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ABSTRACT 

Imbalances in the feet are considered to be the cause of, or a major contributing factor 
towards, three quarters of all lamenesses in the equine and are also thought to be a 
major predisposing factor in the pathogenesis of navicular disease. This study 
comprises a quantitative analysis of the biomechanical role of the equine foot. 

Following a review of the structure and function of the foot the force plate is 
introduced as a method for quantitative analysis of hoof/ground reaction forces and the 
MacReflex Motion Analysis system is introduced as a method for quantitative 
analysis of limb flight kinematics. The controversial nature of navicular disease is 
discussed. 

The ground reaction force patterns of a population of clinically normal Thoroughbred 
horses were evaluated and characteristic force/time patterns are discussed in terms of 
the biomechanics of equine locomotion. The force/time curves are divided into those 
elements relating to limb loading and those elements relating to limb unloading and 
each element characterised using principal component analysis, a standard multivariate 
statistical technique. 

Principal component analysis is demonstrated as being sensitive to abnormalities in 
disparate biomechanical events affecting the ground reaction forces during the stance 
phase of equine locomotion. Horses with tendon injury showed significant differences 
to normal horses in limb loading characteristics but no significant differences in limb 
unloading characteristics. 

The effects of four experimentally induced equine foot imbalances on the kinetics and 
kinematics are explored and significant differences are demonstrated representing 
imbalance specific changes in ground reaction forces. No significant differences were 
demonstrated in limb flight kinematics. These results are discussed in relation to the 

pathogenesis of equine lameness. 

Characteristic significant abnormalities in limb kinetics and kinematics are 
demonstrated in a population of horses suffering from chronic navicular disease and an 
abnormal limb loading pattern in these horses persisted during perineural anaesthesia 
suggestive of a gait abnormality predisposing horses to navicular disease. Remedial 
farriery in this group of horses is shown to alleviate pain but not the abnormal limb 
loading pattern. 

In conclusion, the results of this study are discussed in terms of welfare benefits to 
the equine population and the potential of the force plate as a diagnostic/prognostic 
tool is considered. 
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CHAPTER ONE 

INTRODUCTION 

1.1 THE ROLE OF THE THOROUGHBRED IN THE EQUINE 

POPULATION 

There are thought to be some 550,000 horses in the UK but this is considered to be an 

underestimate by many (Cross, 1992). In 1988 Peat Marwick McLintock were 

commissioned by the British Horse Society to undertake a study of the economic 

significance of the horse and pony industry in the UK. As part of that study an 

attempt was made to ascertain the total equine population of the UK. A number of 

studies had previously been carried out, and which were set out in the Peat Marwick 

McLintock report, ranging from a 1984 aerial survey by the Institute of Terrestrial 

Ecology to an estimate based upon the numbers of farriers and a National Equestrian 

Survey in 1986. All of these studies suggested a UK equine population of 

approximately 550,000. However, each method has its shortcomings according to the 

Peat Marwick McLintock survey in that the farriers' figure ignored unshod horses, the 

terrestrial survey excluded horses kept indoors and the National Equestrian Survey 

was aimed at private households and ignored horses at riding centres for example. 

The conclusion was that it was impossible to obtain accurate figures and that the 

figure of 550,000 should be treated as a conservative working estimate. 

From this UK population of horses it is difficult to assess what percentage are 

Thoroughbreds when there is no reliable data even as to the total population. 

However, on a "best guess" theory a reasonable starting point would be the number of 

live foals registered with Wetherbys -a total of 12,448 in 1992. A certain unknown 

proportion of these will be exported but balanced against that will be the fact that not 
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all Thoroughbred foals eligible to be registered will in fact be registered. If it is 

assumed that a Thoroughbred has an average life span of 15 years, then there could be 

as many as 185,000 Thoroughbreds in the UK (Waterhouse, P. Personal 

communication). A total lack of reliable data prevents a more accurate assessment. 

What is certain, however, is that the horse industry's output in financial terms is £400 

million per annum (Cross, 1992) and is the sixth largest industry in the United 

Kingdom. It is also estimated that one household in four in the UK has some 

involvement with horses. 

Thoroughbreds are most commonly associated with racing where the capital 

investment can amount to millions of pounds. The business risk in racing is high and 

the financial returns may be minimal (Cross, 1992). However, less than 10% of those 

registered at Wetherbys will ever come under starter's orders (Jeffcott et al, 1982). 

Indeed, in 1992 only 10,771 Thoroughbred horses were registered under rules. Of 

those that do not make it to the racetrack some are used as what is now generally 

termed "sports horses" e. g. eventers, showjumpers, hunters and team chasers. Some 

even find their way into riding schools or are used as riding club horses or hacks. 

Therefore the Thoroughbred has found a home in all equestrian disciplines, from 

racing to leisure, and without doubt they far outnumber the more fashionable 

European Warmblood, the British still preferring the perceived "boldness" of the 

Thoroughbred. It is still a fact, however, that many horses in the UK are not full or 

even part Thoroughbreds, but research can directly or indirectly have beneficial 

effects for the non-Thoroughbred. 
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1.2 THE EQUINE FOOT 

Approximately 70% of horses in training suffer one or more musculoskeletal injuries 

in any one season (Jeffcott et al, 1982) and similar lamenesses are common in leisure 

horses. In 1752 Jeremiah Bridges wrote an essay entitled "No foot no horse" and 

since that time the maxim "No foot no horse" has become equine lore. Indeed, the 

concept espoused by Bridges was by no means new. Twenty-three centuries ago the 

famous Greek general and Horsemaster Xenophon said 

"Just as a house would be good for nothing if it were very handsome above 

but lacked the proper foundations so too a horse, even if all his other points 

were fine, would yet be good for nothing if he had bad feet for he could not 

use a single one of his fine points" 

The equine foot has received little in the way of scientific research despite the fact 

that it has been assessed that anything between two thirds and three quarters of all 

equine lamenesses are caused or contributed to by imbalances in the feet (Colles, 

personal communication; Smythe, 1975). This is so because although hoof imbalance 

can be the direct cause of pain within the confines of the hoof through direct 

concussion, it is more often thought to be an indirect cause of pain in skeletal 

structures more proximal than the foot resulting from unequal force distribution 

through the bony column of the limb (Snow et al, 1988). Foot related lamenesses are 

therefore the cause of much suffering in the horse, financial penalty to the owner and 

criticism of the equine industry on welfare grounds. 

1.2.1 Anatomy of the foot 

The equine foot is a highly complex structure but Figure 1.1 shows a, simplified 

drawing of the equine foot. Figure 1.2 shows the view through the sagittal section. 
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Figure 1.1 A siniplijled drawing of the equine foot (adapted front Pollitt 1990a) 
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Locomotion involves a series of collisions of the foot with the ground and it is 

well established that the hoof wall changes form during weightbearing (Pollitt, 

1990). The four feet of a National Hunt racehorse carrying top weight of 12 

stone cover a total area of approximately 235 square centimetres. In the 

gallop gait each foot is able to withstand 10,000N (Pollitt, 1990) 

The equine foot consists of the hoof and all structures within it and the digit of 

the horse is the homologue of the middle finger of the human hand (Fig. 1.3). 

The distal phalanx is suspended from the inner hoof wall by epidermal 

laminae and is not supported by any of the structures distal to it (the digital 

cushion, frog, sole, or bars). 

1.2.2. Biomechanics of weightbearing 

During locomotion the concussive forces acting through the forelimb, must 

ultimately be resisted by the hoof, and in particular the hoof wall. The change 

in shape of the foot during weightbearing is believed to result from a 

compromise between complex force changes occurring internally within the 

epidermal hoof capsule and external compressive forces acting against the 

limb from the ground (Leach, 1990a). Many factors may alter the natural 

functioning of the hoof wall including the mechanical properties of the hoof 

wall, hoof capsule shape, shoeing, type of ground surface and alterations in 

limb loading at different gaits (Leach, 1990a). 

The structures of the foot are particularly adapted to absorb energy as the horn 

wall of the hoof undergoes visco-elastic deformation during the hoof impact 

(Colles, 1989). 
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It had long been assumed that pressure against the sole and the frog caused by 

the loading of the limb led to compression of the digital cushion which, in 

turn, forced the caudal aspect of the hoof wall to deform outwards but recently 

Dyhre-Poulson et al (1994) have shown that pressure in the digital cushion 

decreases during the stance phase. It is now considered that the load on the 

distal phalanx is transmitted to the hoof wall via the laminar attachments 

which redirect the forces acting upon them to dissipate the concussion 

resulting from the ground reaction forces. The distal movement of the middle 

phalanx then widens the hoof walls. 

This widening of the hoof is greatest at the heels but when the foot is on the 

ground and subjected to weightbearing the entire hoof wall nearest to the 

bearing surface expands but usually less than 2 mm (Pollift, 1990). It had 

been thought that pressure against the frog when contacting the ground was a 

pre-requisite for hoof expansion (Smythe, 1975) but this has since been 

proved incorrect (Colles, 1989). 

It is thought that attaching a metal shoe to the weightbearing surface of the 

foot inhibits the natural expansion of the heels, reduces the surface area of 

ground contact and transmits the concussion to the wall more directly (Leach, 

1990a). Dyhre-Poulson et al (1994), using accelerometers mounted on the 

proximal phalanx and pressure transducers inside the hoof, found that the 

unshod hoof dampened the concussive forces transmitted to the proximal 

phalanx whilst shoeing decreased the viscous dampening and increased the 

median power frequency and the maximal amplitude of the vibrations 

transmitted to the proximal phalanx. They also found that shoeing restricted 

the movements of the hoof wall. 
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1.3 FORCE PLATE ANALYSIS 

Historically, the only way of perceiving that a horse was suffering foot related injury 

or disease was upon manifestation of clinical lameness by which time significant and 

irreversible damage may have been done. Previous studies of hoof/ground reaction 

forces (Dow et al, 1991) have demonstrated that specific changes in limb ground 

reaction force precede the development of clinical lameness, thereby opening the way 

for early detection of injury and disease and consequent saving in pain and recovery 

time for the horse and financial outlay and loss for the owner. 

Evaluation of limb/ground reaction forces (GRF) is by way of force plate analysis, an 

investigative technique used with equines for approximately 20 years. Pratt and 

O'Connor (1976) predicted that force plates would evolve into an important 

diagnostic tool. They may be used to quantify duration, magnitude and direction of 

GRF as a function of time. The limb GRF can be divided into three orthogonal forces 

(Fig. 1.4) - vertical force (Fz), cranio-caudal horizontal (Fy) and medio-lateral 

horizontal (Fx) which can be plotted against time to give the visual representation in 

Fig. 1.5. 

To enable comparison of such data between horses the force measurement is usually 

normalised and displayed as Newtons per Kilogram of body mass. The time element 

is usually normalised as percentage of stance time (Dow it al 1991). 

As can be seen from Fig. 1.5, the force which exhibits the greater magnitude is Fz and 

maximum vertical force of hoof to ground in the forelegs is approximately 90%-105% 

of bodyweight in trot (Schryver et al, 1978; Ueda et al, 1981). Decreases in peak Fz 
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are proportional to the severity of an arthritic condition (Gingerich et al, 1979) and 

Silver et al (1983) used ground force reactions to monitor recovery from tendon 

injury. Their analysis was able to show very subtle differences in ground reaction 

forces of lame limbs which were not evident upon clinical observation. Merkens and 

Schamhardt (1988a and b) showed decreased peak vertical forces in lame limbs with 

resultant increases in contralateral and concurrently loaded limb peak vertical forces 

in horses with experimentally induced lameness. 

The magnitude of Fz, Fx and Fy increase as velocity increases (Munro et al, 1987). It 

was therefore considered important when comparing data both from individual horses 

and between horses that velocity was broadly similar. Dow et al (1991), however, 

showed that at a slow trot (a mean velocity of 2.9 m/sec -±0.17 m/sec) variations in 

speed, both inter and intra horse, were minimal and that speeds of injured horses were 

not significantly different from the sound horses showing that any changes in Fz were 

not simply the result of slower speeds. The effects of speed upon GRF patlems is 

considered further in Chapter 3. Further, it may be unwise to impose a particular 

speed upon each horse, as each individual will move at a speed most appropriate to its 

size and conformation. To restrict a horse to an unnatural speed may in itself produce 

abnormalities in stride patterns. 

The trot is considered the most suitable gait for analysis as it is a symmetrical gait 

commonly used for clinical assessment of lameness, and that only two limbs are 

weightbearing at any time. Other researchers (Merkens et al, 1985) initially 

considered that the number of attempts necessary for collecting sufficient force plate 

data at the trot was high and for this reason confined their first studies to the walk. 

They did, however, concede that any lameness would be more readily detectable at 

the trot. 
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Fig. 1.4. Three orthogonal components of force. 
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Figure 1.5. Typical ground reaction force patterns from a3 year old 
Thoroughbred Fx represents the medio-lateral horizontal force; Fy represents the 
cranio-caudal horizontal force and Fz represents the vertical force. 
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Further development of the force plate system has made it possible to determine the 

point of force application on the plate and quantify any twisting applied to the plate. 

The centre of pressure represents the point on the plate surface where the resultant 

force vector would act if it were considered to have a single point of force application. 

In combination with a system for determining foot position on the plate surface this 

makes it possible to study where transfer of force from the hoof wall and frog to the 

ground occurs. Centre of pressure analysis has been performed with force plates on 

living horses during locomotion (Shield et al, 1993) and in vitro loaded forelimbs of 

quarter horses. (Colahan et al, 1991) 

Leach (1990b) stated that the ideal equine gait analysis system should: 

i be capable of providing reliable, accurate, reproducible data 

ii be sensitive enough to identify subtle gait changes due to lameness 

iii be capable of refined analysis of high speed locomotion (since lamenesses 

may be selectively exhibited at fast gaits) 

iv be usable without excessive time for equipment set up and calibration or 

instrument attachment to the horse 

v have a user friendly statistical package and acceptably large data base for 

comparative purposes 

vi produce results rapidly so that the clinician can evaluate techniques such as 

nerve blocks 

vii generate sufficient data that diagnostic decisions can be made 

viii have reasonable purchase and operating costs 

ix not alter the movement patterns of the patient 

x have data storage procedures with capabilities for restricting access 
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As a diagnostic and research tool, the force plate has become invaluable, fulfilling 8 

of the above 10 criteria (only failing to meet items iii and viii) and steps are being 

made towards the use of the force plate as a routine clinical tool. 

The major difficulty in analysing GRF data for a lame horse must be the fact that no 

previous data for those individual horses will usually be available detailing their 

sound GRF patterns against which abnormal patterns can be compared. In such 

circumstances a definition of the range of normal GRF patterns for individual breeds 

must be specified to enable comparisons to be made. 

Research to show the reproducibility of gait characteristics was called for as long ago 

as 1983 by Leach and Crawford. There is evidence to show that comparison of force 

plate data is only possible between horses of the same breed (Merkens et al, 1985) 

and normal hoof GRF have only been established in Dutch Warmbloods at the walk 

and trot (Merkens et al, 1985 and 1993) and Standardbreds at the trot (Seeherman et 

al, 1987) and ponies at trot (Barr et al, 1995). Hoof ground reaction patterns have 

been studied in Thoroughbreds at the walk, trot and canter (Pratt and O'Connor, 1976; 

Gingerich et al, 1979; Ueda et al 1981) but not with the aim of identifying the range 

of values which can be considered representative of the Thoroughbred breed. Dow et 

al (1991) established a range of values for trot in a population of 3 and 4 year old 

Thoroughbreds in National Hunt training. 

The development of a range of values of Fz, Fy and point of force movement for 

normal individuals within the Thoroughbred breed will enable, by comparison 

thereto, the early detection of musculoskeletal injury or disease thereby reducing the 

high incidence of musculoskeletal (particularly foot related) lamenesses and as 
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Thoroughbreds have an inbreeding coefficient of 12.5% (Cunningham, 1991) it is 

likely that a narrow range of normal values can be established. 

1.4 KINEMATIC ANALYSIS 

The kinematic analysis of equine locomotion began in 1887 when the American 

photographer Muybridge demonstrated that photography could serve as a tool for 

capturing the accurate information needed to characterise the kinematics of the equine 

limb. 

Modem kinematic investigations invariably utilise visual recording systems coupled 

with the referencing of anatomical landmarks. Most kinematic stride variables and 

joint angles can be obtained from a two-dimensional analysis utilising one camera 

placed at right angles to the horse. Deviations from the direction of movement or out 

of plane movement of the limbs cannot, however, be detected (Schamhardt et al, 

1993). To overcome this problem researchers firstly used an additional 2D camera 

placed either behind or in front of the subject resulting in a2x 2D set up. Systems 

have, however, been described for obtaining x, y and z co-ordinates of moving body 

parts. Fredericson et al (1983) used special camera stands along the transverse (x), 

longitudinal (y) and vertical (z) axes of a treadmill to record the three planes of equine 

locomotion. 

Three dimensional analysis is more desirable to obtain meaningful data but it is a far 

more complex task. Three dimensional measurement of movement is reduced to the 

detection of the trajectories of several points that identify the position of the body 

segments in space (Allard et al 1995). Active (those which emit some form of 

energy) or passive (light reflecting ) markers are attached to palpable and repeatable 
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musculo-skeletal landmarks. Those markers are then tracked by a marker detector 

device and their spatial locations determined by a computer. 

Woltring et al (1980) used active markers for two and three dimensional analysis. 

The fundamental problem of active markers in gait analysis is, however, that they 

require wires to be attached to each marker making measurement cumbersome and 

possibly inhibiting freedom of movement. 

Many studies in kinematic investigation of equine locomotion carried out at Utrecht 

University have involved a modified CODA -3 (Cartesian Opto-electronic Dynamic 

Anthropometer) system (Back et al, 1993; Back, 1994; van Weeran et al, 1993). This 

system utilises active photodiode markers glued to skeletal landmarks to detect the 

three light beams emitted by the scanner (Fig 1.6). The x, y and z co-ordinates of the 

markers are calculated from the time elapsed between a start-scan pulse and the 

detection of the light by the markers. At a measuring distance of 7.7 m the accuracy 

of the co-ordinates was determined to be 0.25 mm in the plane parallel to the scanner 

and 1.8 mm perpendicular to that plane. 

Passive retroflective markers are now commonly used in kinematic gait analysis 

(Schamhardt et al, 1993). 

The kinematic data collected for studies in this thesis were obtained by the MacReflex 

Motion Analysis system (MacReflex 2.5, Qualysis, Sweden) which locates the 

position in space of passive reflective markers attached to skeletal landmarks on the 

horse. The system uses either one camera for 2D data collection, or two cameras for 

3D data collection, in conjunction with video processors. The 2D system samples at 

the rate of 50Hz and the 3D system samples at the rate of 60 Hz. (Fig. 1.7) 
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SCANNER UNIT 

Figure 1.6 CODA-3 Movement system, an automated three-dimensional system of 
analysis. Light emitted from three scanner units is reflected by photodiode markers 
attached to skeletal landmarks on the horse. Reflected light is detected by the 
scanners. (Adapted from Clayton 1989). 

The electronic shutter on the camera exposes a frame for 0.8 milliseconds ensuring 

reduction of the effect of ambient light and capture of fast moving objects. Further the 

camera contains an optical filter which cuts off the visible part of the light spectrum 

thus suppressing ambient light. An infrared flash within the camera housing 

illuminates the scene in the field of view in synchronism with the electronic shutter 
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and the reflective markers reflect most of the light back into the cameras. As other 

objects within the field of view reflect light in different directions, this ensures that 

the reflective markers will stand out compared to other objects. 

The video processor detects the markers in space and calculates the centroid of each 

marker by scanning the picture from top to bottom, left to right to locate the 

brightness of the marker against the background blackness. By detection of the 

location of the change from black to white and white to black, subsequent centroid 

locations can be calculated. 

The system is portable and can be used in conjunction with a high speed treadmill for 

analysis of several limb cycles or it can be used to assess overground locomotion. 

Markers Camera(s) Video processor Computer 

0 

S 

0q-I 

Figure 1.7. General arrangement of the MacReflex motion analysis system. 
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When the movement of markers are recorded, sorted and saved onto floppy disk, the 

collected data need to be evaluated and this is done on files exported from the 

MacReflex software in SYLK format. The WINGZ software package was developed 

by the system manufacturers for calculating motion analysis quantities. These motion 

analysis quantities are: 

Position 
Position-time (displacement) 

Velocity 
Acceleration 

Angle 
Angular velocity 

Angular acceleration 

WINGZ calculates these quantities without any filtering or smoothing of the exported 

data from MacReflex. WINGZ gives powerful numeric calculation capabilities and 

versatile formatting allowing sophisticated charts to be produced. 

Figures 1.8 - 1.13 demonstrate the type of chart available from the WINGZ analysis 

package. Figures 1.8,1.9 and 1.10 show the position calculations of the reflective 

markers attached to skin of a left equine distal limb at the carpus, 

metacarpophalangeal joint and foot. Figure 1.8 is the track of those markers viewed 

in the y and z planes (looking from the side), Figure 1.9 is the track of those markers 

in the x and y planes (looking down through the limb) and Figure 1.10 is the track of 

those markers in the x and z planes (looking from behind). In all the WINGZ graphs, 

the planes referred to in the body of this thesis correspond with the planes on the 

force plate and not to those planes ascribed to the MacReflex system by the 

manufacturers. 

Figure 1.11 - 1.13 show how two markers placed on identical points on each forelimb 

can be tracked to show any asymmetry of action. Figure 1.11 shows the track of 
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markers placed on the left and right foot in they and z planes. Figure 1.12 shows the 

track of those markers in the x and y planes and Figure 1.13 shows the track of those 

markers in the x and z planes. 

Length of movement or the amount of difference between contralateral limbs can be 

measured off the x or y axis giving highly accurate data. Accuracy tests conducted 

for this study (Appendix One) demonstrated that the system is accurate to 2.5 mm. 
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Fig 1.8. WINGZ graph of the y(noted x on the axis) and z movement of reflective 
markers placed on the skin of the equine distal limb at the carpus, 
metacarpophalangeal joint and foot recorded by the MacReflex motion analysis 
system during trotting on a treadmill at 3m/s. The black line represents the carpus 
marker, the blue line represents the metacarpophalangeal joint marker and the red 
line represents the foot marker. 
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Fig. 1.9. WINGZ graph of the movement of reflective markers viewed in the x and 
y plane placed on the skin of the equine distal limb at the carpus, 
metacarpophalangeal joint and foot recorded by the MacReflex motion analysis 
system during trotting on a treadmill at 3m/s. The black line represents the carpus 
marker, the blue line represents the metacarpophalangeal joint marker and the red 
line represents the foot marker. 
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Fig. 1.10. WINGZ graph of the movement of reflective markers viewed in the x(y 
on the graph axis) and z planes placed on the skin of the equine distal limb at the 

carpus, metacarpophalangeal joint and foot recorded by the MacReflex motion 
analysis system during trotting on a treadmill at 3m/s. The black line represents the 
carpus marker, the blue line represents the metacarpophalangeal joint marker and 
the red line represents the foot marker. 
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Fig 1.11. WINGZ graph of the movement of reflective markers viewed in they (x 
on the graph axis) and z planes placed on the left and right feet of the horse 
recorded by the MacReflex motion analysis system during trotting on a treadmill at 
3m/s. The black line represents the left foot and the blue line represents the right 
foot. 
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Fig. 1.12. WINGZ graph of the movement of reflective markers viewed in the x and 

y plane placed on the left and right feet of the horse recorded by the MacReflex 

motion analysis system during trotting on a treadmill at 3m/s. The black line 

represents the left foot and the blue line represents the right foot. 
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Fig. 1.13. WINGZ graph of the movement of reflective markers viewed in the x (y 

on the graph axis) and z plane placed on the left and right feet of the horse 

recorded by the MacReflex motion analysis system during trotting on a treadmill at 
3m/s. The black line represents the left foot and the blue line represents the right 
foot. 
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1.5 NAVICULAR DISEASE 

"THIS FOUL RHEUMATIC BREED" - William Shakespeare 

1.5.1 HISTORY 

Navicular disease is a degenerative foot disorder involving the navicular bone, 

navicular bursa and the deep digital flexor tendon (DDFT) and was first described by 

the unknown author of "Grand Marechal, Expert et Francais" published in 1701 who 

recommended neurectomy for its relief (quoted by Hickman 1989). It was later 

recorded by Jeremiah Bridges (1752) who was the first to propound the maxim "No 

foot no horse". It has been known by many names, for example "flying lameness", 

"Nut-bone disease", "navicular arthritis", "navicular syndrome", "enterteritis 

obliterans equi" and "podotrochleosis" and the pathogenesis has been attributed to 

everything from nailing shoes on too violently to poor nutrition and conformation. So 

diverse are opinions regarding the aetiology, pathogenesis, symptoms, diagnosis, 

treatment and nomenclature, navicular disease has been termed the last hope of the 

diagnostically destitute (MacGregor 1989). 

