason and Peterson23. 
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2.3.2 Injury during the Stance 

Each phase of the stance puts the horse at risk of injuring various structures. In 

some cases, injury can be due to over-loading or how the hoof interacts with the ground. 

At primary impact, the force acting on the limb is quantified by effective mass times the 

acceleration of the hoof (𝐹 = 𝑚 × 𝑎). The deceleration of the hoof at this stage is in the 

range of 200-4000 m/s2, depending on activity and surface type44,45. If the mass of the 

components of the limb hitting the ground were also high, then the force would be greater 

than the limb can withstand, causing catastrophic injury. To reduce the forces 

experienced by the limb, the mass of the structures interacting with the ground is reduced. 

The only components participating in primary impact are the hoof and the pastern, which 

makes the effective mass in the equation above equal to the mass of only these 

anatomical components, thereby minimizing the force acting on the limb. This, however, 

puts structures in the hoof and the pastern joint at risk of injury. The shock waves 

produced by the sudden deceleration at impact are attenuated by the hoof and distal 

joints40,42. 

Secondary impact is associated with risk to muscles, tendons and ligaments if the 

timing and amount of sliding is either reduced or extended beyond what is normal for the 

horse and the surface it is on. This will be further explained in the section discussing 

properties of the surface and their influence on the phases of the stance.  
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Long bones are designed to handle high compressive loading when the force is 

parallel to the axis of the long bone. If the force is not parallel, when there is torque or 

torsion on the limb, the long bones are at risk of fracturing or breaking. This is especially 

relevant at midstance, when the limb experiences peak loading. Therefore, the placement 

of the hoof during midstance is important to ensure the vertical force on the leg is parallel 

to the long bone axis. Otherwise, there is a risk of injuring the bones, muscles, and 

tendons in the limb.  

Breakover puts tendons in the limb at risk of injury due to how the tendons are 

loaded at this phase. When the hoof rolls up onto the toe and leaves the ground, the 

tendons are loaded to help the hoof snap back and change the direction of motion. If the 

loading in the tendons is too high, it can result in injury to the tendons themselves as well 

as other related structures. 

2.3.3 Influencing Stance and Injury 

As discussed in the previous section on risk factors for injury, the properties of a 

surface can contribute to injury. There are certain properties that are important to each 

phase of the stance and can modify the loading experienced by the hoof and the forces 

transferred to other structures in the limb46.  

The firmness of the surface at impact influences the shock experienced by the limb 

as the hoof collides with the surface. Firmness depends on both the hardness of the 
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surface as well as its stiffness47–49. A surface that is hard, such as concrete, will result in 

a higher peak of deceleration than a softer surface48. This is most relevant to the horse 

at primary impact as the shock waves produced must be attenuated by the hoof and distal 

joints, which puts these structures at risk for injury45,49.  

The amount that the hoof slides during secondary impact and the time it takes to 

stop is related to the grip of the surface47. A slippery surface, one that allows the hoof to 

slide easily and continue sliding, can cause damage to muscles, tendons, and 

ligaments38. However, a surface that has a high amount of grip, that results in a shorter 

sliding period, can also injure structures in the limb38. It is important that the surface allow 

for some sliding of the hoof as too little can cause damage to the muscles and bones, but 

not enough slide where the limb keeps sliding and the horse falls.  

Midstance is the point at which the horse experiences peak vertical loading. The 

two properties that are most important during midstance are cushioning and 

responsiveness. Cushioning refers to the relationship between support and give of the 

surface as the horse moves across it47. A surface such as concrete has very little 

cushioning compared to a foam surface which has a lot of cushioning or give. Injury at 

midstance can occur when the limb is over-loaded and when the force acting on the long 

bones is not parallel to their axis. A highly supportive surface with little cushioning results 

in higher peak forces on the limb during midstance, which causes damage to bones, joints 

and tendons. In contrast, a surface with a lot of give could alter the position of the limb, 
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resulting in the force no longer being parallel to the long bones. The frequency or tuning 

of a surface and how it reacts as the horse moves across it is known as responsiveness47. 

If the horse moves across the surface and interacts with it at the right time, the surface 

will rebound and transfer energy back to the horse. Surfaces that respond well are known 

as springy or active, and those that do not are referred to as dead47. Responsiveness is 

also linked to stiffness and hardness. A harder surface may rebound too quickly, making 

it feel less responsive, but a softer surface may respond too slowly, also making it feel 

less responsive. There is a balance that must be achieved to benefit from the transfer of 

energy from the surface to the horse. 

As previously discussed, grip is important in modulating the slide of the hoof during 

secondary impact. However, it is also important during breakover, when the heels lift and 

the hoof rolls onto the toe and leaves the ground. A surface that has little grip will result 

in reduced traction of the hoof as the horse pushes off and propels itself forward. This 

can result in poor movement and the potential for the horse to slip, putting the tendons at 

risk for injury43,46. 
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2.3.4 Hoof-Ground Interaction 

2.3.4.1 Ground Reaction Force 

The ground reaction force (GRF) is the force that acts on the hoof when the hoof 

pushes against the ground. The GRF is a vector quantity and the vertical, longitudinal, 

and transverse GRF can be resolved into the GRF. (Figure 2.5). 

 

Figure 2.5 GRF vector as a result of the vertical ground reaction force (GRFV), horizontal 

ground reaction force (GRFH), and the transverse ground reaction force (GRFT) acting on the limb.50 

2.3.4.2 Moments 

When the GRF acts at the point of zero moment, no moment arm is produced, and 

the hoof does not tend to rotate about the center of rotation. When the GRF acts away 

from the center of rotation, a moment arm is produced. Depending on the point of 

application for the GRF, the hoof will tend to rotate. 
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When the GRFV acts closer to the toe or heel, the toe will tend to rotate upwards 

or downwards respectively. This is called a dorso-ventral turning moment as shown in 

Figure 2.6A. A GRFV acting closer to the medial or lateral sides of the hoof will result in a 

tendency for sides of the hoof to rotate upwards or downwards. This is called a medio-

lateral turning moment as shown in Figure 2.6B. If the GRFV is acting on the medial side 

of the hoof, for example, the medial side will tend to rotate upwards, while the lateral side 

will tend to rotate downwards, as shown. The opposite is true if the GRFV was acting on 

the lateral side of the hoof. If the GRFT acts anywhere other than the COR, the hoof will 

tend to rotate, or twist as shown in Figure 2.6C. This is known as a horizontal turning 

moment but can also be described as torque or torsion. The location of the GRFT will 

affect which direction the hoof will rotate. 
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Figure 2.6 Diagram of hoof showing: A. Dorso-Ventral Turning moment, B. Medio-lateral 

turning moment, C. Horizontal turning moment. 

A. 

 
B. 

 
C. 
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2.3.4.3 Other Types of Hoof Loading 

The hoof itself responds to loading in different ways as the hoof is made of pliable 

material. As the hoof is loaded vertically by the weight of the horse, the sides of the hoof 

expand. This typically results in increased compression in the 2 principal strain at the 

toe, and increased tension on the medial and lateral quarters of the hoof (Figure 2.7). As 

the heels expand due to vertical compression, this also increases compression at the toe 

in the 1 principal strain (Figure 2.8). If one side of the hoof is loaded while the other side 

of the hoof is unloaded, it results in torsional loading. This creates shear at the toe as 

each side of the foot is being loaded differently (Figure 2.9). 

 

 

Figure 2.7 Vertical compression of the hoof. Blue line represents compressive strain (in this 

case, ε2 principal strain) 
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Figure 2.8 Heel expansion of the hoof as a result of vertical compression. Blue line 

represents compressive strain (in this case, ε1 principal strain). 

 

Figure 2.9 Torsional loading on the hoof. Two blue lines on the quarters of the foot represent 

compressive strain (in this case ε2 principal strain). The blue line at the toe represents tensile strain 

at 45° (in this case, ε1 principal strain).  

  



 

 

35 

 

2.4 Rationale 

Current research on injury in horses across disciplines has examined both 

epidemiologic data obtained from various sources, such as death registries, as well as 

mechanical studies to better understand how loading influences injury. While a large 

amount of data is adding to our knowledge of injuries and how they occur, more work is 

needed to understand the underlying mechanics of injury. Meaningful advances in the 

search for causes of injury must combine both epidemiological and biomechanical 

approaches. This study presents a biomechanical approach which has a potential to link 

the two fields.  

2.5 Hypotheses 

Our first hypothesis was that there would be significant differences in 

measurements of strains and accelerations representing loading throughout the whole 

stance. Our second hypothesis was that there would be significant differences in 

measurements of strains and acceleration representing loading between the right and left 

forefeet as the horse went around a turn. Our third hypothesis was that a horizontal 

turning moment would be present on at least one of the forefeet as the horse went around 

the turn.  
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3 The Study 

3.1 Introduction 

3.1.1 Asymmetrical Limb Loading 

Horses have both symmetrical and asymmetrical gaits. The symmetrical gaits are 

the walk and the trot, while the asymmetrical gaits are the canter and the gallop. The 

pattern of footfall and contact time of the limbs differs between symmetrical and 

asymmetrical gaits51,52. At the trot, for example, the foot fall pattern is even, and the 

contact time for the two forelimbs is identical. Asymmetrical gaits have an off-beat pattern 

and the contact time between the forelimbs differs51,52. These gaits also have a lead leg, 

that leads slightly in front of the other forelimb and a non-lead leg. The non-lead leg has 

a higher contact time compared to the lead leg. The lead leg is also the last foot to hit the 

ground, and the last foot to leave. This difference in contact times between the lead and 

non-lead legs result in differences in loading between the forelimbs51,52. 

3.1.2 Turning 

Horses in North America are run in a counter clockwise direction, meaning the left 

forelimb is on the inside of the turn while the right forelimb is on the outside of the turn. 

As horses navigate a turn, it has been suggested that the inside limb acts as a support 

while the outside limb helps to push the horse around the turn34. Previous studies 
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conducted on Standardbreds showed differences in loading between the forefeet and 

within the forefeet as the horses navigated a banked turn. While the surface that 

Standardbreds run on is different from that of Thoroughbreds, it is expected that a similar 

result would be true as Thoroughbreds navigate a turn25. As such, we would expect to 

see differences in loading between the right and left hoof as the horse goes around a 

turn, as well as a difference in loading between a turn and a straight section.  

3.1.3 Loading and Injuries 

Loading on the hoof is complex and is influenced by many different factors. Some 

factors that affect loading are, but are not limited to, turns versus straights, lead versus 

non-lead leg, and the speed at which the horse is running. As loading is complex, it is 

difficult to discern which aspects of loading or which phases of the stance are likely to be 

causal factors of injury. Many risk factors for injury have already been identified through 

epidemiologic studies, such as the horse’s age, experience, and the surface the horse is 

running on9,15,17,53.  

Related to mechanics, catastrophic injuries can sometimes be the result of 

repetitive loading over time and/or overloading of the bone. While bones have a high 

safety factor and are not likely to experience forces throughout the stance that are high 

enough to exceed this safety factor, in some instances this safety factor may be lowered. 

Microdamage caused by repetitive loading is one such example. Repetitive loading over 
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time can cause micro-damage in the bone which can lead to eventual failure as the bone 

is loaded. Another example would be loading at an angle, especially in the long bones. 

While a long bone can withstand a great deal of force along its axis, it is not able to 

withstand high forces acting on an angle to the long axis and will fracture as a result.  

3.1.4 Purpose 

The purpose of the following study was to describe the mechanical changes in 

loading of the forefeet of Thoroughbred racehorses. We measured details of hoof loading 

during the phases of the stance under different conditions. These conditions were curve 

(turn or straight), lead (left lead or right lead) speed (slow or fast, slow < 13 m/s < fast), 

and foot (right or left). Our first hypothesis was that there would be significant differences 

in measurements of strain and acceleration representing loading throughout the whole 

stance. Our second hypothesis was that there would be significant differences in 

measurements of strain and acceleration representing loading between the right and left 

forefeet as the horse went around a turn. Our third hypothesis was that a horizontal 

turning moment would be present on at least one of the forefeet as the horse went around 

the turn. 

We took a three-step approach to the study that included collecting many 

variables, identifying statistically significant changes under the conditions measured, and 

from those, determining mechanical effects of statistically significant variables based on 
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percent change. We examined both the means and variances, looking at the changes or 

variations in the segments. We aimed to find factors that indicated potential mechanical 

causes of injury to determine where to look in future studies.  

3.2 Materials and Methods 

3.2.1 Animal Subjects 

Ten horses were used, ranging in age and sex (Table 3.1). All horses were shod 

prior to use in the experiment and were sound, showing no signs of lameness or injury. 

All were currently undergoing race training, apart from horse 10, which was a retired race 

horse and used as a pony for training. Data were collected over a period of three days, 

with 3 horses on the first day, 4 horses on the second day, and 3 horses on the third day.  

Table 3.1 Description of horses used in the study including age (in years), day the data were 

collected, and sex (M = mare; F = filly; C = colt; G = gelding). All were Thoroughbreds.   

Horse Sex Age (yrs) Day 

1 M 3 1 

2 F 2 1 

3 F 2 1 

4 C 2 2 

5 C 2 2 

6 C 2 2 

7 C 2 2 

8 C 2 3 

9 C 2 3 

10 G 10 3 
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3.2.2 Experimental Protocol 

The procedure for strain measurements and equipment used were based on the 

protocols in Thomason (2010)54, with measurements taken on both forefeet and the 

addition of triaxial accelerometers. A single triaxial accelerometer* was placed on the 

lateral aspect of both right and left forefeet. Three rosette strain gauges† were attached 

at each of the medial and lateral quarters and the toe of the hoof, halfway between the 

coronet and bearing surface. This distance was approximated and not measured, as the 

hoof size and shape varied for each horse.  

3.2.2.1 Preparation 

The fore-hooves were prepared for gauge attachment55 using a farrier’s rasp to 

provide grip for the glue. The accelerometer baseplate was attached to the lateral side of 

the hoof using Equithane‡ fast-drying hoof glue. Accelerometers were placed so that, in 

the standing position, the glue was built up dorsally to allow the vertical and horizontal 

directions to be aligned as accurately as possible (in relation to the horse’s sagittal plane) 

                                            

* Triaxial Accelerometer, PCB Piezotronics, Inc. 3425 Walden Avenue Depew, New York 14043-2495 USA 
Model: 356B21 
† Showa Strain Gauge, 17-15, Takadanobaba 4-Chome, Shinjuku-ku, Tokyo 169-0075 JAPAN Model N32-
FA-2-350-11 
‡ Equithane Superfast Adhesive, Vettec Inc., 600 East Hueneme Road, Oxnard, CA 93033 USA 
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from prior attempts in the laboratory (± 5º). The triaxial accelerometer was then screwed 

onto the baseplate, and the orientations were recorded. Strain gauges were oriented with 

the central axis aligned to the tubules on the hoof wall56 by visual inspection, and attached 

using Loctite superglue§ to the toe, and medial and lateral quarters of the hooves (Figure 

3.1). Clear hockey tape** was wound around the hoof to secure the gauges and the wire 

leads. The wire leads were then secured to the limb using Vetrap††. A western saddle 

pad, weighing approximately 2kg, was used to mount the data recording device (Figure 

3.2). Wire leads from the sensors were plugged into connectors attached to the saddle 

pad and secured with zip ties. The racing saddle was then placed over the pad and 

secured with the girth. The tack, apart from the western pad, were the horse’s typical tack 

used for training. Before being walked out to the track, the recording device was triggered 

once to allow the accelerometer to warm up. The horse was then mounted by the rider 

and walked out to the track. Two video cameras were set up around the track to record 

the angle of lean as the horse came around the turn and the overall run (Figure 3.3).  

                                            

§ Loctite Superglue, Loctite Brand, Henkel Corporation, 26235 First Street, Westlake Ohio 44145 USA 
** Renfrew Clear Hockey Tape, 609 Barnet Boulevard, Renfrew, Ontario, Canada, K7V 0A9 
†† 3M Vetrap Bandaging Tape, 3M, 3M Center, St. Paul, Minnesota, 55144-1000 USA 
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Figure 3.1 Placement of strain gauges (S) and accelerometers (A) on the left front hoof 

including a lateral view of the hoof with the strain gauge oriented with the tubules of the hoof, and 

a front view of the hoof with the placement of the rosette gauge and accelerometer. 
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Figure 3.2 Overview of data collector. Image A shows the data recorder mounted on the back 
of the saddle pad with the horse tacked up. Image B shows the wire leads from the strain gauges 
and accelerometer secured to the limb. Image C shows an overview of the wire leads on the horse. 
Image D shows the inside of the data recorder. The IEPE slices highlighted in green are the 
amplifiers for the accelerometers, one per foot. The BRIDGE slices highlighted in orange contain 
the power supply and measuring and amplification circuitry for the strain gauges, three per foot. 
The blue BASE slice contains A/D circuitry and 16 Gb of flash storage. 
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3.2.2.2 Data Collection 

Figure 2.3 shows an overview of the mile-long track, with information on the trial. 

The coloured circles represent large marker poles on the track that the rider uses to gauge 

progress.  The black-and-white pole is the finishing pole for any training session.  Red-

and-white poles are spaced at intervals of 1 furlong (1/8th of a mile, approx. 201 m). A 

solid red and a green-and-white pole subdivides the last turn on the track.  

The horse was walked out to the track by the rider, and trotted counter-clockwise 

past the black and white, finishing pole. At the next pole (red and white), the rider pushed 

the horse into a slow gallop. After 3 more red and white poles, the rider took the horse 

into a medium-paced gallop and triggered the data recording system manually a few 

strides before the first red pole. The trial was separated into four consecutive segments 

(each of approximately 200m), with the rider controlling the horse’s speed according to 

the poles: slow curve, fast curve, fast straight, and slow straight. Each trial was 

videographed from 2 vantage points (Figure 3.3: cameras 1 and 2). 

Data were collected for a period of 90 seconds, with each trial of 4 sections lasting 

approx. 60s.  This was to ensure all segments of each trial were included in the data 

collection. As a result, some data collected at the beginning and the end of the strain and 

acceleration traces was not relevant to the segments being examined. Each strain and 

acceleration channel was sampled at 5000 samples per second.  Once the horse passed 
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the black and white finishing pole, the rider slowed the horse down to a trot and the trial 

ended. The rider walked the horse back to the barn, and the racing saddle was removed. 

The gauges were detached from the connectors, and the data were downloaded off the 

data collector (Figure 2.2) using the DTS SliceWare software‡‡ on a laptop. The gauges 

and securing materials were removed from the horses’ limbs and hooves. The baseplate 

of the accelerometer was removed using nippers, and any glue residue on the hoof was 

filed off. 

                                            

‡‡ DTS Sliceware Software, Diversified Technical Systems, 1720 Apollo Court, Seal Beach, California, 

90740-5617 USA 
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Figure 3.3 Overhead view of the race track (from Google Maps) showing primary segments 
of the racetrack and location of permanent marker poles used to identify distance from the finish 
line (black and white pole). The poles are recognized by their colours; red and white poles mark 
track sections of 1/8th of a mile, approx. 201m. The coloured arrows represent the four segments of 
the trial.  

3.2.2.3 Data Processing 

Timings of segments were determined from the videos using landmarks such as 

distance poles (Figure 3.3). The recorder on-time, when the recording box was triggered 

by the rider, was determined using the videos (with some error due to observation). The 

video was played and an approximate time where the rider reached back to the recording 

device was determined by analyzing each video frame. This was set as time zero, and all 
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other landmark times determined from the videos were adjusted accordingly. The timings 

from the video were then aligned with the traces obtained by the data collector. The first 

footfall on the data collector did not coincide with the start of the first segment. Therefore, 

to align the data to what was occurring during the trial (i.e. the horse was going around a 

turn) landmarks from the videos were used. 

Raw strains collected by the rosette gauges were converted to principal strain, 

both magnitudes and angles, using a custom Matlab§§ program (Appendix 5.1.2; Figure 

3.4). Formulae for this conversion were based on information presented by Dally and 

Riley (1991)57. The amplitudes of the data were zeroed using another custom Matlab 

function*** (Appendix 5.1.2.1) which allowed for manual correction of any zero offsets of 

both the raw strains and raw accelerations. A zero offset was identified as a trace whose 

base-line started above the zero line. The accelerations were zeroed using midstance 

values from the collected traces. From the midstance point, 500 sample points along the 

trace were taken on both sides of the midstance point. These sample points were then 

averaged for all segments across all strides, and used as the new zero value, and all 

other stances were adjusted to this zero point accordingly. The midstance point was used 

                                            

§§ MATLAB version R 2017 A, The Mathworks Inc., 3 Apple Hill Drive, Natick, Massachusetts, 01760, USA  

*** All Matlab programs available upon request to Dr. Jeff Thomason, Department of Biomedical Sciences, 

Ontario Veterinary College, University of Guelph, 50 Stone Road East, Guelph, ON, N1G 2W1 Canada 
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for zeroing as this is the point in the stance when accelerations are presumably zero, as 

the foot is planted firmly on the ground by midstance. The strains were zeroed using 

values at midswing, with the same procedure of sample points as mentioned above. 

Following this process, both the new zeroed principal strains and accelerations were 

plotted over time (with acceleration or strain on the Y axis and time in seconds on the X 

axis) along with the original traces to check for any errors in zeroing. Some of these errors 

included the spikes in acceleration on the new traces not matching the spikes on the 

original traces. If that were the case, the zeroing intervals were adjusted in the program 

until the new trace matched the original.
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Figure 3.4 Frame from the zeroing program. This shows strain data from the medial quarter of the right foot for one horse. Channels 
1, 2, and 3 represent the 3 foils of the rosette gauge. The dashed line represents the zero mark, the light grey strain trace represents the 
raw strain data before zeroing, and the coloured lines represent the zeroed strain data. This program was used to zero the data and look 
to see if any errors were present between the raw and the zeroed strain (Appendix 5.1.2.1). 
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Following zeroing of the data, another program in Matlab (Appendix 5.1.3) was 

used. This program displayed the zeroed strain and acceleration traces, plotted with strain 

or acceleration on the Y axis and time on the X axis, for each individual segment. The 

different segments processed by the program were selected based on speed, curve, and 

changes of lead that were recorded. 

Four time points on each segment trace were then hand-selected for the stance of 

each of 8 to 12 strides per segment as shown in Figure 3.5. The four time points were: 

1. An initial spike in acceleration and strain (Figure 3.5A) 

2. A flattening of the acceleration trace (Figure 3.5B) 

3. A spike in acceleration (Figure 3.5C) 

4. A point of inflection in the acceleration (Figure 3.5D) 
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Figure 3.5 The four time points selected from a single stance and processed using Matlab 
software. A. An initial spike in acceleration and a drop in strain. B. A flattening out of the 
acceleration trace. C. A spike in acceleration following the flat section. D. A point of inflection in the 
acceleration trace. The red circle shows the zoomed-in point of inflection in the acceleration trace. 
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Each of the sampled time points corresponded with a different event within a single 

phase (the stance phase) of a single stride (Figure 3.6). The initial spike signaled primary 

impact, the flattening out of accelerations signaled the beginning of the support phase, 

the spike in acceleration following the flattened section signaled the start of breakover, 

and the point of inflection signaled the hoof leaving the ground (Figure 3.5). The manually 

sampled stances in each segment were then further processed by the Matlab program 

(Appendix 5.1.4), which extracted data describing multiple events at each phase of the 

stance (Table 3.2), including peaks of acceleration and strain, calculated displacements 

of the hoof in multiple directions, and relative timing of events during the stance. 

To compare the sides of the feet that were considered, through previous work54, 

to be mechanically relevant on a turn, nine new variables were created using the 

anatomically medial and lateral (Figure 3.7) variables for each hoof On a turn, the IN 

variables involve the lateral gauges for the left foot and the medial gauges for the right 

foot. The OUT variables involve the medial gauges for the left foot, and the lateral gauges 

for the right foot (Figure 3.7).  

Table 3.2 provides a description of all 36 primary and derived variables that were 

extracted from the acceleration and strain data. 
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Figure 3.6 The points at which the phases of the stance correspond to the acceleration and strain 

traces. 
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Figure 3.7 The sides of the feet that are considered to be mechanically relevant on a counter-

clockwise turn and how these relate to the anatomical medial/lateral quarters of the feet. When the 

horse is navigating a turn and is turning to the left, the lateral gauge of the left foot is designated 

"IN", as is the medial gauge of the right foot. Similarly, the medial gauge of the left foot is designated 

"OUT" as is the lateral gauge of the right foot.    
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Table 3.2 Description of variables extracted from sampling the stances and how they relate to each 

phase of the stance: primary impact, secondary impact, midstance, and breakover.  

Phase Variable Description Unit 

Primary 

Impact 

aVmax 
Magnitude of peak vertical deceleration at primary 
impact 

m/s2 

aVmaxt Time to peak vertical deceleration at primary impact s 

Secondary 

Impact 

aHmax 
Magnitude of peak horizontal deceleration spanning 
primary and secondary impact 

m/s2 

aHmaxt 
Time to peak horizontal deceleration spanning 
primary and secondary impact 

s 

disV Calculated vertical (V), horizontal (T), and transverse 
(T) displacement of the hoof spanning primary and 
secondary impact (through double integration of 
acceleration) 
 

m 

disH m 

disT m 

Midstance 

Mmse1 
ε1 principal strain at midstance for the medial (M) and 
lateral (L) sides of the hoof, and the toe (T) 

μ 

strain 
Tmse1 

Lmse1 

Mmse2 
ε2 principal strain at midstance for the medial (M) and 
lateral (L) sides of the hoof, and the toe (T) 

μ 

strain 
Tmse2 

Lmse2 

Mmsth 
Angle of principal strain at midstance for the medial 
(M) and lateral (L) sides of the hoof, and the toe (T) 

° Tmsth 

Lmsth 

Me2t 
Time to peak ε2 strain for the medial (M) and lateral 
(L) sides of the hoof, and the toe (T) 

s Te2t 

Le2t 

movV 
Indicator of vertical movement of the hoof during the 
support phase 

m/s2 

INmse1 
The inside ε1 values for the right (M) and left (L) 
hooves 

μ 
strain 

INmse2 
The inside ε2 values for the right (M) and left (L) 
hooves 

μ 
strain 
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INmsth 
The inside angle values for the right (M) and left (L) 
hooves 

° 

OUTmse1 
The outside ε1 values for the right (M) and left (L) 
hooves 

μ 
strain 

OUTmse2 
The outside ε2 values for the right (M) and left (L) 
hooves 

μ 
strain 

OUTmsth 
The outside angle values for the right (M) and left (L) 
hooves 

° 

IN-OUTmse1 
The difference between the inside and outside ε1 
values for the right hoof and the left hoof  

μ 
strain 

IN-OUTmse2 
The difference between the inside and outside ε2 
values for the right hoof and the left hoof  

μ 
strain 

IN-OUTmsth 
The difference between the inside and outside angle 
values for the right hoof and the left hoof  

° 

Breakover 

breakover Time from foot on to start of breakover s 

breakdur Time from start of breakover to foot off s 

apostbo Acceleration of the foot post breakover m/s2 

Whole 

Stance 

dutyfactor Percentage of the stride the hoof is in contact with the 
ground 

% 

vHt0 Horizontal velocity at time zero - 

vVt0 Vertical velocity at time zero - 

Standur Duration of the stance, when the foot is on the ground - 
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3.2.2.4 Statistical Analysis 

The data were analyzed in SAS††† using the MIXED procedure, which fits a variety 

of mixed linear models to the data, and the UNIVARIATE procedure, to examine the 

normality of the data and outliers in the data set. The means were examined using the 

means of all selected stances within a segment for each horse. The variances were also 

examined using the means of the variance for all stances within a segment for each horse. 