1.5.2 ANATOMY 

The distal sesamoid (navicular) bone is a small, boat shaped structure located palmar 

to the distal interphalangeal joint (Figs 1.1 and 1.2) and varies considerably in shape. 

Such variations are, however, normal and always bilateral (Hickman, 1989). Figure 

1.14 shows a transverse section of the equine foot whilst Fig 1.15 shows the sagittal 

section of the equine foot. In both photographs the navicular bone can be clearly 

seen. 
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The long axis of the navicular bone is oriented horizontally with the articular surface 

facing cranially and dorsally. 
_ 

The surface is enclosed by hyaline cartilage and 

exhibits a central sagittal eminence flanked by concave areas which are sites of 

articulation with the head of the middle phalanx (Leach, 1990c). The Palmar surface 

is directed distally and palmarly and is covered by fibrocartilage. Each of the 

confluent articular surfaces have a subchondral bone plate with an intervening 

medullary cavity consisting of trabeculae with a regular dorsoproximal-palmarodistal 

arrangement (Wright and Douglas, 1993). 

A number of small nutrient foramina are located in the central area of the proximal 

border and articulation of the distal border with the distal phalanx is enabled by a 

narrow facet surrounded by hyaline cartilage. Further nutrient foramina of disparate 

size are located within a groove palmar to this articular surface. The distal 

sesamoidean impar ligament attaches to a prominence palmar to these distal nutrient 

foramina. 

Three ligaments attach to the navicular bone. The symmetrical pair of ligaments 

attaching to the proximal border are known as the medial and lateral suspensory 

navicular ligaments which are also known, more correctly, as the collateral 

sesamoidean ligaments or ligamenta sesamoidea collateralia (Leach, 1990c; Wright 

and Douglas, 1993). They originate proximal to each side of the dorsodistal aspect of 

the proximal phalanx and insert primarily on the lateral and medial extremities and 

the proximal border of the navicular bone (Parker, 1973). A branch of these 

ligaments also attaches to the axial surface of each hoof cartilage (Leach, 1990c). 

The third ligament is the distal navicular ligament (distal sesamoidean impar ligament 

or ligamentum sesamoideum distale impar) which passes from the distal border of the 

navicular bone to the flexor surface of the distal phalanx (Wright and Douglas, 1993). 
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Fig 1.15 Photograph of the equine foot cut in a sagittal section 
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1.5.3. FUNCTIONAL ANATOMY 

As with all matters pertaining to the navicular bone, there is controversy with respect 

to its function. 

The first theory is that its function is as a true sesamoid bone to improve the 

mechanical advantage of the DDFT by providing a constant angle of insertion for the 

DDFT (Wright and Douglas, 1993; Leach, 1990c Bartel et al, 1978; Rooney 1980 

and 1969). The second theory is that the navicular bone acts as an anti concussive 

device (Colles, 1982; Goody 1975). 

Wright and Douglas (1993) suggest that as the trabeculae of cancellous bone are 

aligned along the principle direction of stress (Wolffs Law) then the major forces 

experienced by the navicular bone are compressive from the DDFT and use this 

argument to support the first theory. The substantial forces acting through the deep 

digital flexor tendon compress the navicular bone dorsally against the second and 

third phalanx with a peak force of 0.77 x body weight at the trot (Schryver et al, 

1978). 

1.5.4 VASCULAR ANATOMY 

The arterial supply of the navicular bone originates entirely from two large calibre 

anastomoses between the lateral and medial digital arteries. Proximally there is an 

anastomosing network of arteries lying in the suspensory ligament which is fed by 

two or three arteries arising from the palmar artery of the second phalanx (Colles and 

Hickman, 1977). The large artery on the proximal area of the navicular bone is 

located within the connective tissue stroma proximal to the collateral sesamoidean 

iii yY,: 
i`'. ". 

i: ä. i: £ i' 



30 

ligament (Leach, 1990c). Branches run distally and dorsally to enter the proximal 

border of the navicular bone. The distal vascular supply is derived from an artery 

lying in the distal sesamoidean impar ligament close to the distal border of the 

navicular bone. 

The distal arteries supply about three quarters of the substance of the bone (Colles and 

Hickman, 1977). These distal arteries (eight or nine) run dorsally towards nutrient 

foramina located dorsal to the attachment of the distal ligament and enter the distal 

border of the navicular bone. 

It is to these distal arteries that the most significant and important changes_ occur as 

the horse ages. In the juvenile horse (<3 years) this anastomosing network has not 

penetrated the navicular bone but when the horse starts to be ridden they form into 

cones of anastomosing vessels and it is these which are responsible for the formation 

of the distal border foramina. From these cone shaped foramina, arterioles radiate out 

to augment the distal supply. The size of these nutrient foramina would appear to 

depend upon the type of work undertaken by the horse as opposed to any other factor 

such as age or breed (Colles, 1982). 

A third supply exists to the lateral and medial extremities of the navicular bone. 

Thus arteries enter the navicular bone from four different directions - distal, proximal, 

lateral and medial and the navicular_ bone can be divided into areas which receive 

arteries from 1,2 or 3 directions. 

It has been reported that the hindlimb navicular bone receives a greater arterial supply 

than does the forelimb navicular bone (James et al, 1981) 
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1.5.5 EPIDEMIOLOGY OF NAVICULAR DISEASE 

A survey in 1962 showed that navicular disease was diagnosed as the cause of about 

one third of all cases of chronic forelimb lameness in the horse (Colles, 1982). As 

stated previously, however, navicular disease is the last refuge of the diagnostically 

destitute and it is considered that at that time, navicular disease was grossly over 

diagnosed (Colles, personal communication). It is still, however, one of the most 

common diagnoses made in chronic foreleg lameness in the horse (MacGregor, 1989). 

It affects all breeds and work types but the UK Thoroughbred cross is said to have a 

greater predisposition as do those horses carrying out irregular work such as hunters 

or children's ponies. Horses between the ages of 6 and 12 are most commonly 

affected. 

The disease is specific to equidae (MacGregor, 1989). It is most often seen in the 

front feet but has also been recorded in the hind feet (Valdez et al, 1978; MacGregor, 

1984). 

1.5.6 AETIOLOGY AND PATHOGENESIS OF NAVICULAR DISEASE 

What causes navicular disease is the subject of much interest and much conflicting 

opinion (Oxspring, 1935; Wintzer, 1964; Adams, 1974; Colles & Hickman, 1977; 

Colles, 1982; Rijkenhuizen et al, 1989; Rooney, 1993) but there are basically two 

theories: vascular and mechanical. 

The vascular theory was first commented upon by Whalley (1885) and amongst those 

supporting this theory today are Colles (1979,1982) and Fricker et al (1982). Colles 

and Hickman (1977) demonstrated that navicular disease was accompanied by 
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occlusive vascular changes and proposed that it was caused by arteriosclerosis and 

thrombosis of the main supply arteries. These lesions result in a partial ischaemia of 

areas of the navicular bone. 

Figure 1.16 shows a navicular bone displaying a large osteolytic lacuna characteristic 

of chronic navicular disease. 

This "vascular compromise" theory, however, is not without its critics. Studies that 

reproduce some of the pathological signs characteristic of late navicular disease by 

occlusion of the navicular arteries have failed to reproduce the clinical signs of the 

disease (Rijkenhuizen et al, 1989). As a result the presence and significance of the 

reported arterial pathology has been questioned (Wright and Douglas, 1993). Further, 

Ostblom et al (1982) used flurochrome labelling to demonstrate that, contrary to the 

diminished bone turnover that would result from such ischaemic events, there is 

actually a very high rate of bone turnover, particularly bone resorption, in navicular 

disease. Further evidence is provided by measurements of navicular bloodflow using 

technetium phosphate bone labelling which shows an increase in the early stages of 

navicular disease prior to the appearance of radiographic changes. The reversible 

nature of these changes was demonstrated by Ostblom et al (1984) who showed that 

appropriate remedial shoeing would return the ratio of bone resorption/formation to 

that of their control group. 

Many more workers believe that mechanical factors play a major role in the aetiology 

of navicular disease (Wright and Douglas, 1993). One of the main critics of the 

"vascular compromise" theory is Rooney (1969) who considers that navicular disease 

is a result of what he describes as "second order concussion" - vibratory forces 

between the navicular bone and the DDFT leading to a flexor surface athrosis. 
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Fig, 1.16 Photograph of a navicular bone showing a large osteolytic lacuna 
characteristic of navicular disease. 
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Rooney (1993) states that simple biomechanical analysis allows for the formation of a 

full theoretical structure for the pathogenesis of navicular disease. The basic error, he 

states, of predisposing locomotor patterns is toe first impact of the hoof with the 

ground. This results in an out of phase rotation of the distal interphalangeal joint 

causing abnormal force/time impulses which damage the surface of the navicular 

bone by friction. This theory has been supported by Thompson et al (1991). 

Other authors have suggested that navicular disease results from an insufficient 

remodelling process as a result of mechanical stress (O'Brien et al, 1975; Numans and 

van der Watering, 1973) or as a result of conformation abnormalities within the limb 

(Ostblom et al, 1982). 

The arthrosis theory of Rooney (1969) is supported by Meier (1993) who found serum 

phosphorus concentrations in horses with navicular disease to be greatly reduced 

whilst calcium levels were elevated. 

Some authors propose that the pathological changes seen in navicular disease are 

secondary to mechanical damage or increased functional activity of the subchondral 

bone plate of the flexor surface in response to impact loading or altered mechanical 

stress (MacGregor, 1989; Turner et al, 1986). 

The role of hoof imbalance in the pathogenesis of navicular disease is well accepted 

(Turner, 1993). The upright boxy feet that many considered to be a predisposing 

factor in the pathogenesis of navicular disease have now been shown to be an effect of 

the disease rather than a cause as it is suggested that the decreased weightbearing on 

painful feet causes the heels to contract (Hickman 1964). 
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The proposers of both the mechanical and vascular theories with regard to the 

aetiology of navicular disease have used foot imbalance as support for their theory. 

Colles et al (1979) state that a foot which has been allowed to become low heeled and 

long toed (with a broken back hoof/pastern axis - see Fig. 1.17) suffers considerable 

slowing of the rate of blood flow which may be a result of passive venous congestion. 

Clayton et al (1988) showed that a broken back hoof/pastern axis resulted in a 

prolongation of breakover time and increased toe first contact. Parker (1973) 

demonstrated greater tensile forces within the DDFT in horses with long toes and low 

heels and Barrey (1990) showed that the total vertical force experienced by the palmar 

hoof structures was increased in horses with acute dorsal hoof angles. All of these 

authors have suggested that the increased compression of the navicular bone by the 

DDFT theorised to occur in horses with a broken back hoof/pastern axis is a 

predisposing factor in the pathogenesis of the disease. 

1.5.7 DIAGNOSIS OF NAVICULAR DISEASE 

Navicular disease is insidious in its onset, progressive and pathologically well 

established before symptoms become noticeable (Hickman 1989). It has been 

described as an accelerated ageing process (Thompson et al 1991). 

The diagnosis of navicular disease is difficult (partly because it is generally a bilateral 

disease) and is based upon certain clinical signs such as a "pottery" gait involving the 

placement of the foot toe first to the ground, often accompanied by stumbling, the 

"pointing" of an affected forelimb (whereby one forefoot is placed slightly in 

advance of the other when the horse is stationary to relieve the weightbearing of the 

affected foot) and/or marked intermittent or persistent lameness. 
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As a result of the compressive forces of the DDFT upon the navicular bone described 

by Schryver et al (1978) as reaching a maximum at 65-70% of the stance phase, even 

if this compressive force causes pain it is difficult for the horse to compensate by 

modifying its stride, and therefore gait changes may not easily be observable and the 

usually significant toe first placement is not always a reliable diagnostic characteristic 

(Leach, 1990c). 

Clinical tests for navicular disease include pressure from hoof testers across the heels 

of the foot, flexion testing of the metacarpophalangeal and proximal interphalangeal 

joints, extension testing of the distal interphalangeal joint and nerve blocking of the 

posterior digital nerves (Winzter, 1964; Adams, 1974; Rose et al, 1978; Colles, 

1982) none of which are specific for navicular disease. Even then the diagnosis must 

be confirmed by radiography of the navicular bone but as bone has to lose 40% of its 

mineral content before it can be detected radiologically, the absence of typical 

radiographic features should not be regarded as conclusive and diagnosis may not be 

possible until the disease is well progressed (Hickman, 1989). There is a large grey 

area between normality and patent abnormality. Colles (1982) states that 

radiographic changes are always present in navicular disease but some horses with 

clinical signs of navicular disease have radiographically 'normal' navicular bones, 

others have severe radiographic changes but may not appear lame unless critically 

examined (Wyn-Jones, 1988). In the former case a diagnosis of "navicular 

syndrome" is likely to be made, thereby fuelling the theory that "navicular", as it is 

generally referred to by the layperson, is over-diagnosed. The radiographic changes 

stated by Colles (1982) to be always present in cases of true navicular disease occur 

within the nutrient foramina where major increases in size, number and shape reflect a 
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(a) 

(b) 

Fig. 1.17 (a) A correct hoof/pastern axis (b) a broken back hoof/pastern axis 
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greatly increased periosteal blood supply to the bone. This he states is the usual 

response to arteriosclerosis and thrombosis in the distal arteries to the bone. 

Other researchers have used methods other than radiography in an attempt to identify 

navicular disease in its early stages. Scintigraphic studies reveal that changes in bone 

remodelling (signified by increased blood flow) are associated with early navicular 

disease, before a positive diagnosis may be made using conventional radiological 

techniques (Trout et al, 1991). This work demonstrates that navicular bone 

scintigraphy can be a valuable aid to early diagnosis of navicular disease. The 

importance of early diagnosis is reinforced by Ostblom et al (1982) who maintain that 

the early radiographic signs of navicular disease are reversible if treated appropriately 

prior to the development of large osteolytic lacunae. 

1.5.8 TREATMENT OF NAVICULAR DISEASE 

There are three main categories of treatment of navicular disease: 

(i) Reduction or abolition of pain 

Pain relief involves the injection of the navicular bursa with a cortico-steriod (Adams, 

1987), or administration of Non Steroidal Anti-Inflammatory Drugs (NSAIDS) which 

may give temporary relief but must be used on a permanent basis. They do not effect 

a cure and are merely a symptomatic treatment. The disease will usually worsen 

despite their use (Wyn-Jones, 1988). In fact, the disease will probably worsen 

because of their use - the pain preventing the use of the affected digit being masked. 
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Neurectomy of the medial and lateral palmar digital nerves is probably one of the 

earliest forms of treatment for navicular disease. This creates desensitisation of the 

caudal aspect of the foot, providing relief from pain. There are, however, potential 

complications arising from surgery (e. g. painful neuromas and incomplete 

desensitivity) and it is now considered the treatment of last resort particularly as it 

will render detection of other foot problems almost impossible. 

Navicular suspensory desmotomy is a comparatively recent surgical technique 

described by Wright (1986) and involves the severing of the medial and lateral 

navicular suspensory ligaments thereby, it is suggested, decreasing the mechanical 

stresses on the navicular bone and lessening pain. Short term results are good but 

medium to long term results have been disappointing (Rose, 1990) 

(ii) Drugs which affect the blood supply to the navicular bone 

Warfarin and isoxuprine hydrochloride are reported to be efficacious agents for the 

treatment of navicular disease (Colles, 1982; Rose et al, 1983). 

Warfarin (a dicoumarin derivative) is an anticoagulant generally used in conjunction 

with corrective shoeing. Although an antidote is available in Vitamin KI, fatal 

haemorrhage has resulted from treatment with warfarin and the management of the 

affected horse must be carefully controlled for 10 days prior to and throughout 

treatment. Colles (1982) declared that in his study 85% of the treated horses 

remained "sound" after 6 months and 77% remained "sound" after 12 months. 
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Isoxuprine hydrochloride is a vasodilator which does not have the inherent dangers of 

warfarin. In the short term results were promising with 69% "sound" after 6 months. 

Long term results have, however, proved disappointing (Wright and Douglas, 1993). 

(iii) Hoof trimming and corrective shoeing 

As the majority of horses with navicular disease have front feet which are out of 

balance and have an uneven weight distribution in that the hoof/pastern axis is broken 

back, (Ostblom et al, 1982) it is necessary to consider whether poor hoof 

conformation and/or trimming contributes to the genesis of navicular disease or 

results from it. 

A broken back hoof/pastern axis, upright pasterns and contracted heels have all been 

implicated in the development of navicular disease. Researchers allude to the 

importance of corrective foot care and shoeing in the therapeutic management of 

navicular disease (Colles, 1982; Rose et al, 1983). The most commonly described 

corrective shoeing techniques used for navicular disease have been variations of a 

rolled toe, raised heels, full bars or pads. (Tumer, 1986; Ostblom et al, 1984; Clayton 

et al, 1990). All involve an attempt to restore a normal hoof pastern axis and/or ease 

breakover. 

Ostblom et al (1984) reported that 53% of horses diagnosed as having navicular 

disease became permanently sound when their feet were dressed with egg bar shoes 

with rolled toes. It is unclear, however, whether the treated horses in that study were 

suffering from navicular disease or navicular syndrome as the diagnosis makes no 

reference to radiography. 
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Rolled toes and raised heels, it is suggested, enable breakover to occur earlier and 

thereby decrease compression of the navicular bone by the deep digital flexor tendon 

in the latter part of the stride (breakover is defined as the period of rotation of the 

heels around the toe in the terminal part of the stance phase - Clayton et al, 1990). 

The navicular ligaments are loaded as the hoof breaks over at the end of the stance 

phase. Leach (1990b) suggests that these ligaments are also under excessive strain or 

load when the hoof pastern axis is broken back and any excessive strain in this region 

may restrict blood flow to the hoof thus agreeing with Colles (1982). For these 

reasons shoes that were said to aid breakover, and thus reduce pressure on, the 

navicular bone, were commonly fitted to horses with navicular disease. Clayton et al 

(1990) considered the effects of three types of shoe thought to aid breakover and 

concluded that none of those shoes - rocker toe, rolled toe or square toe - made any 

significant difference to breakover times of forelimbs. However, their research used 

sound horses and high speed cinematography which results in a highly subjective 

assessment of photographic data. They concluded that their findings did not preclude 

the possibility that if breakover time has been prolonged by anatomical or 

pathological reasons, therapeutic shoeing may reduce breakover time to within the 

normal range. 

It is suggested that early intervention can permanently reverse the condition of an 

animal who is not yet chronically lame with navicular disease (Ostblom et al, 1983) 

whereas secondary changes such as adhesions to the DDFT or spur formations are 

irreversible (Ostblom et al, 1982). In these circumstances new techniques are 

required for the early detection of navicular disease. 

Previous attempts at pharmacological treatment of navicular disease have been based 

on using drugs to improve the blood supply to the navicular bone. These have 

achieved limited success and if avascular or hypoxic effects are involved in the 
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pathogenesis of navicular disease, administration once fibrotic areas have developed 

within the bone will prove ineffectual. It would seem appropriate to prevent the 

development of these bony changes by appropriate manipulation of the remodelling 

response. Ostblom et al (1984) has demonstrated that such effects may be created by 

appropriate shoeing but this requires a timecourse of months throughout which further 

bony changes will be occurring. 

1.6 AIMS AND OBJECTIVES 

The objective of this investigation, therefore, is three fold. 

A. To define a normal range of ground reaction force patterns for Thoroughbreds. 

B. To test the hypothesis that four experimentally induced foot imbalances 

(cranial, caudal, medial and lateral) will produce individually characteristic changes 

to the ground reaction force patterns and limb flight patterns of a group of 

Thoroughbred horses. 

C. To test the following hypotheses : 

a) That horses suffering from navicular disease display characteristic ground 

reaction force patterns and limb flight patterns. 

b) A sub-population of horses exist who demonstrate a particular kinesiological 

locomotor pattern which predisposes them to navicular disease 

c) Palmar digital nerve blockade of horses with navicular disease will return 

them to clinical soundness whilst retaining the characteristic kinesiological locomotor 
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pattern of prenavicular horses (these gait patterns are long seated and should not be 

affected by the blockage of distal limb proprioception) 

d) That remedial farriery can return the kinesiological locomotor patterns in 

horses suffering from navicular disease towards normality and that these alterations 

may be monitored and evaluated using the computerised motion analysis system 

(MacReflex), force plate and mathematical analysis techniques. 
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CHAPTER TWO 

IDENTIFYING THE BREAKOVER PATTERN OF GROUND REACTION 

FORCES 

2.1 INTRODUCTION 

Breakover is defined as the period of rotation of the heel around the toe in the 

terminal part of the stance phase (Clayton et al, 1990). As part of this investigation 

involves the effect of shoeing upon breakover, it was necessary to identify repeatable 

patterns in GRFs which marked this portion of the stance phase of the stride. 

The GRF patterns obtained by Dow et al (1991) suggest that the point described by 

them as T6 was likely to represent the point at which the heel left the ground. This 

theory is supported by Hjerten et al (1987) who achieved a similar pattern using a 

force measuring shoe. By comparison with high speed cinematography a similar 

pattern to those shown by Dow et al (1991) was produced by these researchers and 

was shown to be heel off. A study was therefore made of the Fy curve to test the 

hypothesis that the point known as T6 is the point at which the heel leaves the ground 

initiating breakover. 

2.2 METHODS AND MATERIALS 

I. Horses 

Two horses were used: 

Horse A Type Thoroughbred 

Age 3 years 

Height 155 cms 

Weight 427 kgs 

Sex Female 
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Horse B Type Thoroughbred 

Age 3 years 

Height 154 cms 

Weight 423 kgs 

Sex Female 

Both horses were unbacked and used to trotting over the force plate. 

II Data collection 

Force Plate 

A 900 x 600 mm force plate (Kistler 9287) (Fig . 2.1) was set in a 6mm thick 

rubber matting runway as described by Dow et al (1991) (Fig. 2.2). The plate 

surface was covered with a similar piece of matting. Output from the piezo- 

electric force transducers situated at each corner of the plate was amplified by 

eight channel charge amplifiers (Kistler 9865A), converted into digital format 

using a 12 bit AD card (Analogue Devices RT8500) and stored onto a 

microcomputer (Opus PCIII). Data logging, was triggered by a force of 50N 

appearing on one of the vertical force (Fz) channels. On triggering, data from 

the eight channels were logged at a frequency of 500 samples per second for a 

period of two seconds. Data were immediately processed using in-house 

software and algorithms provided by Kistler to calculate the three orthogonal 

ground reaction forces (GRFs) applied to the plate surface. 
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Gait Analysis system 

MacReflex 2D Gait Analysis system (MacReflex 2.3 Qualysis AB, Sweden). 

The system camera was set at a height of approximately 6 inches above 

ground level and at a point 1m adjacent to the centre of the force plate 

installation (Fig 2.3). Data logging was triggered manually as the horse 

approached the force plate. On triggering, data were logged at a frequency of 

50 samples per second for a period of two seconds. Collected data were stored 

onto a micro-computer (Apple-Macintosh Classic) and down loaded onto 

floppy disk for later analysis 

Reflective markers (Scotchlite 3M 8850) of 3 cm diameter were attached to 

each horse at the following skeletal landmarks : 

1) The lateral styloid process of the left radius 

2) The collateral ligament of the lateral aspect of the left 

metacarpophalangeal joint. 

3) Hoof wall at the heel of the left foot 

4) Lateral toe quarter of the left foot 

Further, reflective markers were placed on blocks of wood (approx. 4x4 cm) 

at the front and rear of the force plate. 