Horse was set as a random effect, with fixed effects of FOOT (left/right), CURVE (straight, 

turn), SPEED (<13 m.s-1 vs. >13 m.s-1), and LEAD (left/right). The raw data used in the 

analysis were the means of all stances, as sampled above, within a segment for each 

horse, not each individual stance within a segment. A manual step-wise removal of effects 

and their interactions was used to determine which were significant (α=0.05). We started 

with a full model and removed variables as opposed to starting with just the primary 

effects and adding interactions, because effects tend to play off one another. The 

statistical implications of an interaction are not necessarily obvious in an additive model.   

Using a full model, however, also has issues as the order of removal matters, and higher 

                                            

††† SAS (software) Version 9.4, SAS Institute Inc., 100 SAS Campus Drive, Cary, North Carolina, 27513-

2414 USA 
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order interactions may need to be added back into the model at a later time (Mr. W. Sears, 

statistician; personal communication). 

All primary effects (i.e. FOOT, CURVE, LEAD, and SPEED) were kept in the final 

model, regardless of significance, as we wanted to show whether each had an effect. If a 

larger interaction (3-way or 4-way) was found to be significant, any lower order 

interactions and main effects were also kept. This method was used for both mean and 

variance, as responses, within a segment, for all 36 mechanical variables. We chose to 

examine variances in addition to the means to identify potential outliers and further 

investigate differences in mechanical loading. The least square means (LSMs) and 

differences of least square means (DLSM) were calculated by SAS and extracted from 

the output into a table containing the estimate values for the LSMs and the confidence 

intervals. The LSM estimates the marginal means in a predicted population. The DLSM 

is the difference of the LSM estimates under a given set of conditions. Segment was not 

included in the model as it was used as a means to identify the condition that occurred 

within the data being examined for analysis.  

Once statistically significant effects were identified, we assessed their mechanical 

relevance as follows. The LSM were organized by variables describing the phases of the 

stance, the four primary effects (CURVE, LEAD, SPEED, and FOOT), and any significant 

interactions among these effects for that variable, and these were put into a table. We 

then calculated the percent difference in the LSM estimates for each primary effect, 
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regardless of significance, and statistically significant interactions, as follows. The 

differences in LSM estimate from condition A to condition B for a given effect (e.g., for 

FOOT: right foot – left foot) was calculated, divided by the average of the two estimates, 

and multiplied by 100 to get a percentage. The average was used in this instance for 

consistency, as dividing by the smaller value would change which condition (A or B) was 

being used. For the variables whose estimates passed through zero, we did not calculate 

the percentage change. Instead, we graphed these variables separately using the 

estimates for condition A and condition B to visually compare. 

3.3 Results 

Tables showing full statistically significant results for both means and variances, 

including p-values, and percent change are in the appendix (Appendix Table 5.1 and 5.2).  

In this Results section, the mechanical relevance of all statistically significant effects (p < 

0.05) is presented, for both means and variances.  Mechanical relevance is quantified as 

the percent difference in the least square means (LSMs) or variance estimates for each 

variable from condition A to condition B for each effect in Table 3.3, and for statistically 

significant interactions. 

Effect Condition A Condition B 

FOOT Right (R) Left (L) 

CURVE Turn (T) Straight (St) 

LEAD Left Lead (LL) Right Lead (RL) 

SPEED Fast (F) Slow (Sl) 
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Table 3.3 Description for comparison of each main effect. Foot compares the right and left 

foot. Curve compares a turn and a straight section. Lead compares the left lead and right lead. 

Speed compares fast and slow, with fast being greater than 13 m/s and slow being less than 13 m/s.  

3.3.1 Means 

3.3.1.1 Primary Effects 

Figure 3.8 shows four plots of the percent difference of primary effects (CURVE, 

LEAD, SPEED, and FOOT), for all variables, regardless of significance. Those variables 

for which the primary effect was significant are shown with the p-value above the bar and 

an asterisk. The percent difference is on the Y axis, and the variable and phase of the 

stance is on the X axis. Some of the effects had a sign change between condition A and 

condition B (one was + while the other was -) and a percent difference could not be 

calculated for these as a result. Those variables have been marked with “±“on the graph 

and have been plotted separately in figure 3.9 for the strain variables and Figure 3.10 for 

the acceleration variables. The angles of principal strain variables have also been dealt 

with separately as they also changed sign between condition A and condition B and are 

plotted in figure 3.11.  
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Figure 3.8 Plot of percent differences of four main effects (CURVE, LEAD, SPEED, and 

FOOT) for all variables regardless of significance. Statistically significant variables identified with 

asterisk above the bar.   
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3.3.1.1.1 CURVE 

None of the variables tested showed CURVE as significant (p < 0.05) for the 

means.  

3.3.1.1.2 LEAD 

One variable, the ε1 principal strain on the medial quarter of the foot (Mmse1), 

representing midstance showed LEAD as significant, with a percent difference of 

+66.70%.  

3.3.1.1.3 SPEED 

All variables for which speed was significant were acceleration variables, 

describing different phases of the stance. In primary impact, the difference was +26.11% 

in the maximum vertical deceleration, aVmax. During midstance, the time to peak ε2 strain 

at the toe (Te2t) and on the lateral quarters of the foot (Le2t) showed percent 

differences of -17.90% and +7.79%. During breakover, the difference was +3.96% in the 

duration of breakover, breakdur. 

3.3.1.1.4 FOOT 

Most variables that showed foot as significant were strain variables representing 

midstance. In primary impact, the difference was +18.00% in vVt0, vertical velocity of the 



 

 

63 

 

foot at impact. During secondary impact, calculated displacements in the horizontal and 

vertical direction (disH and disV respectively) had differences of -39.96% and +29.90% 

respectively.  

During midstance, the largest differences were in e2IN-OUT, the difference in ε2 

principal strain between the inside and outside of the left foot and the inside and outside 

of the right foot, and Lmsth, the angle of principal strain on the lateral quarters of the foot, 

with values of +671.18% and -1112.92% respectively. The angle of principal strain at the 

toe (Tmsth), inside of the right and left foot (INmsth), and outside of the right and left 

foot (OUTmsth) showed differences of -275.52%, -233.80%, and +304.27% respectively. 

The ε2 principal strain on the inside of the left and right foot (INmse2), on the outside of 

the left and right foot (OUTmse2), and at the medial quarters of the foot (Mmse2) showed 

percent differences of -80.96%, +31.11%, and -39.92% respectively. The ε1 principal 

strain at the lateral quarters of the foot (Lmse1), at the medial quarters of the foot (Mmse1), 

on the outside of the left and right foot (OUTmse1), and at the toe (Tmse1) showed 

differences of +134.34%, +75.40%, +129.05%, and -52.31% respectively. The one 

acceleration variable representing midstance that showed foot as significant was Le2t, 

the time to peak ε2 principal strain at the lateral quarters of the foot, with a difference of 

+3.64%. 
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3.3.1.1.5 Sign Change Effects 

 Those effects whose signs changed for condition A to condition B are plotted 

below. Figure 3.9 shows the vertical velocity at time zero (vVt0), which represents 

primary impact. LEAD was not significant (p-value of 0.2252), and had a value of +0.12 

for condition A (LL) and -0.92 for condition B (RL). SPEED was not significant (p-value of 

0.3203) and had a value of -0.90 for condition A (F) and +0.09 for condition B. 

 

Figure 3.9 Acceleration variable (vVt0) with both conditions, LEAD and SPEED, plotted with 

both condition A and condition B. Condition A for LEAD is left lead (LL) and for SPEED is fast (F). 

Condition B for LEAD is right lead (RL) and for SPEED is slow (Sl). 
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Figure 3.10 shows the difference in ε1 principal strain between the inside and 

outside of the left foot and the inside and outside of the right foot (e1IN-OUT) and the 

difference in ε2 principal strain between the inside and outside of the left foot and the 

inside and outside of the right foot (e2IN-OUT) which both represent midstance. For 

e1IN-OUT, LEAD, SPEED, and FOOT were not significant (p-values of 0.1057, 0.2419, 

and 0.2787 respectively). For LEAD, condition A (LL) had a value of +225.69 and 

condition B (RL) had a value of -127.77. For SPEED, condition A (F) had a value of -

118.16 and condition B (Sl) had a value of 101.29. For FOOT, condition A (R) had a value 

of -99.70, and condition B (L) had a value of 71.82. The variable e2IN-OUT showed 

FOOT as significant (p-value of <.0001) and had a value of +1102.69 for condition A (R) 

and -596.39 for condition B (L).  
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Figure 3.10 Strain variables (e1IN-OUT, e2IN-OUT) with three conditions, LEAD, SPEED, 

and FOOT plotted with both condition A and condition B. Condition A for LEAD is right lead (RL), 

for SPEED is fast (F), and for FOOT is right foot (R). Condition B for LEAD is left lead (LL), for SPEED 

is slow (Sl), and for FOOT is left foot (L). 

Figure 3.11 shows an ungulograph plot of the ε2 principal strain, ε1 principal strain, 

and angle of ε2 principal strain for the toe, and medial and lateral quarters of both the 

right and left foot. Table 3.5 shows the values for the principal strains and angles for both 

conditions.  
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Figure 3.11 Ungulograph showing an open view of the hoof with the medial (M), toe (T), and 

lateral (L) strains and angles plotted (after Thomason, 1998). The solid blue lines represent the ε2 

principal strain for the right foot and the solid red lines represent the ε2 principal strain for the left 

foot. The dashed blue lines represent the ε1 principal strain for the right foot, and the dashed red 

lines represent the ε1 principal strain for the left foot. The angles at which the ε2 principal strains 

are oriented are representative of the angles (theta) for each of the positions (medial, Mmsth; toe, 

Tmsth; and lateral, Lmsth). The p-values are listed in Table 3.4 below for each of the variables.  

Table 3.4 p-values for the medial, toe, and lateral ε2 and ε1 principal strains, and the angle 

of ε2 principal strain.  

 Medial Toe Lateral 

__mse2 0.0033 0.0262 0.0031 

__mse1 <.0001 0.1365 0.2687 

__msth 0.1440 <.0001 <.0001 
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Table 3.5 Values of ε2 and ε1 principal strains and angle of ε2 principal strain for the medial 

and lateral quarters and the toe for condition A and condition B for the FOOT effect.  

 Medial Toe Lateral 

Condition A (R) 

__mse2 341.21 142.39 491.69 

__mse1 -931.69 -1351.38 -1867.67 

__msth 2.9647 4.4717 17.8616 

Condition B (L) 

__mse2 154.37 243.26 96.5535 

__mse1 -1396.34 -1180 -2048.58 

__msth -3.9668 -28.1552 -25.6877 

 

3.3.1.2 Interactions 

Figure 3.12 shows three plots of the percent difference of interactions 

(CURVE*FOOT, LEAD*FOOT, and SPEED*FOOT), for variables in which the interaction 

was significant. The p-value is shown above the bar, and the description of condition 

comparison for each bar is listed in table 3.6. The percent difference is on the Y axis, and 

the variable and phase of the stance is on the X axis.   
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Figure 3.12 Plot of percent differences for significant interactions (CURVE*FOOT, 

LEAD*FOOT and SPEED*FOOT) for all variables. Table 3.6 below shows interaction comparisons.  
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Table 3.6 Table of comparisons for the interaction graphs (Figure 3.12).  

Curve*Foot 
 Comparison 

Bar 
Label 

Condition 
A 

Condition 
B 

A St R St L 

B T L St L 

C T R St R 

D T L St L 

E T R T L 

Lead*Foot 
 Comparison 

Bar 
Label 

Condition 
A 

Condition 
B 

A LL R LL L 

B LL R RL R 

C LL L RL L 

D LL R RL R 

E LL R LL L 

F RL R RL L 

G LL L RL L 

H LL R RL R 

I LL L RL L 

J RL R RL L 

K LL L RL L 

L LL R LL L 

M LL R LL L 

N LL L RL L 

O LL R LL L 

Speed*Foot 
 Comparison 

Bar 
Label 

Condition 
A 

Condition 
B 

A F R F L 

B F R Sl R 

 



 

 

71 

 

3.3.1.2.1 CURVE*FOOT 

All variables showing a CURVE and FOOT interaction as significant were strain 

variables representing midstance. Mmse1, the ε1 principal strain at the medial quarters of 

the foot, showed two comparisons of conditions as significant. The first was a comparison 

of a turn versus a straight section for the left foot, with a percent difference of +143.88%. 

The second was a comparison between the right and left foot on a straight section, with 

a percent difference of +161.82%. Tmse1, the ε1 principal strain at the toe, showed three 

comparisons as significant. The first was a comparison of a turn versus a straight section 

for the left foot, with a percent difference of +57.44%. The second was a comparison of 

the right and left foot on a turn, with a difference of -125.62%. The third was a comparison 

of a turn and a straight section for the right foot, with a difference of -99.54%. 

3.3.1.2.2 LEAD*FOOT 

The variables for which a LEAD and FOOT interaction was significant were both 

acceleration and strain variables representing primary impact, secondary impact and 

midstance. During primary impact, aVmax, the maximum vertical deceleration at primary 

impact, had three comparisons of conditions as significant. The first was a comparison of 

the right and left foot when the horse is on a left lead, with a difference of -54.87%. The 

second was a comparison of a left lead and a right lead for the right foot, with a difference 
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of -29.48%. The third was a comparison of a left lead and right lead for the left foot, with 

a difference of +51.27%.  

During secondary impact, variables representing maximum horizontal deceleration 

spanning primary and secondary impact (aHmax), the time to peak maximum horizontal 

deceleration (aHmaxt), and the horizontal displacement of the hoof (disH) showed 

lead*foot as significant. aHmax had two comparisons of conditions as significant. The first 

was a comparison of the right and left foot when the horse is on a left lead, with a 

difference of -36.42%. The second was a comparison of a left lead and right lead for the 

left foot, with a difference of +37.19%. aHmaxt had four comparisons of conditions as 

significant. The first was a comparison of the right and left foot when the horse was on a 

left lead, with a difference of +16.20%. The second was a comparison of a left lead and 

a right lead for the right foot, with a difference of +18.79%. The third was a comparison of 

a left lead and a right lead for the left foot, with a difference of -22.53%. The fourth was a 

comparison of the right and left foot when the horse was on a right lead, with a difference 

of -25.10%. disH had two comparisons of conditions as significant. The first was a 

comparison of a left lead and a right lead for the left foot, with the difference of -25.15%. 

The second was a comparison of the right and left foot when the horse was on a right 

lead, with a difference of -79.61%.  
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During midstance, variables representing ε1 principal strain at the toe (Tmse1) and 

medial quarters of the foot (Mmse1), and ε2 principal strain at the toe (Tmse2) showed 

lead*foot as significant. Tmse1 had two comparisons of conditions as significant. The first 

was a comparison of the right and left foot on a left lead, with a difference of -89.12%. 

The second was a comparison of a left lead and a right lead for the left foot, with a 

difference of +54.93%. Mmse1 had two comparisons of conditions as significant. The first 

was a comparison of a left lead and right lead for the left foot, with a difference of 

+216.55%. The second was a comparison of the right and left foot when the horse is on 

a right lead, with a difference of +215.47%. Tmse2 had a comparison of the right and left 

foot when the horse was on a left lead, with a difference of +33.59%. 

3.3.1.2.3 SPEED*FOOT 

The variable showing a SPEED and FOOT interaction as significant was aHmaxt, 

time to peak horizontal deceleration, an acceleration variable representing secondary 

impact. The first comparison was of the right and left foot when the horse was travelling 

at faster speeds and had a difference of +2.33%. The second comparison was of fast and 

slower speeds for the right foot and had a difference of +13.77%. 
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3.3.2 Variances 

3.3.2.1 Primary Effects 

Figure 3.13 shows four plots of the percent difference of primary effects (CURVE, 

LEAD, SPEED, and FOOT), for all variables, regardless of significance. Those variables 

for which the primary effect was significant are shown with the p-value above the bar and 

an asterisk. The percent difference is on the Y axis, and the variable and phase of the 

stance is on the X axis.  
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Figure 3.13 Plot of percent differences of four main effects (CURVE, LEAD, SPEED, and 

FOOT) for all variables regardless of significance. Statistically significant variables identified with 

asterisk above the bar.   
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3.3.2.1.1 CURVE 

Most of the variables for which curve was significant were strain variables 

representing midstance. One acceleration variable representing midstance was also 

significant. The only variable that was not associated with midstance was standur, the 

duration of the stance phase representing the whole stance, which had a difference of 

+9.29%.  

Strain variables describing midstance were the angle of principal strain (Theta, ) 

for the lateral quarters of the foot (Lmsth), the medial quarters of the foot (Mmsth), the 

outside of the right and left foot (OUTmsth), and the difference between the inside and 

the outside of the left foot, and inside and outside of the right foot (thIN-OUT). The 

differences for these variables were -56.22%, -30.32%, -55.57%, and -29.92% 

respectively. Two variables representing the difference in 1 principal strain (e1IN-OUT) 

between the inside and the outside of the right foot and the left foot, and the difference in 

2 principal strain (e2IN-OUT) between the inside and the outside of the right foot and 

the left foot, had differences of -9.53% and -9.14% respectively. The 1 principal strain 

on the lateral quarters of the feet (Lmse1) and the 2 principal strain on the lateral quarters 

of the feet had differences of -11.90% and -9.24% respectively. Finally, the acceleration 

variable Te2t, the time to peak 2 strain at the toe, had a difference of +11.33%. 
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3.3.2.1.2 LEAD 

None of the variables tested showed LEAD as significant (p < 0.05) for the 

variances. 

3.3.2.1.3 SPEED 

Most of the variables for which speed was significant were strain variables 

representing midstance. The difference in 1 principal strain between the inside and 

outside of the left foot, and inside and outside of the right foot (e1IN-OUT) had a 

difference of -5.96%. The difference in 2 principal strain between the inside and outside 

of the left foot, and inside and outside of the right foot (e1IN-OUT) had a difference of 

+2.02%. The angle of principal strain (Lmsth) and the 1 principal strain (Lmse1) at the 

lateral quarters of the foot had differences of -48.66% and -7.67% respectively. The angle 

of principal strain for the outside of the foot (OUTmsth) had a difference of -44.73%.  

The only variable that was not associated with midstance was standur, the 

duration of the stance phase representing the whole stance, which had a difference of 

+9.92%. 
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3.3.2.1.4 FOOT 

Two variables representing primary impact, vertical displacement of the hoof 

(disV) and vertical movement of the foot (movV), showed foot as significant. The 

difference for each variable was -10.55% and +11.33% respectively.  

Strain variables representing midstance were the angle of principal strain on the 

outside of the foot (OUTmsth),  1 principal strain at the toe (Tmse1), 2 principal strain 

at the toe (Tmse2), 1 principal strain on the inside of the foot (INmse1) and 1 principal 

strain on the medial quarters of the foot (Mmse1). The difference for the variables were -

33.63%, -4.77%, +9.38%, -14.15%, and -14.84% respectively.  

 

3.3.2.2 Interactions 

Figure 3.14 shows three plots of the percent difference of interactions 

(CURVE*FOOT, LEAD*FOOT, and SPEED*LEAD), for variables in which the interaction 

was significant. The p-value is shown above the bar, and the description of condition 

comparison for each bar is listed in table 3.7. The percent difference is on the Y axis, and 

the variable and phase of the stance is on the X axis.   
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Figure 3.14 Plot of percent differences for significant interactions (CURVE*FOOT, 

LEAD*FOOT and SPEED*LEAD) for all variables. The p-values are listed above all bars. Table 3.6 

below shows interaction comparisons. 
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Table 3.7 Table of comparisons for the interaction graphs (Figure 3.14). 

Curve*Foot 
 Comparison 

Bar 
Label 

Condition 
A 

Condition 
B 

A St R St L 

B T L St L 

C T R T L 

Lead*Foot 
 Comparison 

Bar 
Label 

Condition 
A 

Condition 
B 

A RL R RL L 

B LL R RL R 

C LL L RL L 

D RL R RL L 

E LL R RL R 

F LL R LL L 

G LL R LL L 

Speed*Lead 
 Comparison 

Bar 
Label 

Condition 
A 

Condition 
B 

A F RL S RL 

 

3.3.2.2.1 CURVE*FOOT 

One strain variable representing midstance, 1 principal strain on the medial 

quarters of the foot (Mmse1), showed a CURVE and FOOT interaction as significant. The 

comparison of the right and left feet on a turn had a difference of -7.66%. The comparison 

of a turn and a straight section for the left foot had a difference of -12.98%. The final 
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comparison was of the right and left foot on a straight section, with a difference of -

21.57%.  

3.3.2.2.2 LEAD*FOOT 

The variables for which a LEAD and FOOT interaction were significant were 

acceleration variables representing secondary impact and strain variables representing 

midstance. The maximum horizontal deceleration of the foot spanning primary and 

secondary impact (aHmax) had four comparisons. The first was a comparison of the right 

and left foot when the horse was on a left lead, which had a difference of -22.88%. The 

second was a comparison of a left lead and a right lead for the right foot, with a difference 

of -22.57%. The third was a comparison of a left lead and a right lead for the left foot, with 

a difference of +33.81%. The fourth was a comparison of the right and left foot when the 

horse was on a right lead, with a difference of +33.50%. 

The time to peak horizontal deceleration of the foot spanning primary and 

secondary impact (aHmaxt) had one comparison, the right foot and the left foot when the 

horse was on a left lead, as significant, with a difference of +20.52%.  

The calculated horizontal displacement of the foot (disH) had two comparisons as 

significant. The first was a comparison of a left lead and a right lead for the right foot, with 

a difference of -17.56%. The second was a comparison of the right and left foot when the 

horse was on a right lead, with a difference of +18.52%.  
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The midstance strain variables were those representing the angle of principal 

strain on the outside of the feet (OUTmsth),  the medial quarters of the feet (Mmsth), and 

the difference between the inside and outside of the left foot, and the inside and outside 

of the right foot (thIN-OUT). The variable OUTmsth had three comparisons as significant. 

The first was a comparison of a left lead and a right lead for the right foot, with a difference 

of +45.69%. The second was a comparison of a left lead and a right lead for the left foot, 

with a difference of -37.70%. The third was a comparison of the right and left foot when 

the horse was on a right lead, with a difference of -73.54%.  

Mmsth had one comparison as significant, a left lead and a right lead for the right 

foot, with a difference of -41.46%. The variable thIN-OUT also had one comparison as 

significant, the right and left foot when the horse was on a right lead, with a difference of 

-38.90%.  

3.3.2.2.3 SPEED*LEAD 

One strain variable representing midstance, the 1 principal strain at the lateral 

quarters of the feet (Lmse1), showed a significant speed*lead interaction with a difference 

of -12.97%. 
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3.4 Discussion 

The purpose of the study was to describe the changes in mechanical loading of 

the forefeet of Thoroughbred horses under different conditions by measuring hoof strain 

and acceleration throughout the four phases of the stance. The effects, which included 

two conditions each, of interest were SPEED (slow < 13m/s < fast), CURVE (turn or 

straight section), FOOT (L, R) and LEAD (left lead or right lead). Measurements were 

taken for both the right and left forehoof of each horse. The means and variances of 

numerous strain and acceleration values at different phases of the stance were evaluated 

for 8 to 12 stances for each pair of effect conditions and were tested for statistical 

significance (p < 0.05).  For each statistically significant variable in this comparison, the 

percent difference between the conditions was used as a descriptor of mechanical 

relevance, with a higher percentage difference being deemed more mechanically relevant 

than a lower percentage difference. The assumption was that the greater the change in 

the pair of effect conditions, the more likely it was that the variable could be implicated in 

injury under that effect. Three hypotheses were tested. 

Our first hypothesis was that there would be significant differences among 

conditions in measurements of strain and acceleration representing loading throughout 

the stance. The first hypothesis was supported as we saw statistically significant 

differences in means and variances of some loading variables representing the four 
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phases of the stance. There was an emphasis on acceleration variables representing 

primary impact and secondary impact, and strain variables representing midstance.  

Our second hypothesis was that there would be significant differences in 

measurements of strain and acceleration representing loading between the right and left 

forefeet under the conditions measured for both the means and variances. The second 

hypothesis was supported for multiple variables examined. We were able to discern 

changes in loading under different conditions, however, not all these effects were 

statistically significant.  

Our third hypothesis was that a horizontal turning moment would be present on at 

least one of the forefeet as the horse went around the turn.  This was not supported for 

either of the forefeet under any of the effects examined.  

There were only a few variables that were identified as changing, and those that 

changed the most were associated with midstance. For the results section, we included 

all variables for the primary effects, regardless of significance, and the significant 

interactions, even if the change was relatively minor. For the purposes of this discussion, 

we will only include those variables for which the percent difference changed by 10% or 

more. 

The effects measured in this study are tasks that racehorses perform daily. Even 

very subtle changes in lead, curve, and speed showed differences in loading on the foot. 
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In the context of instantaneous failure of the limb, the changes seen here are minimal, as 

the horse starts off with large safety factors in terms of loading. But, if a simple task such 

as travelling around a turn or switching lead can double the loading, repetitive loading of 

the limb could lead to failure over time. Repetitive loading has been identified as a risk 

factor for injury related to mechanics.9,30,58 Over time, repeated loading can cause 

microdamage to both bone and soft tissue, which lowers the strength and integrity of the 

bone and tissues, leaving the structures at increased risk of failing.  

The most common primary effects for both the means and variances that were 

significant were FOOT and SPEED. We expect to see a foot difference as the right and 

left hooves are being loaded differently throughout the stance due to asymmetry of the 

gait. The gauge placement between the right foot and the left foot differed slightly, as 

exact placement on both feet is difficult to achieve. This could explain some of the 

differences seen between the right and left foot. Previous studies have stated that gait 

asymmetry disappears as the horse travels at faster speeds, such as a gallop, but we do 

not see that as strongly with these horses. This could be because the horses were not 

running at racing speeds, as some were 2-year-olds in training, however, they were still 

travelling at speeds around 14 m/s on the fast sections. This suggests that asymmetry of 

the gait may still be apparent at racing speeds.  

Most of the changes seen when SPEED was significant were positive, meaning 

the fast sections showed larger LSMs estimates compared to the slower sections. For 
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aVmax, we would expect to see the fast section showing increased rate of deceleration 

compared to the slow section. When the horse is travelling at faster speeds, the speed 

with which the hoof travels towards the ground will also slightly increase. This results in 

higher rate of deceleration of the foot as it will hit the ground harder (at a faster rate) than 

when the horse is travelling at slower speeds. This significant result tells us that even a 

minor speed change from slow (< 13 m/s) to fast (> 13 m/s) could have a significant effect 

on the peak rate of deceleration of the foot. 

The means did not show CURVE as significant for any variables examined. For 

the variances, however, CURVE was significant for multiple variables describing 

midstance. All variables for which curve was significant showed increased variability on 

the straight compared to the turn. Thomason (2010)54 showed that a turn had a large 

impact on strain experienced by the hoof. Regardless of what direction the horse was 

running, the load on the hoof was shifted to the quarters of the hoof on the inside of the 

turn, while the outside quarters experienced reduced loading. This is best described as a 

medio-lateral turning moment as discussed in the literature review section on moments. 