Each horse was trotted in hand over the force plate (Fig. 2.4) at a speed 

dictated by the horse until 12 records had been obtained jointly with the force 

plate and MacReflex camera for the left forelimb. Data were considered 

satisfactory when the stance phase of the left hoof was recorded both by the 

force plate and the MacReflex camera, the entire hoof landing on the force 
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plate, at a steady trot. All data collection took place on the same day without 

any movement of the MacReflex camera. 

III Data analysis 

a. Force plate 

Figure 2.5 shows a typical GRF-time plot for the cranio-caudal (Fy) reaction 

for an equine forelimb during trotting; T6 is marked thereon. 

All force plate records were analysed. Two records from horse A and one 

record from horse B were rejected on the grounds of poor or insufficient data 

recording. Time points were extracted for the actual stance time and the time 

at which T6 occurred (both in milliseconds) for each record. 

b. MacReflex 

Data collected was converted to digital format by in-house software, and 

loaded into the MacReflex motion analysis software WINGZ. Analysis of 

data was by way of production of WINGZ graphs for the angle between the 

marker on the front of the force plate, the heel and the marker on the rear of 

the force plate. (Fig. 2.6) 

The time point at which the heel left the ground was calculated in seconds 

from the time at which the foot landed. One record for Horse A and two 

records for horse B were discarded for poor or insufficient data recording. 
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Fig. 2.1 Kistler force plate being inserted into specially constructed housing 
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Fig. 2.2. Rubber matting runway with force plate in situ 
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Fig. 2.3 Kistler force plate in situ covered with rubber matting. MacReflex camera 
is positioned to capture distal limb movement 
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Fig. 2.4. Horse being trotted over the force plate 
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Figure 2.5 Atypical cranio-caudal horizontal (Fy) force/time curve from a3 year 
old Thoroughbred horse. T6 is marked by the red arrow. 
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Fig 2.6 MacReflex graph of angle between heel and force plate. Heel off is 
marked by the blue arrow. 
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2.3 RESULTS 

Results of the comparison between force plate stance, T6 and MacReflex heel off 

times are as shown in Table 2.1 

STRIDE NO F/P STANCE F/P T6 MACREFLEX 

TIME TIME HEEL OFF 

TIME 

1 0.272 0.240 0.240 

2 0.260 0.220 0.220 

3 0.252 0.218 0.220 

4 0.260 0.224 0.220 

5 0.252 0.216 0.220 

6 0.242 0.208 0.220 

7 0.242 0.204 0.200 

9 0.310 0.270 0.280 

I 0.300 0.250 0.240 

, NORSE B 
1 0.286 0.248 0.260 

2 0.292 0.256 0.260 

3 0.296 0.260 0.260 

4 0.314 0.272 0.260 

7 0.284 0.250 0.240 

9 0.248 0.217 0.220 

10 0.262 0.230 0.240 

11 0.252 0.220 0.220 

12 0.238 0.206 0.220 

Table 2.1 A comparison of force plate stance, TO and MacReflex heel off times. 
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The force plate software and the MacReflex software sample at differing times and 

intervals - every 2 milliseconds for the force plate and every 20 milliseconds for the 

MacReflex. Further, it is impossible to ascertain when the two devices are sampling 

in relation to each other which creates difficulties in comparing data. Therefore data 

analysis was undertaken on the basis that each "heel-off' time as measured by the 

MacReflex camera is a time band running from 10 milliseconds before to 10 

milliseconds after and should the force plate "76" time fall within that band there 

would be strong evidence of similarity between the two. 

Consideration of the results obtained from horse A show that 8 out of 9 of the T6 

times fall within the MacReflex band, stride 6 being the only one to fall outside. 

Horse B has 7 out of 9 strides falling within the band, only strides 4 and 12 falling 

outside. 

Of those strides that did not fall within the correct band, none are further away than 

one band, two falling in the band above (stride 6 for horse A and stride 4 for horse B) 

and one falling in the band below (stride 12 for horse B) and are therefore relatively 

evenly spread so there is no suggestion that one of the times (MacReflex "heel-off' of 

force plate T6) is consistently higher or lower than the other. 

2.4 DISCUSSION 

The obvious limitations of this study are the low sampling, frequency of the 

MacReflex motion analysis system as compared to that of the force plate together 

with the fact that there is no way of telling 
. 
when the two pieces of equipment are 

sampling in relation to each other. Therefore the results of this study must be 

regarded with some circumspection and can only be regarded as implicative of a 

possible conclusion. 



56 

Dow et al (1991) showed that T6 occurs at approximately 86% of stance time and is 

identifiable as a characteristic dip in the accelerative portion of the Fy curve. Clayton 

(1988) proposed that breakover occupied approximately 25% of the stance phase 

therefore indicating that heel off occurred at 75% of stance time. Schryver et al 

(1978) prepared mean curves of hoof angles to show that in their study heel off 

occurred at 80% of stance time. Neither study gave any indication of the breed of 

horse used in data collection. Hjerten et al (1987) showed that heel off occurred in 

the one Swedish Warmblood used in their study at approximately 89% of stance time. 

Because of the relatively low sampling frequency of the MacReflex software used in 

this study, it is impossible to state categorically_ that MacReflex heel-off and T6 are 

exactly the same but there is strong evidence of similarity between the two. It is to be 

noted that that the average time recorded by the MacReflex for "heel-off' was 86.6% 

of stance time (± 1.3) and the average time for the force plate "T6" was 87.1% of 

stance time (± 3.2). This shows a strong, similarity between the times for T6 recorded 

by Dow et al (1991), the only researchers known to have conducted force plate 

analysis on Thoroughbred horses. 

Since this study was completed, however, Merkens and Schamhardt (1994) have 

shown using a force plate and accelerometers that T6 is indeed the point at where the 

heel leaves the ground, thus confirming this study. 

2.6 CONCLUSION 

The characteristic pattern identified by Dow et al (1991) and described by them as T6 

is the point in the stance phase where the heel leaves the ground. Therefore the period 

of the stride between T6 and the end of the stance phase is the breakover of the foot. 

In the absence of information as to the breeds of horses included in the Schryver and 
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Clayton studies it is impossible to give any reasons as to why there is such a 

discrepancy in breakover times. Hjerten et al (1987) do state that the weight of the 

force shoe used in their study could change the locomotion characteristics of their 

horse. It is possible that the three other studies (Schryver et al, 1978; Clayton, 1988; 

and Dow et al, 1991) were carried out upon horses of differing breeds as it is 

suggested that differing breeds of horses display incompatible gait patterns (Merkens 

et al, 1985). 
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CHAPTER 3 

THE EFFECT OF VELOCITY ON BREAKOVER 

3.1 INTRODUCTION 

The effect of speed upon GRF was studied by Munro et al (1987) who concluded 

that vertical forces increase with speed, therefore making inter horse comparison 

difficult. Dow et al (1991) considered that the variation in speed of similar 

horses trotted in hand over a force plate was minimal -a mean velocity of 2.9 

m/sec (± 0.17 m/sec). Merkens et al (1993) achieved a velocity range of 3.9 

m/sec to 4.3 m/sec (mean and SD not given). Dow et al (1991) concluded that 

variations in speed of horses trotted in hand were small and that speeds of injured 

horses were not significantly different from those of sound horses. 

As the occurrence of breakover is likely to represent an important parameter in 

subsequent studies, particularly with regard to corrective shoeing, an experiment 

was devised to test the hypothesis that velocity had no effect on the temporal 

occurrence of T6 as a percentage of stance time. 

3.2 MATERIALS AND METHODS 

I. Horses 

The same two horses described in paragraph 2.2.1 were used. Both horses 

had previously been habituated to treadmill exercise. 

11 High Speed Treadmill 

Sato I. Sweden. 
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III MacReflex Gait Analysis system 

The same system (MacReflex 2.3. Qualisys AB, Sweden) as set out in 

paragraph 2.2.11. The camera was placed in a position directly to the side 

of the treadmill. in. line- with. the.. distal left forelimb of-the-horse in a 

position where the full stance phase of the foot could be recorded. All 

recordings took place on the same day without movement of the camera. 

Reflective markers were fitted to each horse as described in paragraph 

2.2. II. 

IV. Recording protocol 

Each horse was walked on the treadmill for a period of five minutes to 

warm up. Each horse was then trotted at speeds of 2.9 m/sec, 3.1 m/sec, 

3.3 m/sec and 4 m/sec during which time recordings of 10 seconds 

duration for each speed were taken with the MacReflex motion analysis 

system. A period of three minutes was allowed at the trot before first data 

collection was undertaken to allow the horses to habituate to the gait 

(Richmond et al, 1994) thereafter a minimum period of 30 seconds was 

allowed at each speed for each horse to become accustomed to the speed 

prior to the commencement of recording. 

V. Data analysis 

Data analysis was with the MacReflex proprietary analysis software 

WINGZ. 

Fig 3.1 shows a typical plot of the angle between the metacarpophalangeal 

joint, the heel and the toe of horse B for 6 strides at a speed of 4.0 m/sec. 
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Both heel off and toe off are marked thereon. Plots were prepared for 6 

strides for each speed for each horse and times extracted for foot landing, 

heel off (T6), toe off, stance time, breakover time. Breakover time was 

then calculated as a percentage of stance time. 

Visual analysis of computer reconstruction of those strides was also 

undertaken by two persons (independently of each other) and times noted 

for foot landing, heel off (T6), toe off, stance time, breakover time and 

breakover time as a percentage of stance time. Inter observer data were 

compared for any deviations. 

3.3 RESULTS 

The visual analysis provided the results in Table 3.1 for Horse A and in Table 3.2 

for horse B. 

There was no variation in inter observer analysis, both observers noting the same 

times for all phases. 

Analysis of these data by single factor ANOVA showed that there was no 

significant difference (p>0.05) between the percentage breakover times between 

speeds for either horse. 

A comparison of stride length and stride frequency between the two horses at all 

speeds was undertaken (Table 3.3) and represented graphically in Fig. 3.2 for 

stride length and Fig. 3.3 for stride frequency. It can be seen that for both horses 

as the speed increased so, generally, did both stride length and stride frequency. 
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Figure 3.1 MacReflex WINGZ graph of the angle between the toe, heel, and 
metacarpophalangeal joint of a horse trotting on a high speed treadmill at 4.0 

m/s. Heel off is marked with the blue arrow and toe off is marked with the 

green arrow. 
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Figure 3.4 demonstrates graphically the effects of the different speeds upon the 

stance times of both horses. Although the stance times of both horses decrease 

with increasing speed, Horse A (generally preferring a greater stride length) had 

longer stance times than Horse B (generally_ preferring a greater stride frequency). 

3.4 DISCUSSION 

Velocity is a function of stride length and stride frequency and it has been 

suggested that there is a particular velocity for each gait at which the expenditure 

of energy reaches a minimum value and which a horse will choose preferentially 

(Hoyt and Taylor, 1981; Hornicke et al, 1983). It is likely that these 

energetically optimum velocities result from the selection of a preferred stride 

length and stride frequency (Leach, 1987). It would therefore appear to be the 

case that individual horses will feel comfortable at differing speeds within the 

same gait. The possibility exists that compelling the horse to trot at a speed at 

which he is not comfortable will produce deleterious effects upon GRF patterns. 

Therefore, if it can be shown that speed has no effect other than upon vertical 

forces, it is wise to allow the horse to trot over the force plate at his own 

comfortable speed rather than ensuring that he trots at a given speed. Vertical 

forces are, it has been suggested, affected by, speed and if GRF "norms" are to be 

established logic would dictate that horses should be trotted at broadly similar 

speeds to establish a range of normal vertical forces. Previous studies have relied 

upon intra horse asymmetry of forces between left and right limbs as indicative of 

injury (Goodship et al, 1983) and Barr et al (1995) showed high levels of GRF 

symmetry in a group of 48 ponies. 
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2.9 M/S U. 4(, U. 76 0.82 0.36 0.06 16.67 
1.22 1.48 1.54 0.32 0.06 18.75 
1.94 2.24 2.30 0.36 0.06 16.67 
2.68 2.96 3.02 0.34 0.06 17.65 
3.40 3.70 3.76 0.36 0.06 16.67 
4.14 4.44 4.50 0.36 0.06 16.67 

MEAN 17.18 
St Dev 0.79 
3.1 m/s 0.08 0.34 0.40 0.32 0.06 18.75 

0.82 1.08 1.16 0.34 0.08 23.53 
1.54 1.82 1.88 0.34 0.06 17.65 
2.26 2.54 2.62 0.36 0.08 22.22 
5.20 5.48 5.54 0.34 0.06 17.65 
7.40 7.68 7.74 0.34 0.06 17.65 

MEAN 19.57 
St Dev 2.40 
3.3 m/s 0.72 0.98 1.02 0.30 0.04 13.33 

1.44 1.70 1.76 0.32 0.06 18.75 
2.14 2.42 2.48 0.34 0.06 17.65 
2.68 3.14 3.20 0.32 0.06 18.75 
3.58 3.84 3.90 0.32 0.06 18.75 
4.30 4.56 4.62 0.32 0.06 18.75 

MEAN 17.66 
St. Dev 1.98 
4.0 m/s 5.76 6.00 6.06 0.30 0.06 20.00 

6.42 6.69 6.74 0.32 0.06 18.75 
7.08 7.36 7.42 0.34 0.06 17.65 
7.76 8.04 8.10 0.34 0.06 17.65 
8.46 8.70 8.76 0.30 0.06 20.00 
9.14 9.40 9.46 0.32 0.06 18.75 

MEAN 18.80 
St. Dev 0.96 

Table 3.1. First observer visual analysis of computer reconstruction for the 
distal limb kinematics for Horse A. 
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2.9 m/s 3.94 4 . 24 4.28 0.34 0.04 17.65 
4.62 4.94 5.00 0.38 0.06 15.79 
5.38 5.66 5.72 0.34 0.06 17.65 
6.06 6.36 6.42 0.36 0.06 16.67 
6.78 7.08 7.14 0.36 0.06 16.67 
7.48 7.78 7.84 0.36 0.06 16.67 

MEAN 16.85 
St Dev 0.64 
3.1 m/s 5.92 6.24 6.28 0.36 0.04 11.11 

6.64 6.94 7.00 0.36 0.06 16.67 
7.34 7.64 7.70 0.36 0.06 16.67 
8.04 8.34 8.40 0.36 0.06 16.67 
8.74 9.04 9.10 0.36 0.06 16.67 
9.44 9.74 9.80 0.36 0.06 16.67 

MEAN 15.74 
St Dev 2.07 
3.3 m/s 0.04 0.70 0.76 0.36 0.06 16.67 

1.10 1.38 1.44 0.34 0.06 17.75 
1.80 2.06 2.12 0.32 0.06 18.75 
2.50 2.76 2.82 0.32 0.06 18.75 
3.18 3.44 3.50 0.32 0.06 18.75 
3.86 4.12 4.18 0.32 0.06 18.75 

MEAN 18.22 
St. Dev 0.80 
4.0 m/s 6.26 6.52 6.58 0.32 0.06 18.75 

6.90 7.16 7.22 0.32 0.06 18.75 
7.58 7.82 7.88 0.30 0.06 20.00 
8.24 8.50 8.54 0.30 0.04 13.33 
8.90 9.16 9.20 0.30 0.04 13.33 
9.54 9.80 9.84 0.30 0.04 13.33 

MEAN 16.25 
St. Dev 2.95 

Table 3.2 First observer visual analysis of computer reconstruction for the 

distal limb kinematics for Horse B. 
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Table 3.3. A comparison of inter horse stride length and stride frequency at all 

treadmill speeds. 
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As one of the major objectives of this study is to consider the effects of navicular 

disease and remedial shoeing upon GRF patterns, it is important to establish that 

differences in speed have no effect upon breakover. This is particularly so when 

considering the wide divergence of speed achieved between horses studied by 

Dow et al (1991) and those studied by Merken et al (1993). The reason for this 

difference in speed can only be the subject of conjecture. It is noted that the 

range of weights for the Dutch horses was 541-714 (mean 623.8) Kgs and whilst 

there was no given weight for the English thoroughbreds in race training, they are 

most probably substantially lighter; indeed the mean weight of 7 English 

thoroughbreds in race training, included in the major study of this paper was 473 

Kgs (± 37). This is no doubt as a result of the conformational differences 

between the two breeds in that Warmbloods tend to be heavier and squatter and 

the fact that riding horses are not nutritionally managed for low body mass. 

It has been suggested that the stride length of quadrupeds should be proportional 

to body mass (Heglund et al, 1974) and although this concludes that heavier 

animals have longer strides the extrapolation of this conclusion to horses must be 

treated with some scepticism as it is based on a survey of animals of divergent 

body size. Barr et al (1995) did, however, find a strong positive correlation 

between body mass and stance time and concluded that increased body mass led 

to reduced stance time and, therefore, increased stride frequency. 

Neither Dow et al (1991) or Merkens et al (1993) gave any indication as to the 

height of the horses included in the study but it is generally believed that wither 

height has little relationship to stride length (Leach and Cymbaluk, 1986). Stride 

frequency, however, is thought to be directly related to the dimensions of the 

body such as leg length (McMahon, 1975). 
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It is therefore possible that the difference in speed between the English 

Thoroughbreds and the Dutch Warmbloods is, in part, a product of differing size 

and weight. 

It is tension in the deep digital flexor tendon producing flexion of the distal 

interphalangeal joint which initiates the lifting of the equine heel and the forces 

operating on the navicular bone are at their greatest just prior to heel off 

(Schryver et al, 1978). For this reason remedial shoeing for navicular diseased 

horses aims to aid and advance breakover thus reducing the pain presumed to 

emanate from this pressure of the DDFT on the navicular bone. 

Consideration of Tables 3.1 and 3.2 indicates no statistically significant 

differences between the proportion of the stance time related to breakover at 

differing speeds when analysed with single factor ANOVA. The relatively high 

standard deviation at some speeds is an effect of the low sampling frequency of 

the MacReflex system. The inter sample intervals are 20 milliseconds and at the 

higher speeds the MacReflex system will only sample 15 times during a complete 

stance duration. This makes highly accurate assessment of breakover times 

difficult. 

3.5 CONCLUSION 

Heel off and therefore breakover time, as a percentage of stance time, is 

unaffected by speed. It is considered that allowing the horse to move at its own 

comfortable speed across the force plate will give a more accurate range of 

normal values rather than imposing a set speed. 
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CHAPTER 4 

DEFINING A NORMAL RANGE OF GROUND REACTION FORCE 

PATTERNS FOR SOUND THOROUGHBRED HORSES. 

4.1 INTRODUCTION 

To be able to identify abnormal, it is necessary first to define normal. As it is unlikely 

that normal GRF patterns will be available for individual horses, a range of values for 

individual breeds needs. to be, ascertained. 

Leach and Dagg (1983 a and b) were concerned at the lack of a systematic, objective 

research effort in the field of equine locomotion, and a notable gulf exists in the lack 

of detailed analysis of normal equine locomotion which is of fundamental importance 

to the understanding of lameness and the investigation of locomotor disturbances. 

Without a complete understanding of normal locomotion, suitable analytical methods 

to aid lameness prophylaxis cannot be devised. The biosystems of the equine athlete, 

particularly the locomotor system, are subjected to high levels of stress and 
locomotion disorders in the horse are a major veterinary and welfare problem 

resulting in immeasurable economic loss to horse owners (Fredricson et al, 1980). 

A knowledge of normal equine locomotion is not only desirable for the prevention of 

lameness but would be invaluable in the search for the potential high performer. Still 

today most selection is based on subjective, qualitative criteria (Leach and Crawford, 

1983) and the main criterion for the selection of young stock is a superior gait (Back, 

1994). 

Results of force plate studies in humans has led to an increasingly detailed 

understanding of the biomechanics of normal locomotion (Alexander 1984) against 

which evaluation has taken place of the effectiveness of orthopaedic procedures 
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(Simon et al 1983) and running shoes (Bates et al 1983). A similar understanding of 

the biomechanics of equine locomotion is required. 

The objective of this study is to define a range of normal ground reaction force 

patterns for Thoroughbreds with no observable locomotor abnormality. 

4.2 METHODS AND MATERIALS 

I. Kistler force plate 

Kistler force plate, software and locus in quo as described in paragraph 2.2.11. 

II Horses 

Seventeen clinically sound Thoroughbred horses of differing. ages, weights 

and work history were selected (Table 4.1) from the University experimental 

stock, a riding school and a top class racing stable. 

An assessment of soundness and static and dynamic conformation was made 
by the same two persons throughout (one a veterinary surgeon and the other 

experienced in the biomechanical assessment of equine locomotion). 

Each horse was prepared for force plating_in that: 

i Shoes were removed at least 24 hours prior to force plating and, where 

possible, feet were trimmed to as near good foot balance as could be achieved 

in one session. Particular attention was paid to attaining a dorso-palmar and 

medio-lateral balance using the guidelines set out in Balch et al (1993). 

ii Horses were weighed and their height to the highest point between the 

spinous processes of the 3rd - 8th thoracic vertebrae measured. 



72 

iii Photographs were taken of the whole horse from a lateral view and of 
the lower leg, scaled against a card drawn with 10cm squares (Figs 4.1 and 

4.2). 

iv Brief clinical and work histories were taken 

v Templates were taken of the shape of each front foot and hoof angles 

were measured. 

III Force Plate Procedure 

Each horse was trotted over the force plate by a familiar handler at a speed 

dictated by the horse. A total of 10 records were collected for each forelimb. 

Data were considered satisfactory when the stance phase of a single fore foot 

was recorded. Rejection criteria were as follows: 

a) The horse was not moving_ in a straight line and therefore the footfall was 

not straight on the force plate. 

b) The position of the foot on the force plate was not completely on the 

force plate or within 2cm of the edge of the force plate. 

c) Data recording was unsatisfactory for any other reason. (e. g. software 

malfunction) 

IV Data Analysis 

Figure 4.3 shows a typical GRF plot for the equine forelimb during trotting. 

Vertical reaction (Fz) is taken as positive in the upwards direction and cranio- 

caudal reaction (Fy) is taken as positive when acting to accelerate the centre of 
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gravity in the direction of motion. The lateral (Fx) force was not used in this 

analysis. 

Further development of the force plate system has made it possible to measure 

the centre of force application upon the force plate. This represents the point 

on the plate surface where the resultant force vector would act if it were 

considered to have a single point application. Figure 4.3 also shows the 

cranio-caudal centre of force (ay). 

To compare force-time plots in a meaningful fashion it is necessary to select a 

number of repeatable points that can be measured to establish normal 

population ranges (Dow et al 1991). In addition to the characteristic points 

selected by Dow et al (Ti - T6 and their corresponding forces F1 - F6) on the 

Fz curve, further repeatable points on the Fy and ay curves were selected for 

analysis in this study. To enable inter horse comparison each stride record 

was normalised to show forces as Newtons per kilo of body mass and times as 

percentages of stance times. 

The Fy curve shows a repeatable peak in the accelerative portion. As this 

peak occurs immediately prior to breakover (T6) it has been assigned the term 

"pre-breakover time" (PBtime). That portion of the stance time between 

PBtime and T6 has been assigned the term "pre-breakover" (PB). Both are 

measured as a percentage of stance time. 

As discussed in Chapter 2, T6 is that point in the stance phase of the stride 

where the heel leaves the ground. Therefore T6 to the end of the stance phase 
is breakover (B) again measured in percentage of stance time. 
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1 F 3 154 444 Experimental 

2 F 3 160 485 Experimental 

3 F 3 154 495 Experimental 

4 F 3 154 512 Experimental 

5 M O* 3 168 500 Flat racer 

6 F 3 160 426 Experimental 

7 F 17 168 599 Broodmare 

8 F 3 160 470 Experimental 

9 M ((i)* 7 170 610 Eventer 

10 F 5 160 540 Dressage 

11 F 6 163 535 Eventer 

12 M(G) 4 173 520 NH racer 

13 M(G) 8 170 442 NH racer 

14 M(G) 5 170 442 NH racer 

15 M(G) 9 168 518 NH racer 

16 M(G) 8 168 470 NH racer 

17 M(G) 9 154 470 NH racer 

Table 4.1. Nurses used in this sludti'. *(E) = entire male horse- (G) _ gelded male 
horse 



Figure 4.1 Lateral view of horse 
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Figure 4.3 A typical GRF plot for Fy Fz and ay for the equine forelimb during 

trotting. Vertical reaction (Fz) is taken as positive in the upwards direction and 
cranio-caudal reaction (Fy) is taken as positive when acting to accelerate the centre 
of gravity in the direction of motion. 
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Unless the horse is rapidly decelerating, there is a point on the Fy curve where 

the plot changes from a negative sign to a positive sign. This has been 

assigned the term "Fy Acc" and measured as a percentage of stance time. 