One side of the hoof is loaded more, and the other side of the hoof is unloaded, or loaded 

less. The surface that the horses were running on in the present study was soft, which 

allowed the hoof to dig into the surface upon impact and during secondary impact. It is 

possible that any medio-lateral turning moment that would normally be seen on the hoof 

would be negated by the softer surface. 
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The increased variability on the straight section compared to the turn means there 

is less room for error on the turn. The margin for safety on the turn is reduced, which 

suggests the horse may be at increased risk for injury at midstance on the turn sections 

due to a misstep. The degree of change in loading that could result in injury on the turn 

might be much lower than on the straight section because of this difference in safety 

margin. Therefore, this amount of variability seen on the turn, while lower than the straight 

section, may be high in terms of potential for injury. 

The effects that showed a sign change between condition A and condition B were 

not of large importance, as all but one were insignificant. The sign changes observed in 

some of the variables could be the result of multiple factors:  

1. How the strain gauges and accelerometers were calibrated 

2. Changes in the tissue/hoof itself, with loading shifting from compression 

(which is typically negative) to tension (which is typically positive) 

3. Circumstantial to how the data were measured. 

All three of these factors could have contributed to some way, and it is difficult to 

determine which played a larger role under the circumstances of this study. 

With a FOOT effect, we expect that the right and left feet will be loaded differently, 

and the gauge placement will differ randomly on each foot, leading to differences in 

loading and measurements of strain. The acceleration variable, vVt0, represents the 
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vertical velocity of the foot at time zero. It gives an indication of the speed at which the 

foot travels towards the ground just before primary impact. The LEAD effect showed that 

on a right lead, the foot is decelerating before hitting ground, however, these results were 

not statistically significant. The SPEED effect shows that at faster speeds, the foot is 

decelerating before hitting the ground, however; these results were also not statistically 

significant. The strain variables, e1IN-OUT and e2IN-OUT had effects that were not 

significant, with the exception of FOOT for e2IN-OUT. As mentioned previously, we 

expect to see foot differences and, in this instance, the surface allowing the foot to move 

within it might explain why we get a sign change and may indicate the presence of heel 

expansion, a medio-lateral turning moment, or a slight horizontal turning moment. It is 

difficult, however, to distinguish which of these might contribute to these findings. 

The most common significant interaction in all phases of the stance, for both 

means and variances, was a LEAD and FOOT interaction, which was expected as 

contralateral foot loading varies with lead. For the variables in which a LEAD and FOOT 

interaction was significant, the lead leg showed larger LSMs estimates than the non-lead 

leg. For horses running on the same lead all the time, or more often on one lead compared 

to another, this could increase the risk of injury on the lead leg compared to the non-lead 

leg through repetitive loading. For the means when a lead and foot interaction was 

significant, the ε1 principal strain at the medial quarters (Mmse1) showed that the lead leg 

was loaded primarily in tension while the non-lead leg was loaded primarily in 
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compression. In this instance, the non-lead leg may experience a greater influence of 

heel expansion compared to the lead leg, which could explain the shift from tension to 

compression loading.  

The CURVE and FOOT interaction comparisons were not as clear as the LEAD 

and FOOT interactions. With the variances, we see increased variability on the straight 

versus the turn, again going back to the idea that the horse is less cautious about how it 

places its foot down on a straight than on the turn. For the means, the straight/right foot 

showed a larger estimate compared to the straight/left foot, with both showing loading 

primarily in tension. The turn/left foot showed a larger estimate compared to the 

straight/left foot, with both showing loading primarily in tension. Previous work54 has 

shown that when a horse is turning on a harder surface, the inside quarters experience 

increased loading, and the outside quarters are slightly unloaded. When the horse leaves 

the turn and enters the straight, loading on the inside quarters decreases, and the outside 

quarters increase to become more balanced. On a counter-clockwise track, the inside 

quarters for the left foot are recorded from the lateral gauge, and for the right foot it is the 

medial gauge (Figure 2.7). Based on previous studies54, you would expect to see, for the 

left foot, the medial side being unloaded on the turn, and loaded more on the straight. 

However, this is not the case for Mmse1 on the left foot. We see increased loading on the 

turn compared to the straight. This could be explained by the surface, with this study 

being conducted on a softer artificial track with relatively little banking compared to the 
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previous study, which was conducted on a harder gravel track with increased banking. 

Softer surfaces allow the hoof to dig in more on a turn, and the surface can rise on the 

outside quarters, providing more support. The softer surface, therefore, allows for a more 

even loading distribution and less requirement of a medio-lateral turning moment on the 

hoof. 

Thoroughbred race horses in North America are typically run in a counter-

clockwise direction, primarily on a left lead as the left limb is on the inside, however, some 

horses do switch leads. Horses in training are typically run in the same direction and are 

not often asked to run in the clockwise direction. This could result in repeated increased 

loading on the lead limb during midstance and, over time, result in injury to the lead leg. 

The difference in loading between inside and outside limbs on a turn has been suggested 

as a possible cause for injury in an EID (equine injury database) paper by Peterson et al. 

(in preparation)34. In the paper, they suggest that the inside limb on a turn acts as a 

support while the outside limb pushes the horse around the turn. While this difference in 

loading seen in our data does not directly point to this occurrence, it does suggest that 

the inside and outside limbs have different functions as the horse navigates a turn. 

At the toe, the ε1 principal strain (Tmse1) was loaded primarily in tension for both 

the means and the variances. When the horse was navigating a turn, the left foot showed 

a larger LSM estimate than the right foot. The left foot also showed a larger LSM estimate 
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on a turn compared to a straight, while the right foot showed a larger LSM estimate on 

the straight compared to a turn. For a lead and foot interaction, the lead leg showed a 

larger LSM estimate for Tmse1 compared to the non-lead leg. The ε1 principal strain at 

the toe is the most difficult variable to interpret, as it is influenced the most by torsion or 

twisting of the hoof capsule (shown in Figure 1.3 in the Literature Review). The hoof is 

most likely being loaded in combination at the toe in different ways for the right and left 

foot, depending on the other condition that is occurring (i.e. a turn or a certain lead). It is 

difficult to say, with certainty, what type of loading is occurring, without knowing more 

information about the force(s) acting on the limb and hoof.  

A horizontal turning moment is difficult to isolate from other loading experienced 

by the hoof and the hoof capsule. The loading on the hoof contributed by a horizontal 

turning moment would be much smaller than other types of loading, while loading 

experienced by the hoof is complex and difficult to differentiate from strain gauges. 

Vertical compressive loading of the hoof as the weight of the horse bears down on the 

limb and the ground pushes back, horizontal loading as the hoof slides across the surface, 

and slight transverse loading on softer surfaces where the hoof is allowed to move within 

the surface all occur simultaneously. The hoof capsule also experiences loading and 

deforms because of whole hoof loading. Deformation of the hoof capsule includes vertical 

deformation and heel expansion from vertical loading, medial or lateral loading from a 

medio-lateral turning moment, and loading at the toe from a dorso-ventral turning 
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moment, the last two both caused by displacement of the GRF away from the center of 

rotation. All of these could potentially mask a horizontal turning moment, or a change in 

angle of principal strain due to a horizontal turning moment. In addition, the surface that 

was used for the study was a soft dirt track, which could release the horizontal turning 

moment by allowing the hoof to rotate in a horizontal motion. 

3.5 Limitations  

The segments of the trial and the speeds at which the horses ran could not be 

randomized. As some of the experimental subjects were 2-year-olds currently undergoing 

race training, the trial segments had to be based on their current training program set by 

the trainer to avoid injury and to keep their training consistent. In an ideal situation, we 

would have randomized the segments, and included different directions.  

Another limitation was the use of strain gauges as opposed to a force shoe, as it 

renders interpretation of the loading data more complex. The use of a force shoe would 

have allowed us to identify the presence of a horizontal turning moment on the hoof. 

However, the weight of a force shoe is greater than that of a regular racing shoe, which 

could have implications on the swing phase and loading in stance phase. Again, as some 

subjects were 2-year-old horses, we had to be cautious with study design. It may have 

also allowed for clarification regarding strain variables where a sign change took place. A 

better understanding of the forces acting on the hoof could allow us to determine if the 
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sign change was a true shift in loading from compression to tension (or vice versa) or a 

result of calibration or how the strains and accelerations were measured.    

3.6 Conclusions 

Using the strain gauges and accelerometers mounted on the hoof wall, we were 

able to measure differences or changes in loading for variables describing all four phases 

of the stance. There was an emphasis on primary impact, secondary impact, and 

midstance, suggesting that these phases may need to be further investigated to 

determine risks for injury. Midstance, however, stood out as having the greatest average 

percentage change for both means and variances compared to other phases. Although 

the magnitude of changes in loading were low compared to changes typically required for 

failure or injury, the differences examined in this study, such as turning, were minor and 

not outside the realm of what would typically be asked of a racehorse. Loading at 

midstance should be examined more thoroughly to determine how subtle changes in 

loading over time could lead to failure and injury. 

Contrary to our third hypothesis, there is no strong evidence from these data of a 

horizontal turning moment on the hoof as the horse navigates a turn. Strain gauges are 

not capable of separating and identifying different types of loading on the hoof. There are 

many contributions to loading on the hoof. All have the potential to mask the contribution 

that a horizontal turning moment may have on the hoof. Apparatus that measures direct 
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forces on the hoof, such as a force shoe, would be needed to determine the presence or 

absence of a horizontal turning moment. A horizontal turning moment may also be 

released by the surface itself, suggesting that the presence or absence of this moment 

might be surface-specific. With softer surfaces such as an artificial track, the hoof can 

move, allowing the hoof to rotate, dissipating or removing any horizontal turning moment 

on the foot. 

The demonstration of significant differences in the variances raises the possibility 

that some degree of unpredictability in loading should be discussed and further 

investigated in addressing the causes of injury. The idea that the horse ‘took a bad step’ 

suggests that the variability and the outliers in our data set might provide more information 

than the magnitude of loading or mean changes in loading when identifying risk factors 

for injury. By dissecting out the complexities of loading and what can affect it, we are 

getting to the potential mechanical causes of injury.  

It is possible that the significant findings are in the outliers, and not in what happens 

in successfully completed strides. Injury/failure could be seen as an extreme event or 

outcome, and if unusual/extreme loading causes such adverse outcomes, then the outlier 

ceases to be an outlier!  
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4 Study Conclusions 

Numerous epidemiological studies have identified both location on the track 

(designated in this study by curve, either turn or straight) and speed as risk factors for 

injury9,17,53,59,60. The EID study conducted by Peterson et al. (in progress) identified turning 

as a risk factor for injury and suggested a possible mechanical explanation for the 

differences in injury rate observed between the inside and outside limb on a turn. As 

horses in North America run in a counter-clockwise direction, the left foot is always on the 

inside of a turn and the right foot is always on the outside of a turn.  

The conditions chosen for this study were those identified through epidemiological 

study, and evaluation of the EID. While we still do not fully understand the underlying 

mechanics associated with these risk factors for injury, the results of this study add to the 

knowledge base and show that even under minor changes in conditions, measurable 

changes in loading are present. We identified some of the subtleties and complexities of 

changes under different conditions in numerous variables associated with the phases of 

the stance. Further pursuit of discipline-specific injuries should consider these when 

addressing injury.  
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APPENDICES 

5 Appendix 

5.1 Matlab Program Basic Algorithms 

All Matlab programs are available upon request to Dr. Jeff Thomason‡‡‡.  

5.1.1 Slice_1_Data_Examiner 

 Converts asci data (.csv files from the DTS SliceWare program) to matlab (.mat) file 

format for faster and easier access 

  Displays all rosette channels and accelerometer channels for each foot separately for 

visual examination of raw data 

 Allows the used to make notes on whether the data has faults of electrical origin 

                                            

‡‡‡ Department of Biomedical Sciences, Ontario Veterinary College, University of Guelph, 50 Stone 

Road East, Guelph, ON, N1G 2W1 Canada   
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5.1.2 Slice_2_Data_Processing 

 Re-displays each of the 3 channels for each rosette gauge and the 3 channels for 

acceleration for the purpose of noting and recording any bad channels (due to 

electrical interference, gauge coming loose, etc.) 

5.1.2.1 Zero_Raw_Strain 

 The data processing program then calls on the “Zero_Raw_Strain” function 

o Zeroing program shown in Figure 3.4 

o The program takes the mode of the value points along the trace at short 

repeating intervals (within a stride) and longer repeating intervals (spanning 

multiple strides), with the expectation that the mode will have a value from 

when the hoof is in the air and not under load 

 There are more points/values along the trace when the hoof is 

unloaded (the flat section between each stance) than when the hoof 

is loaded and values are rapidly changing (See Figure 5.1) 

o The mode for the 2 sets of intervals (short and long repeating intervals) are 

combined to minimize change from interval to interval 

o The user inspects the output and can change the interval range 

manually/interactively to provide the smoothest output and to minimize error 

between the zeroed trace and original trace 
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o The result of this process identifies the approximate location of a point of zero 

strain between stances, when the hoof is not being loaded, and also removes 

long wavelength (low frequency, also referred to as DC drift) changes in the 

baseline (Figure 5.2) owing to changes in the equipment warming up, as well 

as other electrical changes 

 The program runs through the 3 rosette gauges (each with 3 individual channels) and 

the accelerometer (with 3 channels) separated by foot (right and left; labelled on each 

graph) 
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Figure 5.1 Zoomed in view of the display for the zeroing program. On the x-axis, the black vertical lines represent the short repeating 

intervals (positioned every 0.3 seconds) and the purple vertical lines represent the long repeating intervals (positioned every 0.7 seconds). 

The mode was determined for each short and long interval separately.  
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Figure 5.2 Long wavelength changes in the baseline (shifting baseline) of a single channel from an accelerometer.  
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5.1.2.2 Slice_Principal_Strain 

 The data must first be zeroed before calculating the principal strains 

 The principal strain magnitudes are calculated from a standard formula (formula 3) 

published in technical notes (TN-515) by Micro Measurements§§§ 

 The orientation of the principal strain with respect to the central axis of the rosette 

gauge is given by formula 4 in the technical notes document by Micro Measurements 

 All code for calculation of principal strains and orientations is based on information in 

the technical notes document 

 For acceleration, all values are pre-calibrated; once zeroed, the value for the 

acceleration is what is given 

 

Figure 5.3 Formulae from the technical notes (TN-515) by Micro Measurements61. Formula 3 shows 

the calculation of principal strain magnitudes. Formula 4 shows the calculation of the orientation 

of the principal strain with respect to the central axis. 

                                            

§§§ Micro Measurements, 951 Wendell Blvd., Wendell, NC 27591, USA Document Number: 11065 URL: 

http://www.vishaypg.com/docs/11065/tn-515.pdf 
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5.1.3 Slice 3_Data_Digitizer 

 As explained in the “Data Processing” section (3.2.2.3) of the “Experimental Protocol” 

(3.2.2) the timing of the segments was determined using the videos of the trials, 

matched up with the timings from the traces 

 This program reads in the entire trace and a corresponding file of the times of start 

and end of all segments of interest 

 The program extracts data for each segment in turn and displays the stances within it 

 The user then iteratively enlarges single stances, one at a time, and manually selects 

four time points (shown in Figure 3.5) 

 The program calculates a midstance point (using the beginning time point and end 

time point of the stance) and saves all 4 hand selected time points and calculated 

midstance point for all stances and all segments 

5.1.4 Slice_4_Extract 

 This program loads all of the principal strains and zeroed accelerations for each trial 

 The file containing all the stance times within each segment is also loaded 

 For each stance, the program uses the time data to extract the principal strains and 

accelerations on the traces for the entire stance 

 Based on the time intervals manually selected by the user, the program identifies the 

maxima and minima, integrates velocities and displacement,  and records duration of 
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events within the stance for all 36 variables listed in Table 3.2 through simple 

manipulation of data in the trace 

 All values are saved to an excel spreadsheet, ready for statistical analysis 
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5.2 Summary of Statistical Analysis 

All estimates in the following tables are least squares mean (LSMs) estimates from 

the output tables. 

5.2.1 Means 

Table 5.1 Summary of LSMs estimates, p-values, and % difference for all primary effects and 

significant interactions when examining means. A refers to condition A for the given effect, and B 

refers to condition B.  

CURVE 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-value Average % Difference 

Mmse2 T -1138.09 St -1189.94 51.85 0.6939 -1164.02 4.45 

Tmse2 T -1252.52 St -1279.44 26.92 0.8456 -1265.98 2.13 

Lmse2 T -1950.33 St -1965.91 15.58 0.9380 -1958.12 0.80 

Mmse1 T 268.66 St 226.92 41.74 0.5627 247.79 16.84 

Tmse1 T 192.32 St 193.32 1.00 0.9851 192.82 0.52 

Lmse1 T 309.17 St 279.07 30.10 0.8492 294.12 10.23 

Mmsth T -0.10 St -0.90 0.80 0.8903 -0.50 158.97 

Tmsth T -11.18 St -12.50 1.32 0.8060 -11.84 11.16 

Lmsth T -4.17 St -3.66 0.51 0.8698 -3.91 13.01 

Me2t T 0.07 St 0.07 0.00 0.8787 0.07 1.36 

Te2t T 0.10 St 0.10 0.00 0.3593 0.10 3.34 

Le2t T -2.56 St -2.51 0.05 0.4038 -2.54 1.86 

aHmax T 39.07 St 38.02 1.05 0.7796 38.54 2.74 

aVmax T 76.63 St 72.48 4.15 0.6250 74.55 5.57 

aHmaxt T 4.16 St 4.30 0.14 0.3691 4.23 3.24 

aVmaxt T 32.74 St 28.61 4.13 0.3911 20.45 20.19 

disH T 0.11 St 0.13 0.02 0.1211 0.12 15.05 

disT T 0.05 St 0.05 0.00 0.6970 0.05 3.04 

disV T 0.07 St 0.07 0.00 0.7370 0.07 3.80 

apostbo T -86.68 St -74.95 11.73 0.4604 -80.82 14.52 

breakdur T -3.76 St -3.71 0.05 0.1347 -3.74 1.37 

vVt0 T -0.31 St -0.50 0.20 0.8396 -0.40 48.29 
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vHt0 T -2.66 St -3.45 0.79 0.03492 -3.06 25.92 

movV T -3.17 St -3.21 0.04 0.9714 -3.19 1.25 

e2IN_OUT T 50.56 St 455.74 405.18 0.2117 253.15 160.06 

e1IN_OUT T 237.29 St -139.37 376.66 0.0747 48.96 769.32 

thIN_OUT T -20.39 St -17.82 2.57 0.6907 -19.10 13.44 

INmse2 T -1520.55 St -1367.61 152.94 0.5044 -1444.08 10.59 

INmse1 T 188.62 St 324.59 135.97 0.2915 256.61 52.99 

Inmsth T -12.47 St -11.60 0.87 0.8732 -12.04 7.26 

OUTmse2 T -1562.38 St -1811.39 249.01 0.1902 -1686.89 14.76 

OUTmse1 T 365.29 St 176.56 188.73 0.1896 270.93 69.66 

OUTmsth T 8.76 St 5.28 3.49 0.4443 7.02 49.68 

LEAD 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-value Average % Difference 

Mmse2 LL -1208.83 RL -1119.19 89.64 0.4597 -1164.01 7.70 

Tmse2 LL -1256.23 RL -1275.73 19.50 0.8753 -1265.98 1.54 

Lmse2 LL -2028.95 RL -1887.30 141.65 0.4306 -1958.13 7.23 

Mmse1 LL 330.43 RL 165.15 165.28 0.0171 247.79 66.70 

Tmse1 LL 214.49 RL 171.16 43.33 0.3691 192.83 22.47 

Lmse1 LL 322.17 RL 266.07 56.10 0.6958 294.12 19.07 

Mmsth LL -1.51 RL 0.50 2.01 0.7001 -0.50 401.34 

Tmsth LL -10.90 RL -12.78 1.88 0.6965 -11.84 15.90 

Lmsth LL -2.88 RL -4.94 2.06 0.4585 -3.91 52.63 

Me2t LL 0.07 RL 0.07 0.00 0.9758 0.07 0.24 

Te2t LL 0.10 RL 0.10 0.00 0.2974 0.10 3.49 

Le2t LL -2.56 RL -2.52 0.04 0.4277 -2.54 1.57 

aHmax LL 40.07 RL 37.02 3.05 0.3453 38.54 7.91 

aVmax LL 79.93 RL 69.18 10.76 0.1411 74.55 14.43 

aHmaxt LL 4.18 RL 4.28 0.10 0.4452 4.23 2.35 

aVmaxt LL 28.41 RL 32.95 4.54 0.2861 20.45 22.20 

disH LL 0.12 RL 0.11 0.01 0.4132 0.12 6.81 

disT LL 0.05 RL 0.05 0.00 0.3180 0.05 7.26 

disV LL 0.07 RL 0.06 0.01 0.2338 0.07 11.73 

apostbo LL -87.27 RL -74.37 12.90 0.3485 -80.82 15.96 

breakdur LL -3.77 RL -3.71 0.05 0.1026 -3.74 1.44 

vVt0 LL 0.12 RL -0.92 1.04 0.2252 -0.40 257.65 

vHt0 LL -3.33 RL -2.78 0.55 0.4634 -3.06 18.05 

movV LL -3.38 RL -3.00 0.39 0.6916 -3.19 12.15 

e2IN_OUT LL 175.57 RL 330.73 155.16 0.5832 253.15 61.29 

e1IN_OUT LL 225.69 RL -127.77 353.46 0.1057 48.96 721.94 

thIN_OUT LL -20.18 RL -18.02 2.16 0.7041 -19.10 11.32 

INmse2 LL -1529.86 RL -1358.30 171.56 0.3993 -1444.08 11.88 

INmse1 LL 236.73 RL 276.47 39.74 0.7310 256.60 15.49 

Inmsth LL -12.06 RL -12.02 0.04 0.9931 -12.04 0.34 

OUTmse2 LL -1723.95 RL -1649.83 74.12 0.6566 -1686.89 4.39 

OUTmse1 LL 365.35 RL 176.50 188.85 0.1532 270.93 69.71 

OUTmsth LL 8.55 RL 5.49 3.06 0.4414 7.02 43.57 

SPEED 
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Variable A Estimate B Estimate 
Absolute 

Difference 
p-value Average % Difference 

Mmse2 F -1259.54 Sl -1068.48 191.06 0.1673 -1164.01 16.41 

Tmse2 F -1345.63 S -1186.33 159.30 0.2759 -1265.98 12.58 

Lmse2 F -2157.31 Sl -1758.94 398.37 0.0628 -1958.13 20.34 

Mmse1 F 237.36 Sl 258.23 20.87 0.7840 247.80 8.42 

Tmse1 F 222.54 Sl 163.10 59.44 0.2913 192.82 30.83 

Lmse1 F 450.41 Sl 137.84 312.57 0.0641 294.13 106.27 

Mmsth F -0.09 Sl -0.92 0.83 0.8904 -0.50 165.94 

Tmsth F -13.74 Sl -9.94 3.80 0.5031 -11.84 32.08 

Lmsth F -3.55 Sl -4.27 0.72 0.8252 -3.91 18.46 

Me2t F 0.06 Sl 0.07 0.01 0.1900 0.07 12.35 

Te2t F 0.09 Sl 0.11 0.02 <.0001 0.10 17.90 

Le2t F -2.64 Sl -2.44 0.20 0.0015 -2.54 7.79 

aHmax F 40.72 Sl 36.36 4.36 0.2776 38.54 11.31 

aVmax F 84.29 Sl 64.82 19.46 0.0322 74.55 26.11 

aHmaxt F 4.10 Sl 4.37 0.27 0.0992 4.23 6.35 

aVmaxt F 31.88 Sl 29.48 2.40 0.6363 20.45 11.72 

disH F 0.11 Sl 0.13 0.02 0.0967 0.12 17.07 

disT F 0.05 Sl 0.05 0.01 0.1647 0.05 11.58 

disV F 0.06 S 0.07 0.01 0.2498 0.07 13.62 

apostbo F -93.44 Sl -68.19 25.25 0.1308 -80.82 31.25 

breakdur F -3.81 Sl -3.67 0.14 0.0006 -3.74 3.69 

vVt0 F -0.90 Sl 0.09 1.00 0.3203 -0.40 246.93 

vHt0 F -2.81 Sl -3.31 0.50 0.5725 -3.06 16.42 

movV F -3.47 Sl -2.91 0.57 0.6218 -3.19 17.85 

e2IN_OUT F 167.82 Sl 338.48 170.66 0.6129 253.15 67.41 

e1IN_OUT F -118.16 Sl 101.29 219.45 0.2491 -8.44 2601.66 

thIN_OUT F -19.50 Sl -18.70 0.80 0.9061 -19.10 4.18 

INmse2 F -1639.30 Sl -1248.85 390.45 0.1094 -1444.08 27.04 

INmse1 F 289.64 Sl 223.57 66.07 0.6244 256.61 25.75 

Inmsth F -11.92 Sl -12.16 0.24 0.9672 -12.04 1.98 

OUTmse2 F -1787.14 Sl -1586.63 200.51 0.3127 -1686.89 11.89 

OUTmse1 F 416.14 Sl 125.71 290.43 0.0549 270.93 107.20 

OUTmsth F 8.48 Sl 5.56 2.92 0.5400 7.02 41.61 

FOOT 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-value Average % Difference 

Mmse2 R -931.69 L -1396.34 464.65 <.0001 -1164.02 39.92 

Tmse2 R -1351.38 L -1180.00 171.38 0.1365 -1265.69 13.54 

Lmse2 R -1867.67 L -2048.58 180.91 0.2687 -1958.13 9.24 

Mmse1 R 341.21 L 154.37 186.84 0.0033 247.79 75.40 

Tmse1 R 142.39 L 243.26 100.87 0.0262 192.83 52.31 

Lmse1 R 491.69 L 96.55 395.14 0.0031 294.12 134.34 

Mmsth R 2.96 L -3.97 6.93 0.1440 -0.50 1383.39 

Tmsth R 4.47 L -28.16 32.63 <.0001 -11.84 275.52 

Lmsth R 17.86 L -25.69 43.55 <.0001 -3.91 1112.92 

Me2t R 0.07 L 0.07 0.00 0.8653 0.07 1.25 
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Te2t R 0.10 L 0.10 0.01 0.0307 0.10 6.69 