On the ay curve, the major point chosen for study was the point at which there 

begins a rapid forward movement of the point of force. The commencement 

of this movement of the point of force coincides with PBtime. The point of 

force moves rapidly towards the front of the foot until the heel leaves 'the 

ground at T6 at which point there is only a slight further forward movement of 

the point of force. This movement of point of force is measured in 

millimetres from the Y-axis and the distance that this point of force travelled 

during PB was ascertained (FD). 

As each stride had been normalised to show percentage of stance time as 

opposed to stance duration in milliseconds (enabling infra and inter horse 

comparison) the actual stance duration in milliseconds for each stride analysed 

was also recorded. 

Finally percentage of stance time between T1-T2; T2-T3; T4-T5 and T5-T6 

was calculated. 

Each stride for each horse was analysed and, after rejection of those strides 

which fell within the rejection criteria, the desired data were extracted from 

those strides remaining. Average values were prepared for the left and right 

limbs of individual horses which were then combined to give average values 

for left and right limbs for all horses. 
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V. Principal Component Analysis 

A technique is required to characterise the force/time curves and detect any 

subtle abnormalities. Principal Component Analysis (PCA) is a standard 

statistical multivariate technique which corresponds closely to the engineering 

technique called the Karhunen-Loeve expansion. It allows the 

characterisation of a high-dimensional data set in terms of a small number of 

variables, called principal components, with minimum loss of information. 

Each of the principal components is a linear combination of the original data 

variables. The projection of the data onto the first two principal components 

is the two dimensional projection of the original data that retains the most 

variability. 

If the original variables are denoted V 1, V 2,.........., VN then the ith principal 

component is of the form 

N 

Zi = WJi VJ 

j=1 

The weights W1i...... WNi indicate what multiple of each original variable 

contributes to the principal component. 

The matrix of weights W is called the rotation matrix; thus the weights 

corresponding to the first principal component can be read off from the first 

column of W, and so on. Standard theory shows that W can be found from the 

eigenvectors of the sample covariance matrix; in practice all the necessary 

calculations are performed by a standard statistical package. The statistical 
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language "S" (Becker et al, 1988) was used in this instance for the numerical 

calculations. 

The various quantities considered were divided into those (Ti, T2, T3 and T4) 

that depend upon properties near the beginning of the stride, and those (T6, 

F6, PBtime and PB) that depend upon the breakover phase of the stride 

Principal component analysis does not introduce information additional to the 

original data, it merely identifies the most informative combinations of the 

original variables. In reducing (in this context) a four dimensional data set to 

a two dimensional data set that can be plotted out, it allows a much clearer 

presentation and exploration of the data collected. For another use of the 

technique in a somewhat different biomechanical context see, for example, 

Yamomoto et al (1983). 

4.3 RESULTS 

Table 4.2 shows the averaged forces and times (with standard deviations) for left and 

right forelimbs for all horses. 

Table 4.3a and b identifies where individual horses have fallen outside two standard 

deviations of the mean and at which point of measurement for both left and right feet. 

Where a horse is more than two standard deviations higher than the mean, it is 

marked with the letter "H". Where a horse is more than two standard deviations 

lower than the mean, it is marked with the letter "L". 
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Ti 3.72 1.15 3.87 1.73 
T2 8.46 1.66 8.86 2.25 
T3 14.12 2.04 14.78 2.40 
T4 18.46 2.60 19.22 2.85 
T5 43.93 2.69 43.60 2.30 
T6 86.59 2.74 86.49 2.94 

Fl 3.02 0.68 3.08 0.72 
F2 3.23 0.70 3.39 0.81 
F3 5.39 1.08 5.56 1.08 
F4 6.05 1.25 6.20 1.23 
F5 9.16 0.87 9.11 0.92 
F6 2.44 0.40 2.57 0.54 

PB TIME 74.08 4.53 73.62 4.61 
PB 12.50 3.34 12.86 3.27 
B 13.41 2.74 13.51 2.94 

PB +B 25.92 4.53 26.38 4.61 
FD 33.21 7.45 32.84 6.74 

Fy ACC 54.01 7.27 54.32 7.51 
STANCE Mis 313.02 40.59 302.90 40.19 

T1-T2 4.73 0.87 4.99 0.99 
T2-T3 5.67 0.69 5.92 0.54 
T3-T4 4.34 0.87 4.44 0.93 
T4-T5 25.47 3.93 24.38 3.45 
T5-T6 42.65 3.64 42.88 3.24 

Table 4.2 Mean values with standard deviations for measured forces and times 
for each forelimb across all sessions for all horses. (n=17). Times are expressed as 
a percentage of hoof contact time and forces are normalised to Newtons per kilo of 
body mass. 



81 

Table 4.3a. Takle to show where individual horses fell outside 2 sd of the mean on 
the left foot force/time variables. H= higher than mean L= lower than mean. 
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T2 

T3 

T4 

T5 

T6 

Fl H 

H 

H 

H 

H 

H 

Table 4.3b. Table to show where individual horses fell outside 2 sd of the mean on 
the right foot force/time variables. H= higher than mean L= lower than mean. 
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For each particular set of variables, a PCA was performed on the 34 points consisting 

of the right and left individual forelimb means of each of the variables for each of the 

17 horses. For the variables which depend upon the beginning of the stride, the 

rotation matrix, mean, standard deviation and individual scores for the right and left 

limbs of each horse are shown in Table 4.4. 

It can be seen that all the variables contribute to the first principal component and that 

the second is essentially a linear combination of all the variables except T3. The 

percentages of variation explained by the components are 92.2%, 6.5%, 0.8% and 

0.4% respectively. Thus the first two principal components account for nearly 99% of 

the variation in the sample. 

For the quantities relevant to the breakover phase of the stride the rotation matrix, 

mean, standard deviation and individual horse values for left and right forelimbs are 

given in Table 4.5. The percentages of variation explained by each of the four 

principal components are 78.9%, 20.8%, 0.3% and 0.0% respectively. Thus the first 

two principal components alone accounted for over 99.7% of the variability in the 

population. This means that the first principal component for the beginning of the 

stance phase is 

-0.29xT1-0.46xT2-0.54xT3-0.640xT4 

and the first principal component for the breakover phase is 

-0.33 x T6 + 0.03 x F6 - 0.81 x PBtime + 0.48 x PB 
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St. Dev 4.22 1.12 0.40 0? 7 

Mean -24.96 -5.27 0.20 N/A 

Rotation Ti -0.29 0.70 0.66 0.01 
Matrix T2 -0.46 0.38 -0.62 0.51 

T3 -0.54 0.02 -0.25 -0.80 
T4 -0.64 -0.61 0.36 0.30 

LEFT FOOT Horse 1 -28.90 -5.41 0.70 -1.84 
2 -21.99 -6.77 0.13 -1.24 
3 -23.93 -5.99 -0.19 -1.94 
4 -26.48 -4.50 0.39 -1.66 
5 -24.43 -4.93 0.42 -1.21 
6 -28.15 -6.74 0.00 -1.41 
7 -27.48 -4.75 0.52 -1.48 
8 -31.30 -7.75 0.58 -1.27 
9 -21.75 -5.43 -1.17 -1.52 

10 -22.08 -6.60 0.05 -1.56 
11 -26.79 -6.00 -0.04 -1.11 
12 -37.01 -3.46 -0.39 -1.52 
13 -21.38 -5.10 0.14 -1.67 
14 -27.06 -2.86 0.31 -1.25 
15 -18.66 -5.71 0.43 -1.66 
16 -27.15 -4.59 0.55 -1.71 
17 -19.07 -4.80 0.56 -1.64 

RIGHT FOOT 1 -26.12 -5.22 0.71 -1.43 
2 -25.83 -5.86 0.04 -1.60 
3 -25.16 -6.62 -0.44 -1.79 
4 -22.74 -4.29 0.18 -1.69 
5 -24.40 -5.99 -0.13 -1.26 
6 -29.90 -6.22 0.23 -1.38 
7 -27.08 -5.01 0.63 -1.27 
8 -33.16 -5.67 0.51 -1.25 
9 -22.79 -3.72 -0.25 -0.92 

10 -22.67 -6.91 0.17 -1.26 
11 -23.53 -5.59 0.46 -1.23 
12 -26.26 -5.10 0.34 -2.27 
13 -20.94 -4.80 0.07 -1.12 
14 -26.25 -2.85 -0.23 -1.49 
15 -19.68 -4.41 0.54 -1.47 
16 -22.12 -5.16 0.48 -1.35 
17 -16.68 -4.68 0.53 -1.38 

Table 4.4. Principal Component data of the force/time parameters for beginning of 

stance phase variables for both feet in all horses 
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St. Dev. 5.7? 
-1.93 Il. 3.1 0,00 

Mean -82.4() -78.40 13.20 N/A 

Rotation 16 -0.33 -0.74 0.09 0.58 
Matrix 16 0.03 0.10 0.99 0.00 

PBtime -0.81 -0.08 0.03 -0.58 
P13 0.48 -0.66 0.05 -0.58 

LEFT F(X)T Horse 1 -83.43 -83.44 13.49 -0.04 
2 -79.37 -78.68 13.89 -0.04 
3 -79.76 -75.15 12.91 -0.04 
4 -80.92 -82.24 13.12 -0.05 
5 -87.18 -79.07 12.99 -0.04 
6 -76.16 -80.20 12.98 -0.05 
7 -95.90 -77.68 13.41 -0.04 
8 -77.52 -80.38 13.18 -0.05 
9 -79.96 -76.73 13.25 -0.04 

10 -78.35 -79.72 13.25 -0.05 
11 -79.27 -74.10 13.73 -0.04 
12 -95.27 -76.83 13.04 -0.04 
13 -75.68 -73.28 12.71 -0.04 
14 -78.73 -75.86 14.23 -0.05 
15 -83.68 -76.26 13.61 -0.04 
16 -82.12 -81.68 12.98 -0.05 
17 -82.54 -82.33 13.45 -0.05 

RIGHT FOOT I -81.68 -85.13 13.38 -0.04 
2 -81.31 -77.08 13.72 -0.05 
3 -83.18 -78.95 13.32 -0.04 
4 -82.42 -79.15 13.06 -0.04 
5 -87.40 -80.83 13.34 -0.05 
6 -76.62 -80.11 12.87 -0.04 
7 -93.42 -79.24 13.50 -0.04 
8 -77.64 -78.94 13.19 -0.05 
9 -80.11 -72.83 13.14 -0.04 

10 -76.55 -79.94 13.04 -0.05 
11 -76.57 -77.91 13.35 -0.05 
12 -97.36 -76.17 12.76 -0.05 
13 -79.64 -73.91 13.02 -0.04 
14 -81.07 -75.20 13.13 -0.05 
15 -86.83 -77.21 13.52 -0.04 
16 -81.33 -81.18 12.79 -0.04 
17 -82.56 -77.90 12.94 -0.04 

Table 4.5. Principal component data of' the force/time parameters for the end of 
stance phase variables for both feet in all horses. 
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the coefficients being taken from the first column of the rotation matrix, and similarly 

for the second, third and fourth principal components. 

It can be seen that the third principal component on the breakover variables is 

virtually identical to F6 and that this variable does not contribute very strongly to the 

other components. 

The first and second principal components were plotted against each other for the 

beginning and end of stance phase variables and are shown in Figs. 4.4 and 4.5. In 

these "arrowplots" the arrowhead represents the first and second principal component 

scores for the left foot of each horse whilst the numbered end represents not only the 

scores for the right foot of each horse but also the identification number for that horse. 

-35 -30 
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Figure 4.4. Arrowplot of the first and second principal component scores for the 
force/time variables depending upon the beginning part of the stance phase. The 

arrowhead represents the scores for the left foot of each horse whilst the numbered 
end represents not only the right foot of each horse but also the identification 

number for each horse. 
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Figure 4.5. Arrowplot of the first and second principal component scores for the 
force/time variables depending upon the end part of the stance phase. The 
arrowhead represents the scores for the left foot of each horse whilst the numbered 
end represents not only the right foot of each horse but also the identification 
number for each horse. 

4.4 DISCUSSION 

Table 4.2 shows the averaged times and forces for all horses with one standard 

deviation for the points on the force time curves selected for comparison. The 

nomenclature T1-T6 and F1-F6 was assigned to repeatable points on the force time 

curves and their associated forces by Dow et al (1991). Additional points chosen for 

comparison have been selected for this study. Very little is known about the 

kinematics associated with these force time points but although somewhat speculative 

and based upon limited experimental evidence, it is of value to hypothesise upon the 

biomechanical events occurring within the limb that result in the GRF patterns 

observed. 

4.4.1 T1-T4 

In this study, as can be seen from Table 4.2, TI- T4 all occurred within the first 20% 

of stance time. To understand the biomechanics of the first 20% of the weight 
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bearing part of the stride requires a brief review of the functional anatomy of the 

distal limb. 

When the forefoot accepts weight, the metacarpophalangeal joint extends. At the 

beginning of support, the proximal and middle phalanges make an angle with the 

ground of about 50 to 550 . At the end of the support phase the angle of these 

phalanges has increased to approximately 120 0. In between, the proximal and middle 

phalanges sink to a minimum angle of less than 400 in the trot (Schryver et at, 1978). 

This movement of the metacarpophalangeal joint towards the ground at the 

commencement of the stance phase is resisted, first by the suspensory ligament (SL), 

then by the superficial digital flexor tendon (SDFT) inserted into the palmar aspect of 

the first phalanx; next by the deep digital flexor tendon (DDFT) inserted into the 

semilunar line of the palmar surface of the third phalanx and lastly by the pull of the 

check ligaments inserted into the SDFT and DDFT (Smythe 1975). It would 

therefore be interesting to consider whether the individual loading of these four 

structures accounts for the four characteristic minima and maxima observed on the Fy 

curve. 

Ti represents the first characteristic dip in the Fy curve. In this. study the mean 

occurrence of Ti was at 3.72% (± 1.15) and 3.87% (± 1.73) of stance time for left and 

right forelimbs respectively. Dow et al (1991) described Ti as occurring at 9.6% (± 

0.8) and 9.6% (± 0.9) in their study. Although Dow et al only force plated National 

Hunt racehorses in training, this is not sufficient to account for this large degree of 

difference. Certainly the National Hunt racehorses in this study did not correspond 

with the value for Ti noted by. Dow et al. Horse 12 did have a mean value for Ti of 

8.22% for his right foot (the highest value of any of the horses in this study and more 

than 2 standard deviations from the mean) but his left foot had a value of 4.39 %, more 

in keeping with the mean of the population in this study. 
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It must be borne in mind, however, that the triggering of force plate data recording 

was different in this study to that used by Dow and, as such, is the most probable 

source of error in the comparison of data. 

Another hypothesis would be that when the equine foot makes contact with the 

ground it does not immediately "grip". Close observation of equine locomotion, 

particularly in slow motion, very, often reveals a slight slipping of the foot before it 

becomes static. Hjerten and Drevemo (1987) constructed their treadmill flooring to 

allow for the foot sliding upon landing simulating that which, according, to those 

researchers, occurs on outdoor tracks. Johnson et al (1991) observed that at hoof 

strike in their treadmill study, the hoof moved slightly forward relative to the cranio- 

caudal movement of the treadmill belt causing a momentary displacement of the belt. 

They implied that a mismatch of hoof velocity with the ground on contact arises. 

A second hypothesis is that Ti is a function of the SL and the SDFT. Other 

researchers (Schryver et al, 1978 and Wilson, 1991) have noted that the SL and the 

SDFT are loaded very early in the stance phase. 

Consideration of Table 4.3 showed that only two horses fell outside of 95% 

confidence limits. Horses 12 (right foot) and 8 (left foot) are more than two standard 

deviations above mean. Consideration of the static and dynamic conformation of both 

horses showed no observable physical cause for this deviation. It is likely, therefore, 

that something other than foot dressing or hoof structure accounted for this delay in 

Ti in these two horses and that Ti is a function not only of the foot gripping the 

ground surface but also an intrinsic limb property. It is possible therefore that horses 

12 and 8 were suffering from some unknown pathological process resulting in foot 

discomfort and altered gait which did not render them lame. 

T2 and T3 have been attributed to the function of the SDFT (Dow et al, 1991) and 

that changes in slopes associated with these points on the Fz curve are indicative of 
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sub-clinical SDFT injury. T2 is shown on the Fy curve as the first peak and occurred 

at a mean percentage of stance time of 8.46% (f 1.66) for the left foot and 8.86% (± 

2.25) for the right foot. This indicated that the decelerative force is less at T2 than at 

Ti which could be accounted for by the sinking of the metacarpophalangeal joint and 

that this sinking of the joint is finally checked at T2 by the SDFT and the SL. This 

theory is supported by the 
. 
fact that the cranio-caudal centre of force shown on the ay 

curve also shows a characteristic peak that corresponds with T2. This is indicative of 

a caudal movement of the point of force which would be associated with the 

downwards sinking of the metacarpophalangeal joint. Further, Bartel et al (1978) 

produced a model of the equine distal limb and derived the forces expected during the 

stance duration. Changes in the predicted rate of loading of the flexor tendons 

occurred at times corresponding, with Ti - T2 and T2 - T3. Even further evidence of 

the link between the SDFT and SL with T2 is given by Wilson (1991) who studied 

loads within the SDFT and SL in vivo by inserting force transducers into these 

structures. Graphs of tendon loads against time produced in that study show peaks at 

times similar to T2 in both the SDFT and SL. 

The same two horses who fell outside 95% confidence limits at Ti also deviate from 

the rest of the population at T2, again in the left foot for horse 8 and the right foot for 

horse 12. Further, horse 17 fell more than 2 standard deviations below the mean on 

its left forelimb at T2. Again nothing. in the static or dynamic conformation of horse 

17 would account for this unilateral deviation as the only distal limb conformation 

irregularity noted was a bilateral medial deviation of the phalanges and collapsing 

heels. 

The Fy curve subsequently showed a second characteristic dip on the FY curve - T3, 

which typically occurred at 14.12% (f 2.04) and 14.78% (± 2.40) for left and right 

limbs respectively. Fig. 4.3 (being an example of a typical GRF pattern for horse 5) 

graphically displays how quickly the point of force moved between T2 and T3 and the 

pattern on the Fy curve was repeated on the ay curve, indicative not only of a rapid 
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deceleration but a cranial movement of the point of force. If a rapid loading and 

sinking of the metacarpophalangeal joint is causing the pattern between Ti and T2 

then this must be resisted, not only to halt the caudal movement of the point of force 

but also to stabilise the distal limb structures. It is possible that the rolling back onto 

the heels (as indicated by the ay curve) between Ti and T2 could be checked by the 

effect of the DDFT on the 3rd phalanx which rotates distally (Leach, 1990 a). The 

check ligaments exist to hold the flexor tendons in position and to take excessive 

strain from the flexor tendons. Extension of the metacarpophalangeal joint having 

been checked by the action of the SL and SDFT either then allows for loading of the 

check ligaments as increasing vertical force is taken through the limb. Further, it 

could be a combination of the two theories. This is to some extent supported by the 

model produced by Bartel et al (1978). 

The same three horses 8,12 and 17 again deviated from the rest of the population in 

the same manner and on the same legs as before. 

This then leaves T4 possibly to be accounted for by the pull of the check ligaments 

inserted into the SDFT and DDFT finally stabilising the distal limb. Again T4 is 

reflected on the ay curve, the point of force thereafter becoming stationary for the 

majority of the stance phase, and mean occurrence was at 18.46 (f 2.60) and 19.22 (f 

2.85) for left and right limbs respectively. Horses 8 and 12 again fell outside 2 

standard deviations of the mean on the left and right legs respectively. 

Merkens and Schamhardt (1994) used a force plate in conjunction with 

accelerometers to explain what they term as initial "impact phenomena" or "impact 

oscillations" within the limb. They were, however, unable to ascertain what caused 

the oscillations corresponding with Ti - T4, but acknowledged that they were a 

phenomenon associated with the properties of the limb. 
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There are other general points of interest to note concerning Ti - T4. Firstly, 

although horses 8 and 12 fell outside "normal" ranges for all 4 points, the percentage 

of stance time between each point for horse 8 corresponded with the mean. Therefore 

this horse is only genuinely "abnormal" at Ti because whatever caused T1 created a 
"domino" effect with T2, T3 and T4 all following within mean times which had low 

standard deviations throughout the population. This hypothesis is borne out, firstly, 

by the fact that none of the horses in this study were abnormal at T1 without also 
being abnormal at T2, T3 and T4 and, secondly, consideration of Ti - T4 times 

achieved by Dow show that although those times were significantly different than the 

times in this study, the inter Ti - T4 times were remarkably similar. Therefore it is 

possible that deviations in inter Ti - T4 times are more indicative of abnormality. 

Again, this hypothesis is supported by the model produced by Bartel et al (1978) 

whereby if Ti - T4 does represent the rapid loading of the major collagenous 

structures of the distal limb, as seems highly likely, then any abnormality in that 

"loading cycle" would be indicative of injury. 

The detection of the temporal occurrence of Ti is subject to a high degree of error in 

that given a sampling rate of 500/s the averaged Ti (approx. 4% of the stance time, 

typically 260 ms, being_ lOms - or about 5 samples) cannot be determined with an 

accuracy of better than 1 sample which, upon the face of it is 20% inaccurate. The 

margin of error, however, decreases as stance time increases, thereby- times for T2, T3 

and T4 will have lessening degrees of potential inaccuracy. For the purposes of 

analysis, therefore, a data analysis system which reflects the interaction between these 

points would be favourable. 

Horse 12 only fell outside of normal limits between Ti and T2 indicating that its 

problems lay in a different area to those of horse 8. Likewise horse 17 showed an 

abnormal Ti - T2 time but unlike horse 12 (more than 2 SDs above the mean) horse 

17 was more than 2 SDs below the mean. 
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Horse 8 showed stance times above the mean between T2 - T3 and T3 - T4 indicating 

possible abnormalities in the structures associated with T3 and T4. 

Horse 9 showed an abnormally low stance time between T2 and T3 on the left fore. 

Horse 9 is an intermediate event horse and it is possibly significant that it went lame 

with a left fore SDFT injury 2 days after force plating during cross-country schooling. 

It is accepted that the hypotheses expressed above are highly speculative and that no 

account has been taken of other elements of limb kinematics associated with the 

weight bearing portion of the stride such as flexion of the shoulder joint and 

stabilisation of the elbow joint both of which may reflect in the GRF patterns either 

individually or in conjunction with other limb kinematics. It does, however, seem 

likely that most of the repeatable points seen on GRF curves during the first part of 

the stance phase are associated with the major collagenous structures within the distal 

limb. Computer simulation of these initial minima and maxima on the Fy curve in the 

hind limb show that they are the result of an oscillation within the limb without 

involving movements of the trunk (Van den Bogert et al, 1988). 

Research to determine the biomechanical causes of T1-T4 must be a high priority if 

we are to further our knowledge in this area. 

4.4.2. T5 and T6 

T5 and T6 are the only characteristic points observed by Dow et al (1991) to have had 

their associated limb kinematics identified. T5 signifies the peak vertical force during 

the stance phase of the stride and is easily identifiable as the maximum point on the 

Fz curve (Fig. 4.3) occurring in this study at 43.93% (± 2.69) and 43.60% (f 2.30) for 

left and right limbs respectively. This corresponds with values for T5 noted in Dutch 

Warmbloods (Merkens et al 1993) of 44.28 (± 1.36). It has no identifiable equivalent 

point on the Fy or ay curves. The shape of the Fz curve in this study is similar to that 
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reported by other researchers (Pratt & O'Connor, 1976; Ueda et al, 1981; Dow et al, 

1991; Merkens et al, 1993; Barr et al, 1995) but timepoints are slightly different. 