Le2t R -2.58 L -2.49 0.09 0.0483 -2.54 3.64 

aHmax R 37.15 L 39.94 2.79 0.3752 38.54 7.24 

aVmax R 68.03 L 81.08 13.04 0.0707 74.55 17.50 

aHmaxt R 4.13 L 4.33 0.20 0.1519 4.23 4.69 

aVmaxt R 29.43 L 31.92 2.49 0.5255 20.45 12.17 

disH R 0.10 L 0.14 0.05 <.0001 0.12 39.96 

disT R 0.05 L 0.05 0.00 0.1891 0.05 8.44 

disV R 0.08 L 0.06 0.02 0.0025 0.07 29.90 

apostbo R -68.31 L -93.32 25.01 0.0631 -80.82 30.95 

breakdur R -3.72 L -3.76 0.03 0.2476 -3.74 0.91 

vVt0 R 4.87 L 4.07 0.80 <.0001 4.47 18.00 

vHt0 R -2.66 L -3.45 0.79 0.2540 -3.06 25.75 

movV R -4.29 L -2.09 2.20 0.0223 -3.19 68.84 

e2IN_OUT R 1102.69 L -596.39 1699.08 <.0001 253.15 671.18 

e1IN_OUT R -88.70 L 71.82 160.51 0.2787 -8.44 1901.96 

thIN_OUT R -16.43 L -21.78 5.35 0.3128 -19.10 28.00 

INmse2 R -864.90 L -2041.26 1176.36 <.0001 -1453.08 80.96 

INmse1 R 359.29 L 153.92 205.37 0.0524 256.61 80.03 

Inmsth R 2.03 L -26.11 28.14 <.0001 -12.04 233.80 

OUTmse2 R -1949.27 L -1424.51 524.76 0.0012 -1686.89 31.11 

OUTmse1 R 445.74 L 96.11 349.63 0.0037 270.93 129.05 

OUTmsth R 17.70 L -3.66 21.36 <.0001 7.02 304.27 

LEAD*FOOT 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-value Average % Difference 

Mmse2 - - - - - - - - 

Tmse2 
LL 
R 

-1467.23 
LL 
L 

-1045.23 422.00 0.0059 
-1256.23 

 
33.59 

Lmse2 - - - - - - - - 

Mmse1 

LL 
R 

339.34 
RL 
L 

-12.77 352.11 0.0003 163.28 215.65 

LL 
L 

321.52 
RL 
L 

-12.77 334.29 0.0006 154.37 216.55 

RL 
R 

343.08 
RL 
L 

-12.77 355.85 0.0003 165.15 215.47 

Tmse1 

LL 
R 

118.91 
LL 
L 

310.07 191.16 0.0015 214.49 89.12 

LL 
L 

310.07 
RL 
R 

165.86 144.21 0.0320 237.97 60.60 

LL 
L 

310.07 
RL 
L 

176.45 133.62 0.0423 243.26 54.93 

Lmse1 - - - - - - - - 

Mmsth - - - - - - - - 

Tmsth - - - - - - - - 

Lmsth - - - - - - - - 

Me2t - - - - - - - - 

Te2t - - - - - - - - 

Le2t - - - - - - - - 
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aHmax 

LL 
R 

32.77 
LL 
L 

47.36 14.59 0.0007 40.07 36.42 

LL 
L 

47.36 
RL 
L 

32.51 14.85 0.0016 39.94 37.19 

aVmax 

LL 
R 

58.00 
LL 
L 

101.86 43.86 <.0001 79.93 54.87 

LL 
R 

58.00 
RL 
R 

78.06 20.06 0.0492 68.03 29.48 

LL 
L 

101.86 
RL 
R 

78.06 23.80 0.0206 89.96 26.46 

LL 
L 

101.86 
RL 
L 

60.29 41.57 0.0002 81.08 51.27 

aHmaxt 

LL 
R 

4.52 
LL 
L 

3.84 0.68 0.0002 4.18 16.20 

LL 
R 

4.52 
RL 
R 

3.74 0.78 <.0001 4.13 18.79 

LL 
L 

3.84 
RL 
L 

4.82 0.98 <.0001 4.33 22.53 

RL 
R 

3.74 
RL 
L 

4.82 1.07 <.0001 4.28 25.10 

aVmaxt - - - - - - - - 

disH 

LL 
R 

0.12 
RL 
R 

0.07 0.05 0.0003 0.10 54.64 

LL 
R 

0.12 
RL 
L 

0.16 0.04 0.0052 0.14 28.02 

LL 
L 

0.12 
RL 
R 

0.07 0.06 0.0001 0.10 57.33 

LL 
L 

0.12 
RL 
L 

0.16 0.04 0.0106 0.14 25.15 

RL 
R 

0.07 
RL 
L 

0.16 0.09 <.0001 0.11 79.61 

disT - - - - - - - - 

disV - - - - - - - - 

apostbo - - - - - - - - 

breakdur - - - - - - - - 

vVt0 - - - - - - - - 

vHt0 - - - - - - - - 

movV - - - - - - - - 

e2IN_OUT - - - - - - - - 

e1IN_OUT - - - - - - - - 

thIN_OUT - - - - - - - - 

INmse2 - - - - - - - - 

INmse1 - - - - - - - - 

Inmsth - - - - - - - - 

OUTmse2 - - - - - - - - 

OUTmse1 - - - - - - - - 

OUTmsth - - - - - - - - 

CURVE*FOOT 
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Variable A Estimate B Estimate 
Absolute 

Difference 
p-value Average % Difference 

Mmse2 - - - - - - - - 

Tmse2 - - - - - - - - 

Lmse2 - - - - - - - - 

Mmse1 

T 
R 

271.90 
St 
L 

43.32 228.58 0.0195 157.61 145.03 

T 
L 

265.43 
St 
L 

43.32 222.11 0.0228 154.37 143.88 

St 
R 

410.53 
St 
L 

43.32 367.21 0.0003 226.92 161.82 

Tmse1 

T 
R 

71.52 
T 
L 

313.12 241.60 <.0001 192.32 125.62 

T 
R 

71.52 
St 
R 

213.25 141.73 0.0480 142.39 99.54 

T 
L 

313.12 
St 
L 

173.40 139.72 0.0456 243.26 57.44 

Lmse1 - - - - - - - - 

Mmsth - - - - - - - - 

Tmsth - - - - - - - - 

Lmsth - - - - - - - - 

Me2t - - - - - - - - 

Te2t - - - - - - - - 

Le2t - - - - - - - - 

aHmax - - - - - - - - 

aVmax - - - - - - - - 

aHmaxt - - - - - - - - 

aVmaxt - - - - - - - - 

disH - - - - - - - - 

disT - - - - - - - - 

disV - - - - - - - - 

apostbo - - - - - - - - 

breakdur - - - - - - - - 

vVt0 - - - - - - - - 

vHt0 - - - - - - - - 

movV - - - - - - - - 

e2IN_OUT - - - - - - - - 

e1IN_OUT - - - - - - - - 

thIN_OUT - - - - - - - - 

INmse2 - - - - - - - - 

INmse1 - - - - - - - - 

Inmsth - - - - - - - - 

OUTmse2 - - - - - - - - 

OUTmse1 - - - - - - - - 

OUTmsth - - - - - - - - 

SPEED*FOOT 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-value Average % Difference 

Mmse2 - - - - - - - - 
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Tmse2 - - - - - - - - 

Lmse2 - - - - - - - - 

Mmse1 - - - - - - - - 

Tmse1 - - - - - - - - 

Lmse1 - - - - - - - - 

Mmsth - - - - - - - - 

Tmsth - - - - - - - - 

Lmsth - - - - - - - - 

Me2t - - - - - - - - 

Te2t - - - - - - - - 

Le2t - - - - - - - - 

aHmax - - - - - - - - 

aVmax - - - - - - - - 

aHmaxt 

F 
R 

4.42 
F 
L 

4.32 0.10 0.0016 4.37 2.33 

F 
R 

4.42 
Sl 
R 

3.85 0.57 0.0089 4.13 13.77 

F 
R 

4.42 
Sl 
L 

4.35 0.07 0.0308 4.38 1.61 

aVmaxt - - - - - - - - 

disH - - - - - - - - 

disT - - - - - - - - 

disV - - - - - - - - 

apostbo - - - - - - - - 

breakdur - - - - - - - - 

vVt0 - - - - - - - - 

vHt0 - - - - - - - - 

movV - - - - - - - - 

e2IN_OUT - - - - - - - - 

e1IN_OUT - - - - - - - - 

thIN_OUT - - - - - - - - 

INmse2 - - - - - - - - 

INmse1 - - - - - - - - 

Inmsth - - - - - - - - 

OUTmse2 - - - - - - - - 

OUTmse1 - - - - - - - - 

OUTmsth - - - - - - - - 
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Table 5.2 Summary of LSMs estimates, p-values, and % difference for all variables for which 

the sign for condition A and/or condition B changed when examining the means. A refers to 

condition A for the given effect, and B refers to condition B. 

SIGN CHANGE VARIABLES 

Variable Effect 
Condition 

A 
A Value 

Condition 
B 

B Value 
Absolute 

Difference 
p-

value 
Average % Difference 

e1IN_OUT Curve T 237.29 St -139.37 376.66 0.0747 48.96 769.32 

vVt0 Lead LL 0.12 RL -0.92 1.04 0.2252 -0.40 257.65 

e1IN_OUT Lead LL 225.69 RL -127.77 353.46 0.1057 48.96 721.94 

vVt0 Speed F -0.90 Sl 0.09 1.00 0.3203 -0.40 246.93 

e1IN_OUT Speed F -118.16 Sl 101.29 219.45 0.2491 -8.44 2601.66 

e2IN_OUT Foot R 1102.69 L -596.39 1699.08 <.0001 253.15 671.18 

e1IN_OUT Foot R -88.70 L 71.82 160.51 0.2787 -8.44 1901.96 

5.2.2 Variances 

Table 5.3 Summary of LSMs estimates, p-values, and % difference for all primary effects and 

significant interactions when examining variances. A refers to condition A for the given effect, and 

B refers to condition B. 

CURVE 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-

value 
Average 

% 
Difference 

aHmax T 3.90 St 4.27 0.36 0.2864 4.08 8.88 

aHmaxt T 6.98 St 7.21 0.23 0.6560 7.09 3.23 

apostbo T 4.60 St 4.61 0.01 0.9885 4.60 0.16 

aVmax T 5.60 St 6.13 0.53 0.1204 5.86 9.03 

aVmaxt T 5.30 St 5.42 0.12 0.7895 5.36 2.25 

breakdur T -11.48 St -11.09 0.40 0.3465 -11.29 3.52 

breakover T -11.48 St -11.09 0.40 0.3465 -11.29 3.52 

disH T -8.41 St -7.69 0.72 0.0929 -8.05 8.91 

disT T -9.71 St -9.07 0.63 0.2144 -9.39 6.75 

disV T -9.01 St -8.95 0.07 0.7969 -8.98 0.73 

e1IN-OUT T 10.40 St 11.44 1.04 0.0006 10.92 9.53 

e2IN-OUT T 10.47 St 11.47 1.00 0.0006 10.97 9.14 

Le2t T -10.88 St -9.90 0.97 0.0620 -10.39 9.37 

Lmse1 T 9.49 St 10.69 1.20 0.0001 10.09 11.90 

Lmse2 T 9.83 St 10.78 0.95 0.0041 10.31 9.24 

Lmsth T 2.18 St 3.89 1.71 0.0043 3.03 56.22 

Me2t T -10.84 St -10.04 0.80 0.2138 -10.44 7.67 
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Mmse1 T 9.08 St 9.69 0.61 0.0572 9.39 6.51 

Mmse2 T 9.11 St 9.29 0.18 0.6044 9.20 1.99 

Mmsth T 3.05 St 4.14 1.09 0.0400 3.60 30.32 

movV T 0.70 St 0.56 0.15 0.7246 0.63 23.31 

standur T -11.57 St -10.54 1.03 0.0228 -11.05 9.29 

striddur T -10.03 St -10.08 0.04 0.8753 -10.05 0.42 

Te2t T -10.92 St -9.75 1.17 0.0138 -10.33 11.33 

thIN-OUT T 3.74 St 5.06 1.32 0.0199 4.40 29.91 

Tmse1 T 8.39 St 8.70 0.31 0.1757 8.55 3.64 

Tmse2 T 8.81 St 9.36 0.54 0.1097 9.09 5.99 

Tmsth T 2.36 St 3.45 1.10 0.0553 2.90 37.72 

vVt0 T -1.40 St -1.05 0.35 0.4411 -1.22 28.46 

INmse2 T 9.73 St 10.27 0.54 0.1364 10.00 5.43 

INmse1 T 9.19 St 9.42 0.23 0.5921 9.31 2.48 

Inmsth T 2.62 St 3.59 0.97 0.0582 3.10 31.35 

OUTmse2 T 9.56 St 10.46 0.90 0.0057 10.01 8.97 

OUTmse1 T 9.33 St 10.96 1.63 <.0001 10.15 16.03 

OUTmsth T 2.37 St 4.20 1.83 0.0008 3.29 55.57 

LEAD 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-

value 
Average 

% 
Difference 

aHmax LL 4.19 RL 3.98 0.20 0.4861 4.08 4.97 

aHmaxt LL 7.09 RL 7.10 0.01 0.9858 7.09 0.11 

apostbo LL 4.52 RL 4.69 0.17 0.7024 4.60 3.67 

aVmax LL 5.96 RL 5.77 0.19 0.5043 5.86 3.23 

aVmaxt LL 5.10 RL 5.62 0.52 0.1835 5.36 9.67 

breakdur LL -11.45 RL -11.12 0.34 0.3459 -11.29 3.01 

breakover LL -11.45 RL -11.12 0.34 0.3459 -11.29 3.01 

disH LL -7.82 RL -8.27 0.45 0.2177 -8.05 5.61 

disT LL -9.50 RL -9.29 0.21 0.6259 -9.39 2.25 

disV LL -8.83 RL -9.13 0.31 0.1939 -8.98 3.40 

e1IN-OUT LL 10.93 RL 10.90 0.02 0.9249 10.92 0.22 

e2IN-OUT LL 11.16 RL 10.77 0.39 0.9249 10.97 3.59 

Le2t LL -9.99 RL -10.79 0.80 0.0695 -10.39 7.67 

Lmse1 LL 9.99 RL 10.19 0.21 0.4890 10.09 2.04 

Lmse2 LL 10.44 RL 10.17 0.27 0.3504 10.31 2.62 

Lmsth LL 3.26 RL 2.81 0.44 0.3771 3.03 14.65 

Me2t LL -10.29 RL -10.59 0.30 0.5855 -10.44 2.88 

Mmse1 LL 9.35 RL 9.43 0.08 0.7793 9.39 0.87 

Mmse2 LL 9.48 RL 8.92 0.57 0.0836 9.20 6.18 

Mmsth LL 3.31 RL 3.89 0.58 0.2159 3.60 16.02 

movV LL 0.56 RL 0.70 0.14 0.6995 0.63 21.68 

standur LL -11.22 RL -10.88 0.34 0.3805 -11.05 3.08 

striddur LL -10.06 RL -10.04 0.02 0.9393 -10.05 0.19 

Te2t LL -10.55 RL -10.11 0.44 0.2805 -10.33 4.26 

thIN-OUT LL 4.32 RL 4.48 0.15 0.7565 4.40 3.45 

Tmse1 LL 8.54 RL 8.56 0.02 0.9329 8.55 0.21 

Tmse2 LL 8.93 RL 9.24 0.31 0.3021 9.09 3.40 
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Tmsth LL 3.07 RL 2.74 0.33 0.5041 2.90 11.21 