Times for peak vertical forces are not given by Pratt and O'Connor (1976) but the 

graphs produced by. them appear to indicate T5 in their study occurring at 

approximately 50% of stance time. Likewise, graphs produced by Ueda et al (1981) 

indicate that T5 occurred in their study at 48% of stance time. However, 
_these 

are 

times for one stride from one horse only and may be atypical. The National Hunt 

Thoroughbreds studied by. Dow et al (1991) showed a mean T5 stance time of 45.4% 

(J: 1.7) and 46.1% (±2.3) for left and right forelimbs respectively and the Dutch 

Warmbloods studies by Merkens et al (1993) had a mean T5 stance time of 44.28% (± 

1.36). These values are much more in keeping with the T5 times produced by the 

horses in this study and would appear to indicate that the occurrence of T5 as a 

percentage of stance time is not influenced by the speed of the trot as the Dutch 

Warmbloods were moving, substantially faster than the English Thoroughbreds. 

Peak vertical force occurred at the maximum weight bearing phase of the forelimb. 

Only one horse showed an abnormal time for T5 - horse 14 on the right forelimb with 

a T5 time of 48.23. Nothing in this horse's static or dynamic conformation could 

explain this result. 

Horse 8 showed a reduction in stance time between T4 and T5. This was as a result 

of increased stance times between T2 and T4 as discussed ante. Horse 15 had a 

greater duration of stance time between T4 and T5 but this was not reflected at the 

individual points. Further, there appeared to be no strong relationship between T4 

and T5 or T5 and T6 as there was between Ti, T2, T3 and T4, as the standard 

deviation was approximately 4 times higher for the T4-T5 and T5-T6 stance durations 

than for the stance durations between the earlier points. Therefore, deviations in 

stance times between T4 and T6 are not as significant as deviations between Ti - T4. 
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T6 is the point where the heel leaves the ground initiating breakover (see Chapter 2). 

No horses showed abnormalities at this point of the stance duration. 

4.4.3 External forces F1 - F6 

It is accepted that all vertical forces increase with speed causing_ previous researchers 

to stress the importance of constancy of speed both intra and inter horse. As has been 

shown in Chapter 3, however, speed is a false parameter to impose in an attempt to 

achieve consistency of GRF data. It was suggested by Goodship et al (1983) that 

asymmetry of GRF data between contralateral limbs is indicative of abnormality. 

This is further borne out by Merkens et al (1988b) who demonstrated that during 

experimentally induced lameness the peak vertical force (PVF) in the lame limb 

decreased with compensatory increases of PVF on the contralateral sound limb. It 

was further shown by Merkens that compensatory increases also occurred in the 

concurrently loaded hind limb. It is therefore possible for the horse to partially 

unweight a lame forelimb not only by using. the characteristic "nodding" of the head 

but also by taking a greater proportion of bodyweight on the diagonal hindlimb. 

Whether this biomechanical adaptation works in reverse, i. e. does a concurrently 

loaded forelimb take more than its usual proportion of bodyweight when there is 

hindlimb lameness, was addressed by Merkens et al (1988b) as there would appear to 

be no reason why such a partial transfer of force should not take place from hind to 

fore if it can be done from fore to hind. Indeed, Merkens found that concurrently 

loaded forelimbs do take more than their usual degree of bodyweight during hindlimb 

lameness. This in itself is likely to be a source of error when relying solely upon 

asymmetry in forelimbs as an indicator of forelimb lameness. However, it must be 

borne in mind that Merkens conducted his research on walking horses and his results 

may not be reproducible in trotting horses although Morris (1987) found increased 

weightbearing in diagonal hindlimbs in trotting horses with experimentally induced 

carpal lameness. 
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If, as suggested by Munro et al (1987), all vertical forces increase with speed then it is 

reasonable. to assume. thata hilateral increase. in. all Fz forces will be_associat d with 

short stance times and, if as suggested by Goodship et al (1983) symmetry of forces 

indicates normality, a unilateral increase in all Fz forces will be indicative of 
lameness. 

Horse 8 (who displayed abnormality on Ti - T4 on its left foot) also displayed 

abnormalities on the right foot at F1- F4 by showing high vertical forces during the 

first 20% of the stance time. It is tempting-to suggest that this increase in force is 

merely a reflection of the probable sub-clinical lameness on the left fore but if this is 

so, why does PVF (F5) not fall outside 95% confidence limits especially if, as 

suggested by Merkens et al (1988b), contralateral asymmetry in PVF was achieved by 

them in experimentally induced lamenesses. Further, why did horse 12 (who 

displayed abnormality between Ti and T4 on the right foot) not display this same 

pattern of increased forces on its left foot? 

If a relationship exists between speed and vertical forces then this shall be apparent on 

a plot of stance time against PVF. Fig. 4.6 shows that linear relationship. However, it 

should be noted that stance time is no real indicator of speed (see Chapter 3). 

Fig. 4.7 shows the asymmetry in F5 displayed by the horses in this study produced by 

the formula; 

L/R symmetry = (smaller amplitude) /(larger amplitude) x 100 

Merkens (1988b) prepared symmetry percentages for sound horses and for horses 

displaying varying degrees of foot related lamenesses. It is difficult to make 

comparisons with the present study as those researchers conducted their experiments 

at the walk. Their point known as "Fxmaxl", however, showed a symmetry 

percentage of 98 in sound horses, 95 in very slightly lame horses, 88 in 
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mildly lame horses and 70 in moderately lame horses. Using that as a guide would 

mean that only 4 horses in this present study were sound (horses 3,5,6 and 7). For 

reasons discussed below it is not appropriate to compare data relating to symmetry 

between walking and trotting,, horses. What is clear, however, is that horse 12 

displayed a great degree of asymmetry between left and right forelimbs and 

consideration of individual data shows that F5 for its left foot is 9.10 and F5 for its 

right foot is 8.01 thus reflecting the abnormality seen in its right foot between Ti and 

T4. 

Horse 8, although showing. slight asymmetry, bordered on the mean range for the 

population (mean = 0.95 ± 0.03) indicating the greater forces between F1 and F4 were 

an artefact of speed as horse 8 displayed the shortest stance times of any of the 

population. 

Table 4.3 indicates horse 10 as having an abnormally high F5 force in the left 

forelimb and consideration of Fig. 4.7 showed that horse 10 did have a relatively high 

degree of asymmetry. This is possibly explained by the fact that horse 10 had been 

slightly lame 3 weeks prior to force plating after being kicked on the dorsal aspect of 

the right third metacarpal. It was, however, clinically sound prior to force plating but 

the sensitivity of the force plate may have revealed some remaining sub-clinical 

lameness. 

Therefore it is demonstrated that F1 to F6 are not particularly significant and can even 

produce confusing data and should be considered only in conjunction with symmetry 

scoring. Similar asymmetries in F5 were observed in sound horses by Elcomb (1993) 

but Barr et al (1995) commented on the high degree of symmetry of PVF in the 

trotting ponies studied by them. Symmetry scoring may, however, on its own, 

provide misleading data. (See Chapter 5 post) 
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4.4.4 PBtime, PB and FD 

PBtime represents the characteristic peak in the accelerative portion of the Fy curve. 

This peak has been noted by other researchers notably Merken et al (1985; 1988b 

and 1991) who referred to is as Fymin. In the only paper on GRFs prepared by these 

researchers using trotting horses, however, no mention was made of the time of the 

occurrence of Fymin, only of the infra individual variation ratio (IIVR) and left/right 

differences, making comparison with this study difficult. 

In this study PBtime occurred at 74.08% (± 4.53) and 73.62% (± 4.61) for left and 

right feet respectively. PB is the stance time between PBtime and T6 and for this 

population occupies 12.50% (±3.34) and 12.86% (f 3.27) of the stance time for left 

and right feet respectively. 

FD represents the distance travelled by the point of force cranio-caudally through the 

foot from PBtime to T6. In this population of Thoroughbreds this distance was 
33.21mm (± 7.45) and 32.84mm (± 6.74) for left and right feet respectively. These 

figures showed high variation between horses but were relatively consistent in an 
individual, most probably as a result of differing foot size between horses. 

Again, it may be useful to hypothesise as to the cause of PBtime. As previously 

discussed, when the metacarpophalangeal joint extends it is supported by the SDFT, 

DDFT and SL. As the shoulder moves forwards the metacarpophalangeal joint begins 

to flex. Flexion and dorsal movement of the metacarpophalangeal joint is aided by 

elastic energy stored in the SL. Further, kinetic energy is stored as elastic energy of 

displacement in the flexor tendons and reappears as kinetic energy to move the 

metacarpophalangeal joint. Most importantly the powerful deep flexor muscle pulls 

the third phalanx caudally with such energy that rotation of the distal interphalangeal 

joint and dorsal movement of the metacarpophalangeal joint imparts considerable 

propulsive action to the leg. (Rooney 1980). Therefore PBtime signifies the 
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maximum force of the deep flexor muscle acting through its tendon (DDFT) on the 

third phalanx. This hypothesis is supported by evidence from other researchers. 
Bartel et al (1978) in their mathematical model showed the greatest force of the 

DDFT acting on the navicular bone as occurring at approximately 70% of stance time 

when the point of force is assumed to remain at one point for the largest portion of the 

support phase. This assumption is confirmed by point of force analysis on the ay 

curve (Fig. 4.3) which quite clearly shows that the point of force or load does remain 

at one point for much of the support phase. It is likely that it is in this portion of the 

stance time that horses suffering from navicular disease will show deviations or 

abnormalities as they attempt to relieve the force of the DDFT on the navicular bone. 

Horses 7 (right foot) and 12 (both feet) showed deviations from the rest of the 

population with very late PBtimes and very short PB. This may signify an attempt by 

these horses to prevent the maximum flexion of the metacarpophalangeal joint or be a 

reaction-to the forces in_the. DDET. or-the-force of the DDFT on the_navicular bone. 

Both PBtime and PB are included in the principal component analysis and the 

deviation of these horses from the population mean will be discussed further in 

conjunction with that principal component analysis ante. 

PBtime corresponds with a rapid forward movement of the point of force seen on the 

ay curve. This is consistent with the metacarpophalangeal joint achieving its fullest 

flexion with the foot still flat on the floor and the centre of mass moving over the foot. 

This accomplishment of maximum flexion of the metacarpophalangeal joint means 

that all major distal limb structures have achieved maximum "normal" in vivo stresses 

and the point of force can no longer be maintained in a stationary position and rapidly 

moves towards the toe until the heel lifts off the ground. Further, as the DDFT has 

achieved maximum "normal" force on the third phalanx, no further acceleration can 

be accomplished and the Fy curve shows a reduction of acceleration during PB. 
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Two horses fell outside 95% confidence limits for FD - horse 10, representing the fact 

that the centre of force was located further caudally in the foot, and horse 12 where 

the centre of force was located more cranially in the foot. 

4.4.5 B (BREAKOVER) 

During breakover the digit acts as a lever with the distal interphalangeal joint as the 

fulcrum. The force is provided by the DDFT and the distance from the insertion of 

that tendon to the fulcrum is the length of the force arm. The resistance to joint 

flexion is due to the GRF, with the lever arm being the distance from the point of 

application of the GRF to the fulcrum (Clayton et al 1990). 

Breakover is initiated by the lifting of the heel at T6 and continues until the toe lifts 

off the ground at the end of the stance time. Breakover times in horses have been 

increased in horses whose feet have displayed a long toe/short heel conformation 

(Clayton, 1988) and breakover times have been observed to increase in horses with a 

variety of lamenesses including navicular disease (Clayton et al, 1990). Clayton 

hypothesises that this increase in breakover time in lame horses was due either to 

mechanical restriction of movement or to pain associated with the limb orientation in 

the terminal part of the stance phase and it is for this reason that remedial shoeing for 

these horses is aimed at reducing breakover times. 

None of the horses in this study showed a significantly different breakover time from 

the rest of the population but horses 1,5 and 7 had breakover times of less than 10% 

(horse 5 on the left foot only) and horses 11,13 and 15 had breakover times of more 

than 17% (horse 13 right foot only; horse 15 left foot only). 
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4.4.6. Fy Acc 

The Fy curve is sinusoid with a negative and positive portion. and the transition 

between the negative and positive portions has been designated as Fy Acc. This 

portion of the Fy curve in quadrupeds has been seen and commented upon by other 

researchers (Budsberg et al, 1987; Merkens et al, 1985; 1988a; 1988b; 1993; Pratt and 

O'Connor, 1976; Schamhardt et al, 1987 and 1991; Ueda et al, 1981). 

In this population Fy Acc occurred at 54.01% (± 7.27) and 54.32% (± 7.51) of the 

stance phase for left and right forelimbs respectively. This was similar to those times 

noted by Merkens et al (1993) of 52.47% (± 2.14). 

In the force plate study by Pratt and O'Connor (1976), Fy Acc was said to occur just 

prior to T5 in the forelimbs. However Merkens et al (1993) found that Fy Acc 

occurred after T5 and that finding is supported by this study. Merkens did, however, 

find that this was reversed in the hindlimbs and T5 occurred after Fy Acc. 

When the horse is moving it is either accelerating, decelerating or maintaining a 

constant speed. In the equine it is generally believed that the forelimbs provide 

support while the hindlimbs provide the propulsion. This is, however, not wholly 

correct as the forelimbs do play a great part in driving the body forward albeit not as 

much as the hindlimbs (Rooney, 1980). This then explains the occurrence of Fy Acc 

at differing points on the Fy plane. As previously discussed, in the Fy curve on the 

forelimb there is a decelerative phase followed by an accelerative phase. If a horse is 

accelerating then the accelerative phase of the Fy curve will be larger than the 

decelerative phase and Fy Acc will occur earlier on the Fy curve than would be the 

case if the horse were decelerating when the decelerative portion of the curve would 

be greater than the accelerative portion. If both portions are equal then the horse 

would be moving at a constant speed. 
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In the hindlimbs, as they are providing greater propulsive forces than the forelimbs, 

Fy Acc is always likely to occur earlier. Therefore Fy Acc can be used as a measure 

of propulsive effort 

4.4.7 Stance time 

A wide range of stance times were displayed by these horses. This is due to the fact 

that no particular speed was imposed upon any horse and each horse was allowed to 

trot at a speed at which it felt comfortable. It was noted, however, that generally the 

racehorses had the greatest stance times. 

4.4.8 Principal component analysis 

Researchers have to date considered symmetry of locomotor patterns to be indicative 

of normal gait. It is quite clear, however, from the arrowplots in Figs. 4.4 and 4.5 that 

none of the horses in this study were perfectly symmetrical. Indeed horse 12 shows 

quite a substantial asymmetry on the beginning of stance variables (Fig. 4.4). Silver 

et al (1983) and Merkens et al (1988b) relied on asymmetry of peak vertical forces 

(F5) to quantify, lameness. Figure 4.7, however, also demonstrates that all but two 

horses were asymmetrical at F5. 

Figures 4.8 and 4.9 are plots of F5 asymmetry versus PCA arrow length for the 

beginning and end of the stance phase variables. These demonstrate that the 

asymmetry of movement demonstrated by the PCA correlate poorly with those 

identified by examination of peak vertical force symmetry as in neither case did 

Spearman's rank correlation coefficient show a significant association between these 

qualities. 

Laterality (or handedness) has been noted previously. Drevemo et al (1980a) and 

Drevemo et al (1980b) detected preferential use of individual limbs or pairs of limbs 
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PBtime and PB) (r2 =0.02) 
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in trotters and suggested that this could lead to the onset of lameness or could affect 

performance. These researchers initially hypothesised that in what was previously 

considered to be a perfectly symmetrical gait (the racing trot) the overreach length of 

the ipsilateral hind limb should be equal on both sides. In their group of 500 

Standardbred trotters, 66 per cent showed significant differences between left and 

right suspension periods and that a preference for one side could often be detected. 

They suggested that some horses have one stronger and one weaker diagonal as no 

correlation existed between the degree of diagonal dissociation and the suspension 

period. 

Therefore, asymmetry has been observed by other researchers in the trotting gait of 

horses whilst those researchers studying horses at the walk have detected little 

asymmetry (Merkens et al, 1988b). It is therefore hypothesised that such 

"handedness" becomes more evident when fewer legs are weightbearing. This could 

be partially explained by consideration of the hindlimb data obtained by Merkens et al 

(1988b) which shows a higher degree of asymmetry between hindlimbs. Such 

asymmetry in hindlimbs could account for the stronger and weaker diagonals 

discussed by Drevemo et al (1980a and 1980b) whereas in the walk, where more 

limbs are weightbearing, such asymmetry may not be reflected onto the forelimbs. 

Further support for this hypothesis is to be found upon consideration of the 

biomechanics of the equine vertebral column. The vertebral column, being the axis 

upon which the limbs act to produce movement, will be flexed in certain areas by 

forces produced by the pushing back of the hindlimbs against the ground. Both 

oblique and vertical forces are exerted on the spine by the hindlimbs. Oblique forces 

are exhibited as a tendency to flex the spine sideways, whilst vertical forces affect the 

curvature of the thoracolumbar bow (to flex the spine vertically). Sideways forces 

and the resultant lateral oscillation are clearly apparent at the walk. At speeds higher 

than the walk muscular resistance increases making the column as rigid as possible so 

that the hind legs have a rigid platform against which to act (Rooney 1980) 
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Therefore any asymmetry is masked by the lateral movement of the body of the horse 

during walking but is then heightened at the trot when the longissimus dorsi muscle 

and the psoas minor muscle co-operate by simultaneous contraction in an effort to 

counter attempts by the horse to flex its spine. 

Evidence of handler interference causing asymmetry in horses is largely anecdotal. 

Quantification of handler interference has never been objectively. undertaken and 

there is a need for further study in this area. All that can be said is that there is likely 

to have been some handler interference to account for at least some of the handedness 

shown by these horses. 

Also to be considered is the way that horses are traditionally managed. The 

predilection for handling horses from the left side stems from the Cavalry. 

Cavalrymen wore swords on their left side and therefore, to avoid accidental damage 

to themselves and their horses, horses were both mounted and led from their left side. 

This bias has been perpetuated, despite the fact that few horse riders today wear 

swords. The insistence that horses must be led and mounted from the left persists as a 

result of the equestrian professional examination systems which still teaches and 

requires students to mount and lead horses from the left in the majority of cases. 

There can be no doubt that continual mounting of the horse from the ground on the 

left side will cause laterality. It is bizarre that such a system persists when the desired 

aim of any schooling procedure is to achieve symmetry but any practical horseperson 

can testify that it is only the most highly professionally schooled horses working at 

the highest level of competition which do not display a preference for working in one 

particular direction. 

Horse 14 in Figure 4.4 also shows an abnormal principal component score for the 

beginning of stance variables as the score on principal component two is more than 

2SDs from the mean. In the case of this horse, however, as opposed to horse 12, such 

abnormality is bilateral. Nothing in horse 14's static or dynamic conformation 
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accounts for this abnormality. Whatever the cause of the abnormal kinetic gait 

pattern shown by horse 14, it is different from the unilateral abnormality shown in the 

left foot by horse 12 as horse 12 is abnormal on principal component score one. 

On the end of stance variables (Fig. 4.5) both horse 12 and horse 7 have quite 

abnormally low scores on principal component one which clearly set them apart from 

the rest of the population. 

As it is during this part of the stance phase that it would be likely to detect horses with 

palmar foot pain, it is interesting to speculate that these two horses may have a sub- 

clinical palmar foot problem. 

As horse 12 appeared to be abnormal on both the beginning and end variables as well 

as being the horse with the greatest F5 asymmetry, it was felt necessary to investigate 

this horse further and it was found to be suffering from a low grade bilateral 

degenerative joint disease in the metacarpophalangeal joint and this is likely to 

explain the abnormal gait patterns. 

Principal component analysis therefore can be used to detect subtle abnormalities in 

differing areas of the force/time curve which may have diagnostic and/or prognostic 
implications. Certainly it has detected possible locomotor abnormalities in a 

population of clinically normal horses which require further investigation. 

4.5 CONCLUSION 

Characteristic and repeatable points on the force/time curves have been described by 

this study and by others. The biomechanical events creating those characteristic 

points have not yet been fully investigated. Ti - T4 are likely to be associated with 

the loading of the limb at the beginning of the stance phase but the exact reason for 

them is not known. The investigation by Dow et al (1991) of this area of the stance 
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phase was criticised by Merkens et al (1994) who considered it inappropriate to use 

these clearly visible and repeatable peaks in Fy to identify areas on the Fz curve 

although they concur that the initial oscillations in Fy are associated with the loading 

of the distal limb. To apply a meaningful statistical tool for analysis of curves, 

however, requires repeatable and visible measuring points even if the reasons for 

these points is unknown. Principal component analysis has been used to quantify 

these temporal parameters and has shown encouraging results. 

T5 is the point of peak vertical force and occurs as the shoulder passes over the foot in 

the middle of the stance phase. Although other researchers have used symmetry of 

peak vertical forces to quantify lameness, it has been shown that clinically sound 

horses are often asymmetrical at this point. 

PBtime is the point at which maximum propulsive force is achieved and is the point at 

which maximum compression by the DDFT against the navicular bone is achieved. 

T6 is the point at which the heel lifts off the ground initiating. breakover. These two 

points together with PB (the time between PBtime and T6) and F6 (the ground 

reaction force at the time the heel is lifted) are likely to show abnormalities in horses 

with palmar foot pain. Again principal component analysis was used to quantify 

these parameters and has detected horses with abnormal force/time curves. 

It is therefore likely to be diagnostically significant to divide the characteristic points 

on the force/time curve into those which occur at the beginning of the stance phase 

and those which occur at the end. If Dow et al (1991) are correct in their assertion 

that changes in the early part of the stance phase are indicative of SDFT injury then 

principal component analysis should provide an effective statistical tool for the 

detection of such injury. Likewise if, as most authors contend, horses with navicular 

disease alter their gait to avoid the pain created by compression of the navicular bone 

by the DDFT, principal component analysis should prove an effective statistical tool 

for detection of abnormalities in. the end of stance variables. 
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CHAPTER FIVE 

TESTING THE SENSITIVITY OF PRINCIPAL COMPONENT ANALYSIS 

SA- INTRODUCTION 

Previous studies of equine limb kinetics have identified abnormalities of movement by 

consideration of individual parameters on ground reaction force/time curves. Dow et 

al (1991) used retrospective analysis of the forelimb vertical force/time curve to show 

that changes in the early part of that curve preceded clinical manifestation of 

superficial digital flexor tendon injury in National Hunt racehorses. Merkens and 

Schamhardt (1988b) used asymmetry of forelimb peak vertical forces to quantify the 

degree of lameness induced in an experimental situation. Symmetry of ground reaction 

forces in equine locomotion has been demonstrated to be of significance in athletic 

ability (Dow et al, 1992) 

Locomotor abnormalities may be reflected in changed force/time curves which may be 

described by single values at specific instances such as maximum or minimum 

described by_Merkens and Schamhardt (1988b) or by parameters calculated from the 

entire curve such as fourier coefficients (Yamashita et al, 1976) and this may occur in 

an injury specific manner as suggested by Dow et al (1991). 

In Chapter Four, principal component analysis (PCA) was introduced as a statistical 

tool for the analysis of individual portions of the force/time curve. Its effectiveness 

for detecting abnormal force/time patterns, however, is untested. For PCA to be used 

as a tool for comparing- abnormal with normal, it is necessary to show that PCA can 

distinguish abnormal force/time parameters from normal and that it is sensitive enough 

to distinguish abnormalities which are biomechanically linked to a certain portion of 

that force/time curve. 
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This study will test the hypothesis that PCA will detect an abnormal gait pattern 

from a population of horses with a known locomotor abnormality. 

5.2 MATERIALS AND METHODS 

I Horses 

Six horses of Thoroughbred type (mean =9 years range 4- 16 years) with 

collagenase induced superficial digital flexor tendon injury (Silver et al, 1983) 

undergoing placebo treatment as part of a drug trial. The tendon injury was 

created by injecting collagenase into the left superficial digital flexor tendon 

(after sedation and local regional analgesia in the form of subcarpal nerve 

blocks) at weekly intervals for a total of four injections. Force plate evaluation 

commenced eight weeks post final collagenase injection at which time all 

horses in this group were graded as being between one and two tenths lame 

(i. e. mildly lame) upon veterinary examination. Each horse was lettered 

sequentially from A to F. 

11 Data collection 

A 900mm x 600mm force plate (Kistler 9287) was set in a 6mm thick rubber 

matting runway as described by Dow et al (1991). The plate surface was 

covered with a piece of similar matting. Output from the piezo-electric force 

transducers situated at each corner of the plate was amplified by eight channel 

charge amplifiers (Kistler 9865A), converted into digital format using a 12 bit 

AD card (Analogue Devices RT8500) and stored onto a microcomputer (Opus 

PCIII). Data logging was triggered by a force of 50N appearing on one of the 

vertical force (Fz) channels. On triggering, data from the eight channels were 

logged at a frequency of 500 samples per second per channel for a period of 

two seconds. Data were immediately processed using in house software and 

algorithms provided by Kistler to calculate the three orthogonal ground 
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reaction forces (GRFs), the point of force application and torque applied to 

the plate surface. 

Each horse was trotted over the force plate by a familiar handler at a speed 

dictated by the horse until a total of 6 records were collected for each forelimb. 

III Data Analysis 

Force/time data points were extracted as in paragraph 4.2. IV. Averaged data 

points for each horse were then applied to the rotation matrices in Table 4.4 

for the beginning variables (T1-T4) and in Table 4.5 for the end variables (PB, 

PBtime, F6 and T6) and principal component scores obtained. 

5.3 RESULTS 

Mean population values for the points examined on the Fy and Fz plots are given in 

Table 5.1. Inspection of the sample means and standard deviations of the individual 

variables demonstrated that there is a substantial difference between the normal 

population (Group A) and the tendon injured horses (Group B). Principal component 

analysis was used to explore the nature of this difference. 

The first and second principal components for Groups A and B for the beginning of 

stance phase variables and for the end of stance phase variables (breakover) were 

plotted and are shown in Figs. 5.1 and 5.2. The labelled end of each arrow 

corresponds to the right forelimb of that particular horse and the tip of the arrow 

corresponds to the left forelimb of the same horse. The Group B horses are clearly 

distinguishable from the normal population (Group A) on the beginning of stance 

variables but not on the end of stance variables. 
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T3 19.23 1.62 18.73 2.17 

T4 23.97 1.83 23.45 2.50 

T5 47.72 3.21 48.12 2.74 

T6 85.60 1.87 86.63 1.84 

F5 9.92 0.45 10.31 0.74 

F6 2.52 0.56 2 . 27 0.37 

PBtime 74.02 1.39 73.80 2.17 

PB 11.57 1.68 12.84 0.89 

Table S. l. Mean values with standard deviations for measured forces and times 
for each forelimb across all sessions for all Group B horses (n=6). Times are 
expressed as a percentage of stance time and forces are normalised to Newtons per 
kilo of body mass. 
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Figure 5.1 Arrowplot of the first principal component score against the second 
principal component score for the beginning of stance phase variables. The tip of 
the arrow corresponds with the left limb and the number of the individual horse 
corresponds with the right limb. Group A horses are represented by red arrows (1-17) 
and Group B horses are represented by green arrows (A-F) 
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Figure 5.2 Arrowplot of the first principal component score against the second 
principal component score for the end of stance phase variables. The tip of the 

arrow corresponds with the left limb and the number of the individual horse 

corresponds with the right limb. Group A horses are represented by red arrows (1-17) 

and Group B horses are represented by green arrows (A-F) 
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The principal component scores for the two groups were subjected to single factor 

ANOVA which demonstrated that there was a significant difference (p<0.001) 

between the principal component scores for the beginning of stance phase variables 

but that there was no significant difference between the two groups on the end of 

stance variables. 

Figure 5.3 compares the symmetry percentages for forelimb peak vertical forces for 

Group A and B horses. 
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Figure 5.3 Symmetry percentages for forelimb peak vertical forces for Group A and 
B horses. Group A horses are shown in purple and Group B horses in green. 

It can be seen from Figure 5.3 that only one of the Group B horses can be 

distinguished from the normal population (Group A) on peak vertical force despite 

the fact that all Group B horses are observably lame. Analysis by single factor 
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ANOVA demonstrated that there was no significant difference (p=0.53) between the 

symmetry percentages of the groups. 

5.4 DISCUSSION 

Researchers have to date considered left /right symmetry of peak vertical force to be a 

significant factor in determining normal gait characteristics (Silver et al, 1983; Merkens 

et al, 1988b) and this may be 
-important 

in making easily understandable comparisons 
between normal and abnormal horses. As is demonstrated by Fig. 5.3. however, 

asymmetry in peak vertical force may be misleading in diagnosing locomotor 

abnormality if used in isolation. 

The Group B horses all have experimentally, induced lesions of the SDFT. Of the 

horses in Group B, five had F5 symmetry that fell within 2 standard deviations of the 

normal population and could therefore not be distinguished as a group from the Group 

A horses. Statistical analysis demonstrated that there were no differences between the 

groups on F5 symmetry.. . 
Principal Component Analysis, however, clearly shows this 

group as being significantly different from the normal population. When the Group B 

horses are compared with the sound population with regard to the end of stance phase 

variables, however, there is no difference between the two groups. This is indicative 

that horses with a specific distal limb injury alter specific temporal stride parameters. 

This supports the findings of Dow et al (1991). 

As stated ante the biomechanics of the equine distal limb show that the SDFT acts in 

the first part of the stance phase to resist the extension of the metacarpophalangeal 
joint and that its only function in the terminal part of the stance phase is the release of 

elastic energy stored from loading of the limb. The DDFT is the major 

biomechanically functioning collagenous structure in the terminal part of the stance 

phase (Rooney 1980) and principal component analysis showed no deviations from 

the mean in this part of the stance phase. 
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5.5 CONCLUSION 

Principal component analysis is demonstrated as a highly sensitive technique for the 

analysis of equine ground reaction forces. It also demonstrates that horses are able to 

alter specific areas of the force/time curve, probably in an injury specific manner. 

This has both diagnostic and prognostic implications. 

In conclusion, PCA provides a useful way of combining a number of associated 

observations into a single visual representation of data variability. This is of 

particular value when trying to identify changes in a curve where the effect on a single 

point is likely to be insufficient to identify the subject as normal or abnormal. 
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CHAPTER SIX 

THE KINESIOLOGICAL EFFECTS OF EXPERIMENTALLY INDUCED 

EQUINE FOOT IMBALANCE 

6.1 INTRODUCTION 

Foot imbalance is a major contributory factor in many cases of locomotor breakdown 

in the human and equine athlete and studies with human athletes have shown that 

many of the human problems are associated with foot structure or foot function 

during the stance phase (Bates et al, 1983). Further, studies with human athletes have 

demonstrated that many lower extremity injuries have been associated with "overuse 

phenomena" resulting from the repeated impact loading of the foot (James et al, 

1978). 

The equine foot has received little in the way of scientific investigation despite the 

fact that it is known that between two thirds and three quarters of all equine lameness 

are caused or contributed to by imbalances in the feet (Colles, personal 

communication; Smythe, 1975). This is so because although hoof imbalance can be 

the direct cause of pain within the confines of the hoof through direct concussion, it is 

more often thought to be an indirect cause of pain in skeletal structures more proximal 

than the foot (Snow and Birdsall, 1988). If the aetiology of these injuries is to be 

fully understood it is important to understand the biomechanical conditions 

experienced by the musculo-skeletal system each time the foot hits the ground. 

(Cavanagh and LaFortune, 1990). If, therefore, hoof balance is addressed, a major 

cause of lameness may be eradicated and the success of lameness management may be 

greatly improved. With the welfare and economic implications associated with equine 

injury together with the high costs of purchasing, and training the equine athlete, it is 
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paramount that research into the prevention and effective treatment of injury be given 

a high priority. 

The concept of a "balanced" foot involves assessment of the following factors (Balch 

et al, 1991). 

" Toe length 

" Hoof angle (hoof/pastern axis) 

" Media-lateralhoof orientation 

" Insensitive sole, frog and bar thickness 

" Wall contour and ground surface 

" Pair symmetry of hooves/limbs 

" Non-contact_ofhoaves and. limbs 

The basic principles, however, are as follows (Swan, 1990) 

1. The three phalangeal bones should be in a straight line which endows a straight 
hoof/pastern axis. 

2. The foot should be level medio-laterally in that a perpendicular line down the 
dorsal aspect of the third metacarpal will bisect at right angles the weight bearing 

surface of the foot. 

3. A perpendicular line dropped from the centre of rotation of the distal 

interphalangeal joint should equally bisect the weight bearing surface of the foot. 

4. A perpendicular line dropped from the centre of rotation of the 

metacarpophalangeal joint should brush the last weightbearing aspect of the heels. 

5. The foot should be a natural shape, an inverted "ice cream cone" with the medial 

and lateral walls at the same angle. 

Many cases of failure to perform to maximum potential are caused by chronic bouts 

of subtle foot soreness as opposed to overt clinical lameness and the performance 

capacity of any, horse is fundamentally related to the care and condition of the feet 
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(Balch et al, 1991). What happens at the foot/shoe/surface interface affects the total 

functional mechanism. In human athletes the foot/shoe complex forms the dynamic 

base upon which they function (Bates et al, 1983) and it is not unreasonable, 

therefore, to apply this statement to equine athletes. 

Alterations of the equine hoof/pastern axis are thought to affect locomotion. A long 

toe and short heel creates a broken back hoof/pastern axis and is said to delay 

breakover by acting as a long leverage point (Clayton, 1988). For this reason many 

trainers (particularly in the USA) favoured this foot conformation believing_ that it 

created a greater stride length. A short toe and a long heel creates a broken forwards 

hoof/pastern axis and is said to advance breakover by shortening_the leverage point 

and thereby shortening the stride (Clayton, 1988). For this reason many horses with 

navicular disease are trimmed in this fashion to relieve the pressure of the deep digital 

flexor tendon (DDFT) on the navicular bone. The flight arc of the foot is also said to 

be affected by altering the hoof/pastern axis in that the point at which the foot 

achieves maximum height is altered. Damage to the major collagenous structures of 

the distal limb as well as navicular disease are thought to result from these dorso- 

palmar imbalances (Kobluk et al, 1987). 

Medio-lateral balance is also thought to be essential for the prevention of injury and 

those injuries thought to be associated with medio-lateral imbalances in the forefeet 

include degenerative joint disease in the distal interphalangeal, MCP and carpal joints, 

chip fractures of the proximal phalanx, sesamoiditis and proximal sesamoid fractures 

(Kobluk et at, 1987). The hypothesis for these injuries occurringris that medio-lateral 

imbalances result in an unevenness of force being transmitted up through the bony 

column of the limb (Balch et at, 1994). Further, the arc of flight is said to be affected 

by medio-lateral imbalances in that a horse which is high on the lateral aspect of the 

hoof moves "base-wide" (the forefeet are placed further apart than normal) and a 

horse which is high on the medial aspect of the hoof moves "base narrow" (the 

forefeet are placed further together than normal). Other deviations in limb flight 
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thought to be associated with chronic medio-lateral imbalances include "dishing" (a 

lateral deviation of the distal forelimb during- limb protraction) and "plaiting" (the 

forefeet being placed on one track). 

A few studies have been undertaken on the effects of dorso-palmar foot imbalances in 

horses. Leach (1983) reviewed the biomechanical effects of raising and lowering the 

heel whilst Clayton (1987) considered the kinematic effects of an experimentally 

induced broken back hoof axis on both the front and hind limbs. Bushe et al (1988) 

studied the effects of hoof angle on distal limb joint angles and Thompson et al (1992) 

studied the influence of toe angle on strain within the major collagenous structures of 

the distal limb. There are no studies which directly address the effects of medio- 

lateral imbalances on equine locomotion. 

In human studies, point of force application (the projection on the ground plane of 

the centroid of the vertical force distribution or the point on the force plate surface 

where the resultant force vector would act if it were considered to have a single point 

of force application) has been used to describe both normal and pathological gaits but 

its application to equine locomotion has been largely ignored. Point of force 

application using the force plate has been used only once for the purpose of an 

investigation into changes in limb loading force patterns during the equine stance 

phase (Shield et al, 1993) although Seeherman et al (1978) do make reference to the 

potential of the force plate for this purpose. 

Other researchers have used a variety of methods to assess the point of force of the 

equine hoof (Barrey, 1990; Colahan et al, 1990; Colahan et al, 1993; Roepstorff et al, 

1993) and theoretical calculations as to the point of force have been undertaken by 

Schryver et al (1978). Study. of the point of force is therefore likely to reveal any 

changes in limb loading patterns associated with foot imbalance. 
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This study, therefore, will test the following hypotheses: 

1. That horses with a dorsal foot imbalance (long toe, short heel, broken back 

hoof/pastern axis) will 

a. Demonstrate an increased stride length 

b. Significantly alter the PCA scores for the beginning variables thus 

demonstrating an abnormal limb loading pattern characteristic of the imbalance 

c. Increase breakover time as a percentage of stance time 

d. Alter the arc of flight in that the maximum height of foot flight will 

occur anterior to that demonstrated by horses with normal foot conformation 

e. Land toe first 

f. Alter the application of the point of force in that the application will 

be caudal to that demonstrated by horses with normal foot conformation 

2. That horses with a palmar foot imbalance (short toe, long heel, broken forwards 

hoof/pastern axis) will 

a. Demonstrate a decreased stride length 

b. Significantly alter the PCA scores for the beginning variables thus 

demonstrating an abnormal limb loading pattern characteristic of the imbalance 

c. Decrease breakover time as a percentage of stance time 

d. Alter the arc of flight in that the maximum height of foot flight will 

occur posterior to that demonstrated by horses with normal foot conformation 

e. Land heel first 

f. Alter the application of the point of force in that the application will 

be cranial to that demonstrated by horses with normal foot conformation 

3. That horses with a lateral imbalance (long lateral wall and low medial wall) will 

a. Place the forefeet wider apart in the x plane 

b. Significantly alter the PCA scores for the beginning, variables thus 

demonstrating an abnormal limb loading pattern characteristic of the imbalance 

c. Land lateral wall first 
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d. Alter the application of the point of force in that the application will 

be lateral to that demonstrated by horses with normal foot conformation 

4. That horses with a medial imbalance (long medial wall and low lateral wall) will 

a. Place the forefeet closer together in the x plane 

b. Significantly alter the PCA scores for the beginning variables thus 

demonstrating an abnormal limb loading pattern characteristic of the imbalance 

c. Land medial wall first 

d. Alter the application of the point of force in that the application will 
be medial to that demonstrated by horses with normal foot conformation 

6.2 MATERIALS AND METHODS 

I. Horses 

Six horses of Thoroughbred type were selected from the University experimental 

stock (Table 6.1). Each horse was assessed by two persons skilled in the 

biomechanical assessment of equine locomotion as having no overt locomotor 

abnormality. All horses were fully habituated to treadmill locomotion having been 

used for treadmill exercise or experimental work 3 days per week for periods of 

between 2 months and 2 years. 
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B 11 MALE (G) 505 1.63 

C 4 MALE (G) 527 1.60 

D 18 FEMALE 482 1.64 

E 3 FEMALE 490 1.59 

F 5 FEMALE 415 1.57 

Table 6.1 Details of horses used for foot imbalance study. 

11. Farriery 

Prior to the commencement of the study all horses had their feet balanced by the 

University farrier to attain good medio-lateral and dorso-palmar balance and shoes 

were individually made. 

III. Experimentally induced imbalance 

Prior to nailing the shoe onto the foot each front shoe was drilled and tapped in four 

locations (the medial and lateral toe quarter and the medial and lateral quarter). Four 

pairs of standard 3" Stromsholm plastic wedges (Figs 6.1 and 6.2) were cut to fit the 

front shoes of each horse with the greatest thickness of the wedge being : 

a) at the front to raise the toe to simulate a long toe/low heel conformation and to 

break the hoof/pastern axis backwards ("toe wedges") 
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jig. 6. / 1, rout view of standard 3° Strumcholm plastic wedge used lu create 
imbalances 
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Fig. /i. ' Side view of stuiu/orr/ 3" . S'tronlshulni plastic 
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b) at the rear to raise the heels to simulate a short toe/long heel conformation and 

to break the hoof pastern axis forwards ("heel wedges") 

c) outside to raise the lateral wall to simulate a medio-lateral imbalance of long 

lateral and low medial walls ("lateral wedges") 

d) inside to raise the medial wall to simulate a medio-lateral imbalance of long 

medial and low lateral walls ("medial wedges") 

Each pair of wedges were then drilled and countersunk with holes to correspond with 

the holes drilled into the shoes. 

In this manner each horse had four sets of wedges individually cut to fit its front 

shoes. 

The metal shoes were then nailed onto the front feet of the horses in the normal 

manner and to achieve the individual imbalances the appropriate plastic wedges were 

screwed onto the bottom surface of the shoe (Fig. 6.3). 

IV. High speed treadmill. Sato I (Sweden) 

V. Computerised motion analysis system. MacReflex 2.5, Qualysis, Sweden. 

a) Positioning of reflective markers 

Adhesive reflective markers (Scotchlite 3M 8850) were cut to a size of 3cm 

diameter and one marker applied over each of the following palpable skeletal 

points. 

1. The mid point of weightbearing on the lateral aspect of the left hoof. 

2. The mid point of weightbearing on the medial aspect of the right hoof. 



Fig. 6.3 Photograph of wedge screwed to the horseshoe 
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Fig. 6.4 Photograph of horse wearing lateral wedges 
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3. The collateral ligament of the lateral aspect of the left MCP joint. 

4. The collateral ligament of the medial aspect of the right MCP joint. 

S. The lateral styloid process of the left radius. 

6. The medial styloid process of the right radius. 

(Fig. 6.5) 

0 

Exact intra-horse repeatability of marker placement was ensured by clipping 

small areas of hair over the carpal and MCP joint placement points and by 

marking the hoof placement point with permanent ink. 

b) Data collection 

The motion analysis system locates the position in space of the reflective 

markers using two cameras (MacReflex f8.5 lens) with video processors 
(MacReflex VPIII) and samples at the rate of 60 Hz. The electronic shutter 

on the camera exposes a frame for 0.8 milliseconds ensuring reduction of the 

effect of ambient light and capture of fast moving objects. Further the camera 

contains an optical filter which cuts off the visible part of the light spectrum 

thus suppressing ambient light. An infrared flash within the camera housing 

illuminates the scene in the field of view in synchronism with the electronic 

shutter and the reflective markers reflect most of the light back into the 

cameras. As other objects within the field of view reflect light less well and in 

different directions, this ensures that the reflective markers will stand out 

compared to other objects. 

The video processor supplied with the system detects the markers in space 

and calculates the centroid of each marker by scanning the picture from top to 

bottom, left to right to locate the brightness of the marker against the 
background blackness. By detection of the location of the change from black 

to white and white to black, subsequent centroid locations can be calculated. 
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Fig 6.5 Photograph to show reflective marker placement points. 
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The two cameras were placed with their respective fields of view at an angle 

of 45° to the area of movement of the horse's distal limb during_ treadmill 

locomotion to ensure highest quality 3 dimensional recording, and at a distance 

of approximately 1.5 metres from the treadmill. (Fig 6.6). Repeatability of 

camera placement and angle was ensured by placing indelible markers on the 

floor and camera tripod. Calibration of the cameras was undertaken by 

recording a standard calibration frame (MacReflex CAB 1000) supplied by the 

manufacturers with the MacReflex system. 

Each horse was walked on the treadmill for a period of 5 minutes to warm up 

and then trotted for 3 minutes at a speed of 3 m/sec to ensure habituation to 

the gait (Richmond et al, 1994). Thereafter, two recordings of 300 frames (5 

seconds) each were made at this speed of trot (the second recording _for 
back- 

up purposes). Data were logged onto computer (Power Macintosh 6100/60) 

and subsequently downloaded onto floppy disk for later analysis 

V. Force Kistler. As paragraph 2.2.2 ante save that six recordings were logged 

for. 
-each. 

forelimb. 

VI. Motion analysis and force plate protocol. 

Day 1- Control data were collected from each horse. The mean weight of the 

wedges which were subsequently to be applied were calculated (0.11 kgs) and three 

lead weights totalling that weight were applied to each front foot (one at the toe and 

one at each of the heels) using heavy duty adhesive tape. At all data collection times 

each horse underwent computerised motion analysis followed immediately- thereafter 

by force plate analysis ("data collection"). Immediately after data collection was 

completed, toe wedges were applied to each horse. 
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Fig. 6.6 Photograph to show kinematic data collection set up. The horse is trotting 

on the treadmill whilst the MacReflex cameras (centre of picture) track the reflective 
markers place on the distal limb. Data are then logged onto computer (left of 
picture. 
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Day 2- Toe Wedge data collection was undertaken. ("chronic toe wedge"). 

Immediately after data collection was completed the toe wedges were removed, feet 

cleaned out and heel wedges applied to each horse. 

Day 3- Heel wedge data collection was undertaken ("chronic heel wedge"). 

Immediately after data collection was completed the heel wedges were removed, feet 

cleaned out and lateral wedges applied to each horse. 

Day 4- Lateral wedge data collection was undertaken ("chronic lateral wedge"). 

Immediately after data collection was completed the lateral wedges were removed, 

feet cleaned out and medial wedges applied to each horse. 

Day 5- Medial, wedge data collection was undertaken ("chronic medial 

wedge"). Immediately after data collection was completed the medial wedges were 

removed and feet cleaned out. 

Day 6- Toe wedges were reapplied and data collection undertaken immediately 

thereafter ("acute toe wedge"). Toe wedges were removed, heel wedges were applied 

and data collection undertaken immediately thereafter ("acute heel wedge"). During 

data collection it was evident that Horse C had become lame and, upon veterinary 

advice, took no further part in the study. Heel wedges were removed, lateral wedges 

applied and data collection undertaken immediately thereafter ("acute lateral wedge"). 

During data collection for acute lateral wedges it was evident that Horse E had become 

lame and, upon veterinary advice, took no further part in this study. Finally, lateral 

wedges were removed, medial wedges applied and data collection undertaken 

immediately thereafter ("acute medial wedge"). All acute conditions underwent data 

collection on the same day. 

The number of horses from which data collection was undertaken were. as follows: 
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Control n=6 

Chronic toe wedge n= 6 

Chronic heel wedge n= 6 

Chronic lateral wedge n= 6 

Chronic medial wedge n= 6 

Acute toe wedge n= 6 

Acute heel wedge n= 5 

Acute lateral wedge n= 4 

Acute medial wedge n= 4 

VI. Data Analysis. 

i) Computerised motion analysis. Each data file was recalled into the 

MacReflex 2.5 software, sorted and individual markers identified. The file 

was then digitised, using_system software, and exported to the WINGZ data 

analysis system (see para 1.4 ante) supplied with the system software. By 

preparation of the graphs shown in Figs. 1.11 and 1.12 individual strides were 

measured and the following stride parameters calculated for each horse. 

a) Stance length. The length (in metres) that each forefoot occupied 

during one stride cycle 

b) Posterior stance length. That portion of the stance length (in metres) 

that occurred after the third metacarpal was at right angles to the ground. 

c) Anterior Stance length. That portion of the stance length (in metres) 

that occurred before the third metacarpal was at right angles to the ground. 

d) Maximum limb height (MLH). The maximum height (in metres) that 

was reached by the foot marker during the swing phase 

e) Occurrence of MLH. The point in relation to the end of stance (EOS) 

where MLH occurred (in metres). For example if the MLH occurred 30 

millimetres posterior to the lifting of the foot the measurement would be 
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+0.03. If MLH occurred 30 millimetres anterior to the lifting of the foot 

the measurement would be -0.03. 

f) Angle. Angle analysis was obtained using the angle calculation graph 

within WINGZ (see Chapter Three ante). The minimum and maximum 

angles in degrees were measured at the MCP joint and mean data prepared. 

The WINGZ system does not measure the angle in the conventional style 

but measures the following angle 

KNEE 
MARKER 

ANGLE 
ýýý MFAC1T 

MCP JOINT 
MARKER 

rwi 
' MARKER 

Stride Frequency. The number of complete limb cycles per minute 

calculated by the formula 

15 

left foot stance length + right foot stance length 

where : 

x12 

15 = the length in metres travelled by the horse during the recording time 

of 5 seconds (@ 3 m/s); 

Left foot stance length + right foot stance length = total stride length; 

12 = the multiplier to convert number of limb cycles during the 5 second 

recording time to limb cycles per minute. 
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g) Width of foot placement. The distance (in metres) between placement of 

the feeton_the_treadmill belt. 