vVt0 LL -1.31 RL -1.14 0.17 0.6691 -1.22 13.86 

INmse2 LL 10.16 RL 9.84 0.32 0.3341 10.00 3.17 

INmse1 LL 9.35 RL 9.27 0.08 0.8309 9.31 0.87 

Inmsth LL 3.12 RL 3.09 0.03 0.9431 3.10 1.04 

OUTmse2 LL 10.11 RL 9.91 0.20 0.4673 10.01 2.00 

OUTmse1 LL 10.13 RL 10.16 0.03 0.9190 10.15 0.33 

OUTmsth LL 3.29 RL 3.34 0.05 0.8281 3.31 1.59 

SPEED 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-

value 
Average 

% 
Difference 

aHmax F 4.05 S 4.13 0.09 0.8303 4.09 2.12 

aHmaxt F 7.30 Sl 6.89 0.41 0.4616 7.09 5.75 

apostbo F 4.72 Sl 4.49 0.23 0.6640 4.60 5.02 

aVmax F 5.91 Sl 5.82 0.08 0.8149 5.86 1.43 

aVmaxt F 5.50 Sl 5.22 0.28 0.5687 5.36 5.14 

breakdur F -11.44 Sl -11.13 0.32 0.4847 -11.29 2.80 

breakover F -11.44 Sl -11.13 0.32 0.4847 -11.29 2.80 

disH F -8.29 Sl -7.81 0.48 0.2817 -8.05 6.00 

disT F -9.66 Sl -9.13 0.53 0.3302 -9.39 5.67 

disV F -8.81 Sl -9.15 0.34 0.2108 -8.98 3.79 

e1IN-OUT F 10.59 Sl 11.24 0.65 0.0353 10.92 5.96 

e2IN-OUT F 11.08 Sl 10.86 0.22 0.0353 10.97 2.02 

Le2t F -10.78 Sl -10.00 0.79 0.1581 -10.39 7.57 

Lmse1 F 9.70 Sl 10.48 0.77 0.0174 10.09 7.67 

Lmse2 F 10.42 Sl 10.19 0.22 0.5123 10.31 2.16 

Lmsth F 2.30 Sl 3.77 1.48 0.0192 3.03 48.66 

Me2t F -10.72 Sl -10.16 0.56 0.4142 -10.44 5.35 

Mmse1 F 9.15 Sl 9.62 0.47 0.1609 9.39 5.01 

Mmse2 F 9.41 Sl 8.99 0.42 0.2590 9.20 4.58 

Mmsth F 3.34 Sl 3.86 0.52 0.3454 3.60 14.52 

movV F 0.85 Sl 0.41 0.45 0.3169 0.63 70.76 

standur F -11.60 Sl -10.50 1.10 0.0230 -11.05 9.92 

striddur F -10.26 Sl -9.85 0.40 0.1576 -10.05 4.02 

Te2t F -10.79 Sl -9.87 0.93 0.0644 -10.33 8.98 

thIN-OUT F 3.94 Sl 4.86 0.92 0.1183 4.40 20.94 

Tmse1 F 8.55 Sl 8.54 0.01 0.9670 8.55 0.12 

Tmse2 F 8.92 Sl 9.25 0.32 0.3695 9.09 3.56 

Tmsth F 2.39 Sl 3.42 1.03 0.0917 2.90 35.42 

vVt0 F -1.15 Sl -1.30 0.15 0.7566 -1.22 12.03 

INmse2 F 10.21 Sl 9.78 0.43 0.2629 10.00 4.30 

INmse1 F 9.13 Sl 9.48 0.35 0.4473 9.31 3.75 

Inmsth F 3.11 Sl 3.09 0.02 0.9739 3.10 0.59 

OUTmse2 F 10.16 Sl 9.86 0.30 0.3749 10.01 2.96 

OUTmse1 F 9.76 Sl 10.53 0.76 0.0576 10.15 7.52 

OUTmsth F 2.55 Sl 4.02 1.47 0.0089 3.29 44.73 

FOOT 
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Variable A Estimate B Estimate 
Absolute 

Difference 
p-

value 
Average 

% 
Difference 

aHmax R 4.18 L 3.99 0.19 0.5076 4.08 4.60 

aHmaxt R 7.23 L 6.95 0.28 0.5252 7.09 3.88 

apostbo R 4.55 L 4.66 0.11 0.7942 4.60 2.41 

aVmax R 5.64 L 6.09 0.46 0.1067 5.87 7.83 

aVmaxt R 5.53 L 5.19 0.34 0.3721 5.36 6.32 

breakdur R -11.35 L -11.22 0.12 0.7304 -11.29 1.07 

breakover R -11.35 L -11.22 0.12 0.7304 -11.29 1.07 

disH R -8.31 L -7.79 0.52 0.1383 -8.05 6.52 

disT R -9.36 L -9.42 0.06 0.8919 -9.39 0.61 

disV R -8.51 L -9.45 0.95 0.0001 -8.98 10.55 

e1IN-OUT R 10.75 L 11.08 0.33 0.1668 10.92 3.01 

e2IN-OUT R 11.06 L 10.87 0.19 0.1668 10.97 1.71 

Le2t R -10.54 L -10.24 0.31 0.4729 -10.39 2.96 

Lmse1 R 10.12 L 10.06 0.06 0.8074 10.09 0.58 

Lmse2 R 10.46 L 10.15 0.30 0.2480 10.31 2.95 

Lmsth R 2.79 L 3.28 0.50 0.2969 3.03 16.38 

Me2t R -10.19 L -10.69 0.51 0.3423 -10.44 4.85 

Mmse1 R 8.69 L 10.08 1.39 <.0001 9.39 14.84 

Mmse2 R 9.00 L 9.40 0.40 0.1695 9.20 4.34 

Mmsth R 3.56 L 3.64 0.08 0.8551 3.60 2.20 

movV R 1.11 L 0.16 0.95 0.0087 0.63 150.69 

standur R -11.28 L -10.83 0.45 0.2172 -11.05 4.08 

striddur R -10.11 L -9.99 0.12 0.5837 -10.05 1.19 

Te2t R -10.28 L -10.38 0.10 0.7869 -10.33 1.00 

thIN-OUT R 4.07 L 4.73 0.66 0.1516 4.40 15.10 

Tmse1 R 8.34 L 8.75 0.41 0.0346 8.55 4.77 

Tmse2 R 9.51 L 8.66 0.85 0.0032 9.09 9.38 

Tmsth R 3.04 L 2.77 0.27 0.5655 2.90 9.22 

vVt0 R -1.40 L -1.05 0.35 0.3652 -1.22 28.33 

INmse2 R 9.88 L 10.11 0.23 0.4592 10.00 2.26 

INmse1 R 8.65 L 9.96 1.32 0.0004 9.31 14.15 

Inmsth R 3.49 L 2.72 0.77 0.0712 3.10 24.95 

OUTmse2 R 10.47 L 9.55 0.93 0.0007 10.01 9.26 

OUTmse1 R 10.19 L 10.10 0.09 0.7717 10.15 0.88 

OUTmsth R 2.74 L 3.84 1.11 0.0122 3.29 33.63 

LEAD*FOOT 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-

value 
Average 

% 
Difference 

aHmax 

LL 
R 

3.71 
LL 
L 

4.67 0.96 0.0125 4.19 22.88 

LL 
R 

3.71 
RL 
R 

4.65 0.94 0.0243 4.18 22.57 

LL 
L 

4.67 
RL 
L 

3.32 1.35 0.0015 3.99 33.81 

RL 
R 

4.65 
RL 
L 

3.32 1.33 0.0028 3.98 33.50 
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aHmaxt 
LL 
R 

7.82 
LL 
L 

6.36 1.45 0.0129 7.09 20.52 

apostbo - - - - - - - - 

aVmax - - - - - - - - 

aVmaxt - - - - - - - - 

breakdur - - - - - - - - 

breakover - - - - - - - - 

disH 

LL 
R 

-7.58 
RL 
R 

-9.04 1.46 0.0060 -8.31 17.56 

RL 
R 

-9.04 
RL 
L 

-7.51 1.53 0.0050 -8.27 18.52 

disT - - - - - - - - 

disV - - - - - - - - 

e1IN-OUT - - - - - - - - 

e2IN-OUT - - - - - - - - 

Le2t - - - - - - - - 

Lmse1 - - - - - - - - 

Lmse2 - - - - - - - - 

Lmsth - - - - - - - - 

Me2t - - - - - - - - 

Mmse1 - - - - - - - - 

Mmse2 - - - - - - - - 

Mmsth 
LL 
L 

2.88 
RL 
L 

4.39 1.51 0.0214 3.64 41.46 

movV - - - - - - - - 

standur - - - - - - - - 

striddur - - - - - - - - 

Te2t - - - - - - - - 

thIN-OUT 
RL 
R 

3.60 
RL 
L 

5.35 1.74 0.0155 4.48 38.90 

Tmse1 - - - - - - - - 

Tmse2 - - - - - - - - 

Tmsth - - - - - - - - 

vVt0 - - - - - - - - 

INmse2 - - - - - - - - 

INmse1 - - - - - - - - 

Inmsth - - - - - - - - 

OUTmse2 - - - - - - - - 

OUTmse1 - - - - - - - - 

OUTmsth 

LL 
R 

3.36 
RL 
R 

2.11 1.25 0.4890 2.74 45.69 

LL 
L 

3.12 
RL 
L 

4.57 1.45 0.0251 3.84 37.70 

RL 
R 

2.11 
RL 
L 

4.57 2.45 0.0004 3.34 73.54 

CURVE*FOOT 

Variable A Estimate B Estimate 
Absolute 

Difference 
p-

value 
Average 

% 
Difference 

aHmax - - - - - - - - 
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aHmaxt - - - - - - - - 

apostbo - - - - - - - - 

aVmax - - - - - - - - 

aVmaxt - - - - - - - - 

breakdur - - - - - - - - 

breakover - - - - - - - - 

disH - - - - - - - - 

disT - - - - - - - - 

disV - - - - - - - - 

e1IN-OUT - - - - - - - - 

e2IN-OUT - - - - - - - - 

Le2t - - - - - - - - 

Lmse1 - - - - - - - - 

Lmse2 - - - - - - - - 

Lmsth - - - - - - - - 

Me2t - - - - - - - - 

Mmse1 

T 
R 

8.73 
T 
L 

9.43 0.70 0.0393 9.08 7.66 

T 
R 

8.73 
St 
L 

10.74 2.00 <.0001 9.74 20.59 

T 
L 

9.43 
St 
L 

10.74 1.31 0.0026 10.08 12.98 

St 
R 

8.65 
St 
L 

10.74 2.09 <.0001 9.69 21.57 

Mmse2 - - - - - - - - 

Mmsth - - - - - - - - 

movV - - - - - - - - 

standur - - - - - - - - 

striddur - - - - - - - - 

Te2t - - - - - - - - 

thIN-OUT - - - - - - - - 

Tmse1 - - - - - - - - 

Tmse2 - - - - - - - - 

Tmsth - - - - - - - - 

vVt0 - - - - - - - - 

INmse2 - - - - - - - - 

INmse1 - - - - - - - - 

Inmsth - - - - - - - - 

OUTmse2 - - - - - - - - 

OUTmse1 - - - - - - - - 

OUTmsth - - - - - - - - 

SPEED*LEAD 

Variable A Estimate B Estimate 
ABS 

Difference 
p-

value 
Average 

% 
Difference 

aHmax - - - - - - - - 

aHmaxt - - - - - - - - 

apostbo - - - - - - - - 

aVmax - - - - - - - - 
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aVmaxt - - - - - - - - 

breakdur - - - - - - - - 

breakover - - - - - - - - 

disH - - - - - - - - 

disT - - - - - - - - 

disV - - - - - - - - 

e1IN-OUT - - - - - - - - 

e2IN-OUT - - - - - - - - 

Le2t - - - - - - - - 

Lmse1 

F 
LL 

9.88 
S 

RL 
10.86 0.98 0.0302 10.37 9.44 

F 
RL 

9.53 
S 

RL 
10.86 1.32 0.0048 10.19 12.97 

Lmse2 - - - - - - - - 

Lmsth - - - - - - - - 

Me2t - - - - - - - - 

Mmse1 - - - - - - - - 

Mmse2 - - - - - - - - 

Mmsth - - - - - - - - 

movV - - - - - - - - 

standur - - - - - - - - 

striddur - - - - - - - - 

Te2t - - - - - - - - 

thIN-OUT - - - - - - - - 

Tmse1 - - - - - - - - 

Tmse2 - - - - - - - - 

Tmsth - - - - - - - - 

vVt0 - - - - - - - - 

INmse2 - - - - - - - - 

INmse1 - - - - - - - - 

Inmsth - - - - - - - - 

OUTmse2 - - - - - - - - 

OUTmse1 - - - - - - - - 

OUTmsth - - - - - - - - 

 