These data were then applied to Two Factor ANOVA with Replication where there 

were separate left and right feet data (a - f) and Single Factor ANOVA where there 

was no left/right comparison (g and h) to test for any significant differences. In both 

cases 0.05 was the alpha value used. 

ii) Force plate analysis. Kinetic data were evaluated using principal component 

analysis (see paragraph 4.4.9 ante). Significant differences in principal component 

scores between the normal population tested in Chapter Four and the control horses 

in this study were tested using single factor ANOVA (populations of differing size) 

for both left and right feet but significant differences between the controls and the 

eight imbalanced conditions were tested with Two Factor ANOVA with Replication 

(populations of the same size). Again the alpha value used was 0.05. In both cases 

ANOVA calculations were performed in Microsoft Excel®. 

Point of force data were obtained from in-house software in which the ax and ay co- 

ordinates are extrapolated from each record, and interpolated onto 100 points by 

linear interpolation and the means calculated for each horse for each condition. Zero 

value on the axes was determined by the software as being__the midpoint of the 

extremes. 

6.3 RESULTS 

6.3.1 Kinematic data (MacReflex motion analysis) 

Table 6.2 shows the mean data (in metres unless otherwise stated) for all 
horses over all conditions. Any significant differences have been highlighted in 

yellow. 
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These kinematic data were submitted to analysis by Two-Factor ANOVA 

with Replication which revealed that there were no significant differences 

between the control condition and any of the imbalance conditions for any of 

the measured parameters save that there was a significant difference (p<0.01) 

between the left and right minimum MCP joint angles throughout all 

conditions (the angles in the right MCP joint being greater than those in the 

left joint). 

6.3.2 Kinetic Data (Force plate) 

Table 6.3 shows the mean temporal and force data for entry into the rotation 

matrix for the control and chronic imbalance states. Table 6.4 shows the mean 

temporal and force data for entry into the rotation matrix for the control and 

acute imbalance states. 

Figure 6.7 shows the arrowplot for the principal component scores for the 

beginning of stance variables for the control state compared to the normal 

horses from Chapter 4. In all arrowplot graphs in this chapter the normal 

horses are numbered 1- 17 whilst the horses detailed in this study are lettered 

A-F. 

In figure 6.7 the control state horses lie in the centre of the normal population 

and analysis using single factor ANOVA shows that there were no significant 

differences between the two groups. 
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. oJ . 00 ou . 7V ou . 00 . 03 
LEN(; TH 

R 
. 86 . 84 . 85 . 84 . 84 . 84 . 84 . 84 

. 80 

POSTERIOR I. 
. 42 . 41 . 44 . 43 . 41 . 43 . 41 . 43 . 42 

STANCE 

R 
. 43 . 39 . 41 . 39 . 40 . 39 . 40 . 38 . 38 

ANTERIOR L 
. 42 . 42 . 43 . 44 . 43 . 42 . 43 . 46 . 45 

STANCE 

R 
. 43 . 44 . 43 . 44 . 44 . 44 . 44 . 46 . 44 

MAX LIMB L 
. 17 . 19 . 18 . 17 . 16 . 15 . 14 . 16 . 17 

UEIGIHT 

R 
. 18 . 21 . 19 . 17 . 16 . 19 . 19 . 18 . 19 

OCCUR- ' 
-0.09 -0.10 -0.11 -0.05 -0.08 -0.03 -0.07 -0.15 -0.14 RENCE OF 

MLH 

R 
-0.39 -0.07 -0.14 -0.04 -0.11 -0.04 -0.10 -0.13 -0.12 

Mcg JOINT L 61.17 53.00 58.50 61.66 60.50 63.33 61.00 66.25 61.25 
ANGLE 

(DEGREES) 

MAX 

R 58.67 57.00 54.33 55.00 47.83 60.83 55.80 59.75 61.25 

MIN I, 7.00 5.83 5.83 5.33 4.67 4.66 5.20 5.75 5.00 

R 9.83 9.00 9.33 9.33 8.83 9.33 8.20 8.25 8.50 

STYE 105.5 107.8 105.1 104.3 106.9 107.0 106.6 103.8 107.4 
FREQUENCY 

(PER MIN) 

WIDTH OF 0.12 0.12 0.13 0.11 0.12 0.12 0.12 0.11 0.12 

Table 6.2. Mean kinematic data for the measured parameters for control condition 
and all imposed imbalance conditions (measurements in metres unless otherwise 
stated). Parameters showing significant differences have been highlighted in 
yellow 
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T2 9.56 9.47 10.47 10.78 10.20 10.52 9.56 11.36 11.78 10.58 

3 15.32 15.53 16.05 16.11 14.97 16.20 15.28 16.78 17.31 15.78 

T4 19.35 19.42 19.78 19.97 18.57 20.74 18.58 21.03 20.95 19.58 

rs 44.34 42.59 41.19 42.1 42.93 44.25 41.64 43.53 44.06 42.03 

16 87.27 85.08 86.20 85.00 84.93 86.53 84.06 86.83 85.83 84.08 

F4 9.35 9.09 8.82 9.48 8.86 9.09 8.76 9.39 9.63 8.58 

1'6 2.52 3.83 2.22 2.72 2.35 2.63 2.70 2.07 2.47 2.34 

PB 72.84 71.70 71.81 72.14 71.33 72.74 69.89 70.31 72.64 70.98 
time 

PB 14.44 13.39 14.39 12.86 13.60 13.80 14.17 16.53 13.20 13.11 

B 12.73 14.92 13.81 15.00 15.07 13.47 15.95 13.17 14.17 15.92 

Table 6.3 The mean temporal and force data for insertion into principal component 
analysis rotation matrix for control condition and all chronic imbalance 

conditions. 
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12 9.56 9.33 11.00 11.08 10.47 10.52 9.81 12.10 12.50 10.92 

13 15.32 14.56 16.07 16.79 15.71 16.20 14.70 17.40 17.87 16.21 

T4 19.35 17.78 18.97 20.25 19.17 20.74 18.39 20.33 21.67 20.78 

Ti 44.34 42.39 41.40 42.88 46.33 44.25 42.36 43.90 44.04 43.71 
16 87.27 8119 87.37 86.33 86.17 86.53 83.39 87.54 85.38 85.92 

FS 9.35 8.94 8.28 8.85 8.78 9.09 9.15 9.33 9.30 9.37 

16 2.52 2.62 2.12 2.53 2.42 2.63 3.32 2.00 2.71 2.42 

Pß 72.84 70.36 75.11 73.21 73.21 72.74 69.44 73.60 73.09 72.71 

14.44 11.83 12.26 13.12 12.96 13.80 13.95 13.94 12.29 13.21 

12.73 17.81 12.63 13.68 13.84 13.47 16.61 12.46 14.63 14.08 

Table 6.4 The mean temporal and force data for insertion into principal component 
analysis rotation matrix for control condition and all acute imbalance conditions 
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Fig. 6.7 Arrowplot of principal component scores for variables depending upon the 
beginning part of the stance phase. The arrowhead represents the scores for the left 
foot of each horse whilst the numbered/lettered end represents the right foot of each 
horse as well as being the identification number/letter. The red arrows represent the 
normal population and the green arrows represent the control state for the horses 

used in this study. 

Figure 6.8 shows the arrowplot of the principal component scores for the end of 
stance variables for the control and normal horses. 
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Fig. 6.8 Arrowplot of principal component scores for variables depending upon the 
end part of the stance phase. The arrowhead represents the scores for the left foot of 
each horse whilst the numbered/lettered end represents the right foot of each horse as 
well as being the identification number/letter. The red arrows represent the normal 
population and the green arrows represent the control state for the horses used in 
this study. 
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Again single factor ANOVA showed that there were no significant differences between 
the principal component scores for the normal horses and the control horses. 

Figure 6.9 shows the arrowplot of the principal component scores for the beginning of 
stance variables for the control state and all chronic imbalance states. 
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Fig. 6.9 Arrowplot of the principal component scores for the beginning 
of stance variables for the control state and all chronic imbalance states. 
The green arrows represent the control state, dark blue arrows represent 
the chronic toe wedge, black arrows represent the chronic heel wedge, 
red arrows represent the chronic lateral wedge and light blue arrow s 
represent the chronic medial wedge. The arrowhead represents the 
scores for the left foot of each horse whilst the lettered end represents 
the right foot and the identification letter for each horse. 

Analysis by Two-Factor ANOVA with Replication of the principal component scores 
for the beginning of stance phase variables for the control and chronic wedge 

conditions showed that there were no significant differences either between conditions 

or between left and right feet on the first principal component but that there were 

significant differences between the second principal component scores of the control 

state and the chronic lateral wedge (p<0.05) and between the control state and the 

chronic medial wedge (p<0.025) 

Figure 6.10 shows the arrowplot for the principal component scores for the end of 
stance phase variables for the control state and all chronic wedge conditions. 

Analysis by Two-Factor ANOVA with Replication demonstrated that there were no 
significant differences between the control state and any of the chronic conditions on 
either the first or second principal component scores, or between left and right feet. 
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Fig. 6.10 Arrowplot of the principal component scores for the end of 
stance variables for the control state and all chronic imbalance states. 
The green arrows represent the control state, dark blue arrows represent 
the chronic toe wedge, black arrows represent the chronic heel wedge, 
red arrows represent the chronic lateral wedge and light blue arrows 
represent the chronic medial wedge. The arrowhead represents the 
scores for the left foot of each horse whilst the lettered end represents 
the right foot and the identification letter for each horse. 

Figure 6.11 shows the arrowplot of the principal component scores for the beginning 

of stance variables between the control state and all acute imbalance conditions. 

Analysis showed that there were significant differences on the first principal component 

scores between the control state and the acute toe wedge (p<0.01) and on the second 

principal component scores between the control state and the acute toe wedge 

(p<0.001), the control state and the acute heel wedge (p<0.001) and between the 

control state and the acute medial wedge (p<0.025). Further, there appears to be a 

greater "spread" of the arrows in the medial and lateral wedge conditions. 

There were no significant differences on the first principal component score between 

the chronic wedge states and their individual acute states, but there were significant 
differences between the acute and chronic toe wedge (p<O. 025) and the acute and 
chronic heel wedge (p<0.01) on principal component score two. 
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Fig. 6.11 Arrowplot of the principal component scores for the 
beginning of stance variables for the control state and all acute 
imbalance states. The green arrows represent the control state, dark 
blue arrows represent the acute toe wedge, black arrows represent the 
acute heel wedge, red arrows represent the acute lateral wedge and light 
blue arrows represent the acute medial wedge. The arrowhead 
represents the scores for the left foot of each horse whilst the lettered 
end represents the right foot and the identification letter for each horse. 

Figure 6.12 shows the arrowplot of the principal component scores for the end of 
stance variables for the control state and all acute imbalance states. 
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Fig. 6.12 Arrowplot of the principal component scores for the end of 
stance variables for the control state and all acute imbalance states. The 
green arrows represent the control state, dark blue arrows represent the 
acute toe wedge, black arrows represent the acute heel wedge, red 
arrows represent the acute lateral wedge and light blue arrows represent 
the acute medial wedge. The arrowhead represents the scores for the 
left foot of each horse whilst the lettered end represents the right foot 
and the identification letter for each horse. 

There were no significant differences between the control state and any of the acute 
imbalance conditions for the end of stance variables on either the first or second 

principal component scores. There were no significant differences between the chronic 

conditions and their respective acute conditions for the end of stance variables on the 

second principal component scores but there was a significant difference between the 

acute and chronic lateral heel wedge conditions (p<0.05) on the first principal 

component. 

Figure 6.13 shows the plot of the mean ax against ay point of force for the left foot for 

all horses during the control state, the chronic toe wedge and the chronic heel wedge. 
The orientation shown in the figure is repeated throughout the the subsequent figures. 

A similar effect (although mirrored in the medio-lateral orientation) was demonstrated 

in the right foot. As a result of the manner in which the software calculates zero on 
each of the axes it is difficult to make comparisons between the control and the wedge 
conditions. All that can be compared is the shape of each curve. 

Comparison of that shape does, however, demonstrate that during the chronic heel 

wedge there is a shortened cranio-caudal movement of the point of force and the horse 
is landing more "toe first" 
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Figure 6.13 Plot of the mean left foot ax against ay point of force for 
all horses for the control state (blue), the chronic toe wedge (pink) and 
the chronic heel wedge (green). The cranio-caudal orientation is from 
bottom to top and the medio-lateral orientation is from left to right. 
Each data point shown on the curves represents one percent of stance 
time 

Figure 6.14 shows the plot of the mean ax against ay point of force for the left foot for 

all horses during the control state, the chronic lateral wedge and the chronic medial 

wedge. A similar effect (although mirrored in the medio-lateral orientation) was 
demonstrated in the right foot. 
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Figure 6.14 Plot of the mean left foot ax against ay point of force for 
all horses for the control state (blue), the chronic lateral wedge (purple) 
and the chronic medial wedge (red). The cranio-caudal orientation is 
from bottom to top and the medio-lateral orientation is from left to 
right. Each data point shown on the curves represents one percent of 
stance time 

Figure 6.14 demonstrates that with the lateral wedge, horses appear to be landing more 
laterally and that with the medial wedge the general pattern of the point of force is 

substantially different to that of the control or the lateral wedge 

Figure 6.15 shows the plot of the mean ax against ay point of force for the left foot for 

all horses during the control state, the acute toe wedge and the acute heel wedge. A 

similar effect (although mirrored in the medio-lateral orientation) was demonstrated in 
the right foot. 
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Figure 6.15 Plot of the mean left foot ax against ay point of force for 
all horses for the control state (blue), the acute toe wedge (pink) and the 
acute heel wedge (green). The cranio-caudal orientation is from bottom 
to top and the medio-lateral orientation is from left to right. Each data 
point shown on the curves represents one percent of stance time 

Figure 6.15 shows that the point of force in horses with acute toe and heel wedges is 

shortened in the cranio-caudal ay plane. Figure 6.15 also appears to show that in the 

wedge conditions zero on the ax axis does not appear to represent the midpoint of the 

extremes indicating a possible interpolation error in the software. Discussions with the 

software writer (J. A. Leendertz) suggest that a reason for this is a possible "rogue" 

data point in one of the original data files (possibly as a result of noise from the force 

plate) resulting in an apparently "skewed" curve. The shape of the curve, however, is 

not affected by this error and can be compared in the normal way. 

Figure 6.16 shows the plot of the mean ax against ay point of force for the left foot for 

all horses during the control state, the acute lateral wedge and the acute medial wedge. 
A similar effect (although mirrored in the medio-lateral orientation) was demonstrated 
in the right foot. 
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Figure 6.16 Plot of the mean left foot ax against ay point of force for 

all horses for the control state (blue), the acute lateral wedge (purple) 
and the acute medial wedge (red). The cranio-caudal orientation is from 
bottom to top and the medio-lateral orientation is from left to right. 
Each data point shown on the curves represents one percent of stance 
time 

Figure 6.16 demonstrates that in the acute lateral wedge, the point of force moves 

laterally during the major weightbearing phase of the stride. 

Figure 6.17 shows the mean ay (cranio-caudal) point of force for the left foot of all 
horses during the control and all chronic wedge conditions. There was no significant 
difference between the left and right foot control ay curves. Similar curves during the 

wedge conditions were seen in the right foot. Error bars have been inserted onto the 

control curve representing : t. one SE. The repeatable minima and maxima seen in early 

Medial Lateral -f 
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part of this curve correspond to T 1, T2, T3 and T4 (see figure 4.3 ante). The final dip 
in this curve also corresponds closely with breakover (see figure 4.3 ante ). 
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Figure 6.17. Mean ay (cranio-caudal) point of force for all horses 
during the control and all chronic wedge conditions. Those areas of the 
curve with a negative value represent a cranial point of force whilst 
those with a positive value represent a more caudal point of force. 
Error bars have been inserted onto the control curve representing ± one 
SE. 

Figure 6.17 clearly shows that horses had adapted the stride parameters during the 

chronic wedge conditions to accord, generally, with the control. The exception to this 

was the chronic heel wedge where there is an abnormal movement at T3 and a 

shortened pre-breakover phase. What is more notable about Fig 6.17 is that the horses 

would appear to be landing toe first. 

Figure 6.18 shows the mean ay (cranio-caudal) point of force for the left foot of all 
horses during the control and all acute wedge conditions (similar curves were seen in 
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the right foot). Error bars have been inserted onto the control curve representing ± one 
SE. 
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Figure 6.18. Mean ay (cranio-caudal) point of force for all horses 
during the control and all acute wedge conditions. Those areas of the 
curve with a negative value represent a cranial point of force whilst 
those with a positive value represent a more caudal point of force. 
Error bars have been inserted onto the control curve representing ± one 
SE. 

Quite clearly none of the acute wedge conditions accord with the control, save possibly 

the acute toe wedge. Only the horses during the control and acute toe wedge states are 

appearing now to land toe first. 

Figure 6.19 shows the mean ax (medio-lateral) point of force for the left foot for all 
horses during the control and all chronic wedge conditions. 

A mirror image of these curves is seen in the right foot. It can be seen from Fig 6.19 

that in the control state, the chronic medial wedge condition and the chronic toe wedge 

state horses were landing flat footed in the medio-lateral plane whilst in the chronic heel 

wedge and the chronic lateral wedge conditions horses were landing more laterally. 
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Fig. 6.19 Mean ax (medio-lateral) point of force for all horses during 
the control and all chronic wedge conditions. Those areas of the curve 
with a negative value represent a medial point of force whilst those with 
a positive value represent a more lateral point of force. Error bars 
have been inserted on the control curve representing ±1 SE. 

None of the chronic wedge conditions, however, accord with the control unlike during 

the medio-lateral plane. 

During the acute wedge conditions (Fig. 6.20), again none of the medio-lateral point of 
force curves accord with the control. 
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Fig. 6.20 Mean ax (medio-lateral) point of force for all horses during 
the control and all acute wedge conditions. Those areas of the curve 
with a negative value represent a medial point of force whilst those with 
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a positive value represent a more lateral point of force. Error bars have 
been inserted on the control curve representing ±1 SE. 
Figure 6.21 shows the plot of mean ax against mean ay for the left foot for all horses 
for the control (blue), the chronic toe wedge (pink) and acute toe wedge (red). This 
demonstrates that an adaptation of limb loading had taken place between the acute and 
chronic conditions in that during the acute condition there was a restricted cranio-caudal 

movement which had been modified to a shape more in keeping with the control by the 

chronic state. 

E 
E 

r 

ax (mm) 

Fig. 6.21 Plot of the mean left foot ax against ay point of force for all 
horses for the control state (blue), the chronic toe wedge (pink) and the 
acute toe wedge (red). The cranio-caudal orientation is from bottom to 
top and the medio-lateral orientation is from left to right. Each data 
point shown on the curves represents one percent of stance time. 
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Fig. 6.22 Plot of the mean left foot ax against ay point of force for all 
horses for the control state (blue), the chronic heel wedge (pink) and 
the acute heel wedge (red). The cranio-caudal orientation is from 
bottom to top and the medio-lateral orientation is from left to right. 
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Each data point shown on the curves represents one percent of stance 
time. 

Figure 6.22 shows the plot of mean ax against mean ay for the left foot for all horses 

for the control (blue), the chronic heel wedge (pink) and acute heel wedge (red). As 

with the toe wedges, there is a reduced caudal movement in the ay plane during the 

acute heel wedge which has been modified by the chronic state. 
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Fig. 6.23 Plot of the mean left foot ax against ay point of force for all 
horses for the control state (blue), the chronic lateral wedge (pink) and 
the acute lateral wedge (red). The cranio-caudal orientation is from 
bottom to top and the medio-lateral orientation is from left to right. 
Each data point shown on the curves represents one percent of stance 
time. 

Figure 6.23 shows the plot of mean ax against mean ay for the left foot for all horses 

for the control (blue), the chronic lateral wedge (pink) and acute lateral wedge (red). 

During the acute condition there is a deviation in the ax plane which is largely resolved 
by the chronic condition. 
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Fig. 6.24 Plot of the mean left foot ax against ay point of force for all 
horses for the control state (blue), the chronic medial wedge (pink) and 
the acute medial wedge (red). The cranio-caudal orientation is from 
bottom to top and the medio-lateral orientation is from left to right. 
Each data point shown on the curves represents one percent of stance 
time. 

Figure 6.24 shows the plot of mean ax against mean ay for the left foot for all horses 

for the control (blue), the chronic medial wedge (pink) and acute medial wedge (red). 

This plot demonstrates that in neither the acute or chronic state was there an 

approximation of the control curve. 

6.4.1.1. MacReflex motion analysis system 

For accurate kinematic assessment utilising passive reflective markers, 

repeatability of marker placement and assessment of errors for skin 
displacement is essential. These assessments have been carried out on the 
MacReflex system (Richmond, unpublished data) which showed an error of 
I% of the measurement in millimetres in the distal limb during locomotion. An 

error of 1% was also demonstrated in distal limb angle measurement. 
Schamhardt et al (1993) state that correction for skin movement will hardly be 
necessary in most animal locomotion studies. Those studies in which skin 



156 

displacement will be a critical factor are those which require accurate data on, 
for example, muscle or tendon length changes. Even then, however, correction 
algorithms will only be valid on horses with similar conformation and gait. 
Back (1994) declared that where kinematic data are compared between differing 

conditions with each horse acting as its own control, correction for skin 
displacement is not necessary. 

Size of markers is also a factor for consideration as this is highly relevant to the 

accuracy of data. In most systems such as the MacReflex, markers must be at 
least 2.5 cm in diameter if the field of view is 5x4m (Schamhardt et al, 1993). 
If markers are too large, however, loss of accuracy is the consequence. In this 

study the field of view required was less than half the field commented upon by 
Schamhardt et at (1993). However, it was found during trials for this study 
that markers of less than 3 cm diameter tended to be "lost" to one or other of the 

cameras during treadmill locomotion. Markers of greater than 5 cms diameter, 
however, although rarely lost to the camera, were considered to predispose 
towards greater inaccuracy within the system. Markers of 3 cm were tested for 

accuracy within the system (Appendix one) and shown to be accurate to 2.5mm 

within the system. This is similar to the CODA-3 system used for equine 
kinematic studies at the University of Utrecht which shows a maximum error of 
1.8 nun (Back et al, 1993). 

Recordings of 5 seconds duration (300 frames) at 3 ms' enabled recording of a 
minimum of six complete, consecutive limb cycles for each limb, sufficient to 
be measured and averaged to result in representative data. 

The main drawback of the MacReflex motion analysis system used in this study 

was the paucity of sampling frequency of 60 Hz. On average this meant that 

each complete limb cycle was subjected to only 15 sampling points. This 

compares very unfavourably with the CODA-3 apparatus which scans the field 

of view 300 times per second. The MacReflex system, therefore, may only 

record gross deviations in distal limb kinematics, subtle alteration in gait are 

unlikely to be revealed. 

A further source of error in analysis of kinematic data is that, of necessity, all 
kinematic data were obtained during treadmill locomotion. It is well 
documented that the stride characteristics of horses during treadmill locomotion 

differ from stride characteristics during overground locomotion (Barrey et al 
1993). Many authors, however, state that abnormal locomotor patterns can be 
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easily observed during treadmill locomotion (Seeherman, 1992; Dalin & 

Jeffcott, 1994) although some have stated that treadmill locomotion can result in 

abnormal limb movements (Clayton, 1988 - quoting unpublished data from 

Leach), and Dalin and Jeffcott (1994) consider that some treadmills greatly 
disturb normal locomotion. The treadmill is, however, an increasingly utilised 
tool for the controlled collection and comparison of equine biomechanical data, 

and using each horse as its own control, as in this study, should reveal intra 

horse contrariety. 

6.4.1.2 Force Plate 

The force plate is a well accepted tool for the measurement of equine ground 
reaction forces (GRF). The particular force plate used in this study has been 

used for other published studies involving the equine (Silver et al, 1983; 
Goodship et al, 1983; Dow et al, 1991; Dow et al, 1992; Shield et at, 1993; 
Williams et al, 1993; Williams et al, 1994; Elcomb, 1993; Barr et al, 1995) and 
electrical filters ensured that signals received from the force plate were subjected 
to low pass filtering at a cut off frequency of 180 Hz on the vertical channel and 
330Hz on the lateral channels. This had the effect of removing force plate 
resonance frequencies prior to digitisation. The sampling. rate of 500 Hz is far 

superior to that delivered by the MacReflex system and is therefore likely to 
reveal subtle gait changes. 

Until recently, the point of force was also considered to be an accurate 
measurement parameter and researchers had published papers relating to human 
locomotion relying upon the reliability of this data (Yamashita et al 1976, 
Cavanagh & LaFortune 1980, Cavanagh & Ae 1980). Van den Bogert (1989), 
however, suggests that the error of point of force over the entire force plate may 
be as much as 5% but as the area of the point of force under the equine hoof is 

unlikely to exceed 100mm x 100mm, the error in this study will not exceed 2 

mm as a maximum. 

6.4.1.3 Data Analysis 

In this study each horse was used as its own control, thereby overcoming the 

problems associated with comparing populations of differing. type and 
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conformation. Analysis of the mean data was by way of Two-Factor ANOVA 

with Replication, a standard statistic technique used to determine whether there 
is an overall difference between the medians of two or more matched groups. 
Each set of matched observations is ranked individually and the sum of ranks 
for each group is calculated. For each observation the alpha value used was 
0.05. By this method differences between conditions and between left and 
right feet (to assess asymmetry) among the tested population could be detected 

throughout the experiment. 

The kinetic data were tested using. principal component analysis. The mean 
temporal and force measurements for each individual force/time curve for each 
run from each horse for the beginning and end of stance phase variables (see 

chapter 4 ante) were extracted and the means of these points were calculated to 
give mean data for each condition for individual horses. 

The points selected for entry into the rotation matrix for the beginning of stance 
variables (T1- T4) may represent a source of error. Given a sampling rate of 
500/s the averaged Ti in Chapter Four (approx. 4% of the stance time, typically 
260 ms, being 10ms - or about 5 samples) cannot be determined with an 
accuracy of better than 1 sample which, upon the face of it is 20% inaccurate. 
This is certainly a criticism that could be applied to the work carried out by Dow 

et al (1991). The margin of error, however, decreases as stance time increases, 

thereby times for T2, T3 and T4 will have lessening degrees of potential 
inaccuracy. The whole point, however, of applying a tool such as principal 
component analysis is that it does not rely on individual time parameters but 

upon the interaction of those parameters with each other. As has been shown in 
Chapter Four, the times between Ti and T4 are very reproducible inter horse 

and the margin for error in the system is greatly reduced. 

It is because of this that PCA can only give one score for several variables and 
it cannot be ascertained which of the variables, or combination of variables, 
entered into the matrix was responsible for producing an abnormal score. This 
is the limitation of this system although, as has been shown in Chapter Five, it 
is sensitive to disparate biomechanical events within the distal limb. 

Significant differences in PC scores were tested using ANOVA (either single or 
two factor depending upon the size of the populations compared) with an alpha 

value of 0.05. 
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Force plate point of force was analysed using in-house software (FP-AVE, 
Leendertz, J. A. ) in which the ax and ay curves for each run for each horse 

were translated onto a new frame of reference relative to the extremes for each 
curve and each trace was interpolated onto 100 data points by. linear 

interpolation to enable direct comparison. The error in this system is no more 
than the original error of force plate point of force detection and therefore does 

not create any additional source of error (Leendertz, J. A., personal 
communication). The main problem with this software, however, is that direct 

comparisons between conditions are very difficult. 

6.4.1.4 Creation of foot imbalance methodology 

Experimentally induced conditions are invariably open to criticism on the 

grounds that they very rarely exactly mimic the clinical condition and this is a 
valid criticism of this study. The application of wedges in themselves may 
interfere with the normal swing_and stance phase by applying_a weight to the 
bottom of the shoe. It was to minimise this potential source of error that control 
data were collected with weights approximating the weight of the wedges 

applied to the feet and that Stromsholm wedges were used as they are 
lightweight (each cut wedge weighing- approximately 0.1 k&s) but durable. 

They are also made of similar material to plastic horseshoes which are an 

accepted farriery method. 

It was initially considered that the smooth plastic on the weightbearing_surface 
of the wedge may allow the foot to slip abnormally but in practice after a few 

steps the weightbearing_surface of the wedge became slightly "scuffed" and 
horses were not observed to slip either on the treadmill or on the force plate 
with any more frequency. than normally shod horses. This "scuffing", 

however, may in itself produce an abnormal swing/stance phase by producing 
an abnormal contact with the ground. 

The rotation of the wedges, whereby all horses received the same wedges on 
the same day, may also be a source of error as it cannot be categorically stated 
that the results were not as a result of the rotation sequence rather than of the 

wedge itself. If the study were to be repeated the protocol should be amended 
to ensure that each horse received a different wedge rotation. 
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All acute wedge data collection was accomplished in one day. The possibility 
exists that fatigue may play a part in data variation but this is considered 
unlikely as each horse was involved in data collection for a maximum of 20 

minutes for each wedge state (mostly at the walk) with a rest period of 2 hours 
between each data collection session. 

The criticisms of methods and materials in this study apply equally to studies in 

previous and subsequent chapters 

6.4.2. Kinematic data 

The only, significant kinematic change was the difference in minimum MCP joint 

angles between the left and right feet in all of the horses in all of the conditions. The 

minimum joint angle occurs when the MCP joint is fully, flexed. Consideration of the 

MacReflex data showed that maximum flexion of the MCP joint occurred at 

approximately mid-swing_phase. It is at this point that the reflective marker on the 

right MCP joint moved behind the left cannon bone during the stance phase of the left 

limb and the marker is therefore lost to the camera. This apparent difference in angles 

merely results from a deficiency in the recording system when a marker is lost to the 

camera and has no clinical significance. No other significant differences were shown in 

the angles of the MCP joint. 

The lack of any other significant differences in the kinematic data is disappointing. 

Clayton (1987) found differences in how the foot landed when trimmed to a broken 

back hoof/pastern axis by. using, high speed cinematography. Orientation of foot 

landing could not be measured by this system (foot landing orientation can be 

detected by the force plate), but Clayton (1987) also found a difference in how the 

foot was oriented prior to landing concluding that differences in landing orientation 

result from attempts by, the horse to keep the distal phalanx in alignment with the 

other phalanges. Foot orientation prior to landing was not a parameter measured in 

this study as it does not address the hypotheses to be tested. 
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Clayton (1987) also observed a slight increase in stride length in horses trimmed with 

a broken back hoof/pastern axis but when tested by multivariate ANOVA this was 

not shown to be significant and this accorded with this study which also showed that 

none of the imposed imbalances resulted in a change of stance length. This lack of 

change in stance length was also reflected in the lack of any differences in stride 

frequency. 

The lack of changes in MLH and occurrence of MLH in this study accords with that 

demonstrated by Clayton (1987) in horses with a broken back hoof/pastern axis as 

does the general shape of the arc of flight. None of the imposed imbalance states had 

any effect upon the measured parameters thus negating the theoretical deviations in 

the occurrence of MLH during. the arc of flight. These theoretical deviations in the arc 

of flight have been repeated in standard farriery and veterinary literature from the 

beginning of the 19th Century until very recently (Balch et al, 1991). This study also 
demonstrated that contrary to the single humped parabolic curve thought to be 

associated with normal limb flight, a double humped figure is shown (Fig. 1.11) and 

the occurrence of the MLH was not affected by any of the chronic or acute 

conditions. 

No significant differences were detected in the width of foot placement thus 

demonstrating that imbalance does not alter the placement of the limb with reference 

to the bony column of the leg. 

6.4.3 Kinetic data 

The data obtained from the force plate has yielded a substantial amount of 

information for analysis which will be discussed in relation to each wedge state. 
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6.4.3.1 Controls 

a. Principal Component Analysis 

Principal component analysis of the control data for both the beginning and 

end of stance variables showed that there were no significant differences 

between the principal component scores for the normal population described 

in Chapter Four ante and the control state horses in this study. This 

demonstrated that the horses used in this study accorded with the normal 

population and had no sub-clinical locomotor abnormality which could affect 

the results obtained. 

b. Orientation offoot landing 

The point of force for the control state showed that horses were landing toe 

first. This does not accord with observations made by, other researchers 

(Clayton 1987, Ratzlaff et al 1990, Schryver 1978) who all state that in the 

slower gaits horses land either heel first or flat footed. It can, however, be 

seen from Figs. 6.13 and 6.17 that this cranial positioning of the point of 

force is only during the first 2% of stance time. It is also important to bear in 

mind that the force plate is only triggered when a force of 50N appears on one 

of the vertical force channels and the immediate point of impact may not be 

recorded. This should be considered important when discussing foot landing 

post. 

The point of force for the control state also demonstrated that the horses were 

landing flat footed in the medio-lateral plane but immediately the medio-lateral 

(ax) point of force moved medially. This accords with results produced by 

Ratzlaff et al (1990). 
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c. Point of force during limb loading 

Between Ti and T2 the point of force rapidly moved caudally and laterally 

and between TZ and T3 the point of force moved cranially and medially. This 

corresponds with the loading. of the SDFT and the extending of the MCP 

joint. This corresponded with results obtained by Ratzlaff et al (1990) using 

an instrumented shoe who observed a peak vertical force magnitude over the 

medial heel shortly after foot impact. 

The point of force remained in a generally constant position until PBtime. 

Again this accords with results obtained by other researchers (Colahan et al, 

1991; Colahan et al, 1993; Ratzlaff et al, 1991). Schryver et al (1978) 

theorised that the point of force would be applied under the cranial third of 

the frog, slightly in advance of the distal interphalangeal joint and this is 

supported by this study (Fig. 16.17). Schryver et al (1978) stated that the 

position of the point of force in relation to the toe was a constant. Therefore 

in this study the minimum value of ay represents the position of the toe. The 

position where the point of force acts for the greatest proportion of the stance 

time in the control horses is approximately 45 mm caudal to the toe. In the 

horses studies by Schryver et al (1978) the point of force was at an average of 

57 mm caudal to the toe but this may just represent a difference in average 

foot size between the two groups of horses. 

If the minimum value of ay represents the position of the toe, then (if the 

horse is breaking over in the centre of the toe, as they were observed to do in 

the control state) the point of force for the majority of the stance time is 

applied medial to the centre line (Fig. 6.14) 
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It had previously been thought that equal weightbearing on all parts of the 

hoof resulted in equal weightbearing throughout the bony column of the limb 

and that this was necessary to prevent abnormal concussive forces within the 

joints (Moyer and Anderson, 1975). This model, however, is biomechanically 

flawed as normal, sound limbs are not usually characterised by even or equal 

distribution of force up the bony column of the limb (Firth et al, 1988; Turner, 

1975; Colahan et al, 1991). Further, the foot landing simultaneously on both 

heels or flat footed is not evenly distributing force (Ratzlaff, 1988; Barrey, 

1990). Firth et al (1988) and Turner (1975) demonstrated using strain gauges 

that the medial aspect of the bony column of the forelimb in both foals and 

adult horses was subjected to more strain than the lateral aspect and it is this 

that is likely to reflect the point of force demonstrating a more medial 

orientation. 

d. Point of force during breakover 

Between PBtime and T6 the point of force moves rapidly cranially and 
laterally. Again this accords with the results of Ratzlaff (1990) who 
demonstrated, using an instrumented shoe, that the medial heel lifts off the 

ground before the lateral heel and finally the toe is lifted. To enable this to 

happen the point of force must be transmitted away from the medial heel at 
breakover when the point of force moves rapidly towards the toe as the heel is 

rotated over the toe prior to toe lift and the end of the stance phase. Further, 

Barrey (1987) has demonstrated that the point of zero moment moves 

towards the toe after PBtime and Bartel et al (1978) calculated that the point 

of application of force with respect to the hoof remains constant until just 

before the heel leaves the ground. 

Thus the force plate studies of the horses in the control state are observed to 

accord with modem theoretical and scientific evaluation of equine hoof/ground 

interaction. 
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6.4.3.2 Toe wedges 

The toe wedges were applied to effect a long toe/low heel (LTLH) 

conformation and a broken back hoof/pastern axis. It is this type of imbalance 

that has received the most scientific investigation mainly because of a 

mistaken belief that had built up amongst racehorse trainers in the United 

States which decreed that this type of foot conformation lengthened the stride 

and therefore increased the speed of horses (Ivers 1985). Many veterinarians 

and scientists, however,, considered that whether or not LTLH increased stride 

length, the mechanical disadvantages far outweighed any possible benefits. 

Those mechanical disadvantages were said to include: 

9 vertical bodyweight being placed behind the foot creating over dorsiflexion of 

the MCP joint and over extension of the carpus 

" an inability of the foot to absorb impact energy 

" susceptibility to hoof wall tearing, and separation of the sensitive and 

insensitive laminae 

" increased tension within the flexor tendons and suspensory apparatus 

" susceptibility to navicular disease 

(Schryver et al, 1978; Leach, 1983; Ivers, 1988; Moyer, 1988) 

Azzie and Azzie (1988) state that a broken back hoof/pastern axis is the 

biggest single contributor to forelimb injury in the racehorse, and in their study 

of foot imbalances in racehorses, 77% of horses displayed this shoeing defect. 

a. Principal Component Analysis 

Principal component analysis demonstrated that there were significant 

differences on both principal component scores one and two for the beginning 

of stance phase variables between the control state and the acute toe wedge. 
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Principal component analysis also demonstrated that there were no significant 

differences on either principal component score between the control state and 

the chronic toe wedges. 

Quite clearly the acute toe wedge produced an abnormal force/time curve 

during the initial loading of the limb to which the horse had adapted by the 

chronic state. The beginning of stance variables are attributable to the loading 

of the major collagenous structures within the distal limb and the extension of 

the MCP joint. Most authors agree that creating an LTLH predisposes the 

horse to place vertical bodyweight behind the foot in the chronic state (no 

authors have considered the implications of an acute in vivo imbalance). It is 

therefore considered a possibility that in the acute state the horse is still trying 

to place the foot with the bodyweight directly above but within 24 hours the 

horse has adapted the stride to enable normal loading. Alternatively, in 'the 

acute state the horse is generally. unbalanced by the toe wedge (in much the 

same way as a human being asked to run in shoes with an uplifted toe) but has 

accommodated that imbalance within 24 hours. 

Principal component analysis demonstrated that there were no significant 

differences in either principal component score one or two on the end of 

stance phase variables between the control state and the acute or chronic toe 

wedges. This result is surprising. as all scientific studies on this point to date 

have demonstrated that breakover is affected by LTLH (Bushe et al, 1987; 

Clayton, 1987). Clayton (1987) found that breakover time was significantly 

lengthened because the long toe acted as a long lever arm which required more 

force to lift the heel resulting in greater forces in the deep digital flexor tendon 

and the navicular ligaments than normal. 

The disparity between Clayton (1987) and this study results from the form of 

imposed imbalance used in this study in that although the 3° wedge had the 
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desired effect of breaking back the hoof/pastern axis, the front of the wedge 

did not extend beyond the actual toe of the horse and, therefore, the 

weightbearing surface of the wedge was no greater than the weightbearing 

surface of the foot. In this study, therefore, the longer lever arm as described 

by Clayton was not produced. 

b. Orientation of foot landing 

Fig. 6.13 demonstrates that the shape of the point of force curve in the chronic 

state was broadly similar to the control state and it may therefore be assumed 

that the horses were landing in accordance with the control. In the acute state, 

however, the point of landing. appears to be further towards the toe suggestive 

of a more pronounced toe first landing. 

Clayton (1987) recorded an increase in toe first impact in horses with LTLH 

although generally those horses tended to land flat footed. This study 

therefore does not support the findings of Clayton. 

c. Point of force during stance time 

For the balance of the stance time, however, during the acute state the ay 

cranio-caudal point of force was contracted and, bearing in mind that the 

minimum value of ay represents the toe, applied between 10mm and 15mm 

more cranially than the control until breakover. During the chronic state, 

however, point of force was broadly in accordance with the control 

throughout. These results are not in accordance with the theoretical 

assumption of Clayton (1987) that the morphology of a broken back 

hoof/pastern axis would suggest that the point of force would be located 

further towards the heel. 

The results from this study are implicative of an adaptation in locomotion 

enabling the horse to approximate normal locomotion, certainly in the ay 
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plane. The methods by which the horses achieved this adaptation are unclear. 

Either the placement of the foot in relation to the centre of mass was altered or 

the centre of mass of the horse in the sagittal plane was affected (for example 

by head carriage). 

d. Point of force during breakover 

In the ay plane, the application of the point of force approximates to the 

controls but more particularly so in the chronic state, implicative of an 

adaptation of stride. In the ax plane, however, the application of the point of 

force does not approximate with the control state either in the acute or chronic 

states. This is suggestive of the horse being able to modify stride parameters 

in the cranio-caudal plane but not in the medio-lateral plane. 

6.4.3.3. Heel Wedges 

It is generally considered that elevating the heels reduces the slope of the 

phalanges precipitated by reduced tension within the DDFT and that this 

change in phalangeal orientation is due to positional changes of the distal 

phalanx (Leach, 1983). Although a reduction in the strain within the DDFT is 

brought about by this type of imbalance, researchers have demonstrated that 

elevating the heels creates increased strain within the SL (Wilson, 1991) as a 

result of the reorientation of the hoof/pastern axis. 

a. Principal Component Analysis 

Principal component analysis demonstrated that on the beginning variables 

there was no significant difference between the controls and the acute heel 

wedge on principal component score one but that there was a significant 

difference on principal component score two. There were, however, no 

significant differences on either principal component score between the 
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controls and the chronic heel wedge. These results are different to those of the 

toe wedges and, therefore, the acute heel wedges are creating divergent 

biomechanical abnormalities to the acute toe wedges during limb loading 

element of the stance phase, and consequently within the major collagenous 

structures of the distal limb. As the differences in the toe wedges are on both 

principal component scores, as opposed to only principal component score 

two in the heel wedges, it is possible that greater biomechanical disturbances 

are created by the acute toe wedges. 

As with the toe wedges, however, the horse adapted its locomotor pattern to 

accommodate the heel wedges within 24 hours. The nature of this adaptation 

cannot be ascertained because the exact biomechanical events which result in 

Ti - T4 are not yet known. Even if they were known, because of the nature 

of PCA it would be difficult to establish which biomechanical event was 

abnormal or being adapted. 

Principal component analysis demonstrated that there were no significant 

differences between the controls and the acute or chronic heel wedges on the 

principal component scores for the end variables. Lochner et al (1980) noted 

that the strain in the DDFT decreased in horses with elevated heels. As a 

result of this, many veterinarians and farriers have advocated the use of heel 

wedges for the treatment of horses with DDFT injury or with injury and 

disease within structures associated with the DDFT (such as the distal 

sesamoid). Schryver et al (1978), however, theorised that heel off is not 

associated with a high degree of force acting at the toe and as a result Leach 

(1983) propounds that for an acceptably conformed hoof, elevating the heels 

and lowering the toe to speed breakover is probably worthless. This 

statement appears to be confirmed by this study. Clayton et al (1987) also 

demonstrated using various types of shoes generally thought to advance 

breakover, that heel off appears to be unaffected. Consequently the idea that 
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elevating the heels either advances breakover or shortens breakover is not 

supported. It must, however, be remembered that, as with the horses used by 

Clayton et al (1987) the horses in this study were sound and the results of 

this study do not preclude the possibility that horses with locomotor 

abnormality or disease may respond differently. 

Although there were no significant differences on the end of stance variables 

between the controls and the acute or chronic heel wedges, there was a 

significant difference between the acute heel wedge and the chronic heel wedge 

on principal component score one. This signified that the horses were making 

some form of adaptation of movement to the chronic condition. It is possible, 

therefore, that leaving the wedges in situ for more than 24 hours would 

produce a further adaptation of locomotion which would be more in keeping 

with the previously stated theoretical assumptions of breakover advancement. 

b. Orientation of foot landing 

In the acute heel wedge condition the horses landed heel first but in the chronic 

condition they reverted to the control state of landing toe first. This is 

particularly well demonstrated in Fig 6.13 which shows initial placement of 

the foot in advance of the toe at breakover. This is probably explained by the 

foot sliding caudally before heel placement. Quite clearly an adaptation in 

foot placement took place within 24 hours. Clayton (1987) stated that horses 

in her study re-oriented the foot in the terminal part of the swing phase and 

hypothesised that the proprioceptive reflexes responsible for hoof placement 

on the ground ensure that there is an optimal orientation of the distal phalanx 

at foot landing. This is the most likely explanation for the adaptation at the 

chronic state. 
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c. Point of force during limb loading 

In the acute state the loading of the collagenous structures (Ti - T4) was not 

in accordance with the controls in that, in the ay plane, movement was 

restricted. By the chronic state, however, adaptation had taken place and 

point of force was in accordance with the control save that there was a greater 

movement between T2 and T3. It was the only chronic condition in which 

the horses failed to restore normal loading patterns in the ay plane. This 

result is interesting as it has always been hypothesised previously that a 

broken back hoof/pastern axis was the most likely contributory foot imbalance 

factor in the pathogenesis of lameness (Azzie et al 1988, Ivers 1988). This 

study shows, however, that the only foot imbalance to which the horse cannot 

fully adapt in the ay plane during weightbearing is raised heels. This may be 

because the location of the point of force during the majority of the stance 

phase was located some 15 mm close to the toe (Fig. 6.13) and the horses 

were unable to re-orient the limb in this plane. 

During the acute and chronic states the point of force in the ax plane did not 

accord with the controls. This, again, is indicative that the horse is able to 

adapt its locomotor patterns in the cranio-caudal plane but not in the medio- 

lateral plane. 

Bushe et al (1987) recorded that an increase in hoof angle (which is the effect 

of the heel wedge) directly affected the angle of the distal interphalangeal joint 

and it is certainly possible that any alteration of the angle of this joint could 

affect the biomechanical loading of the flexor tendons as other authors have 

demonstrated that raising the heels creates diverse alterations in flexor tendon 

strain (see ante). 
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d. Point of force during breakover 

During the acute condition the point of force deviated substantially from the 

controls in both the ax and ay planes but by the chronic state again adaptation 

had largely taken place in the ay plane but not in the ax plane (Figs 6.17 - 

6.20). 

As a result of the point of force being located more towards the toe during the 

majority of the stance phase, there is a limited cranial movement of the point 

of force during the terminal part of the stance phase during the chronic 

condition (Fig. 6.17). As stated earlier, however, principal component 

analysis demonstrated that there was no change in breakover and this was 

discussed in terms of remedial farriery. It is possible that although remedial 

farriery (by elevating the heels or shortening the toe) cannot affect the 

temporal components of breakover, it is demonstrated by the point of force 

that this type of foot conformation may make the lifting of the foot easier as 

the point of force is already located more cranially. This proposition is 

supported somewhat by Ratzlaff et al (1990) who demonstrated using an 
instrumented force shoe that the propulsive force spike at the toe in Fy 

(which is seen between T6 and end of stance) was reduced or absent in horses 

with heel wedges. 

Clearly the heel wedge did have an effect on the point of application of the 

point of force and therefore these results do not accord with those obtained by 

Colahan et al (1991). Again the most likely explanation was the differing 

protocols used. 

6.4.3.4 Lateral wedges 

It is said that the majority of horses in the United Kingdom have their feet 

trimmed so that they are "outside high" - i. e. the medial wall is trimmed 



173 

shorter than the lateral wall and that this is as a direct result of poor farriery 

instruction and techniques. (Colles, personal communication). Hypotheses 

and case histories have correlated this medio-lateral imbalance with laterally 

distorted hooves and sheared heels (Moyer and Anderson, 1975(b); Balch et 

al, 1991; Lungwitz, 1891). 

a. Principal Component Analysis 

Principal component analysis of the beginning variables demonstrated that 

there were no significant differences on principal component scores one or 

two for the acute state. There was no significant difference in the chronic 

state on principal component score one but there was a significant difference 

on principal component score two. This was the first imbalance state during 

which a locomotor abnormality in the temporal components of the stride was 

not evident in the acute stage but had subsequently developed in the chronic 

state. This result indicates that during the loading of the collagenous 

structures within the distal limb a chronic abnormality in gait developed. This 

may prove to be significant in the pathogenesis of some of the injuries thought 

to be associated with this medio-lateral imbalance, such as degenerative joint 

disease in the distal interphalangeal, MCP, and carpal joints as any chronic 

limb loading abnormality is likely to affect joint surfaces. Again, principal 

component analysis demonstrated that the abnormality shown was different 

to the loading abnormalities demonstrated during the toe and heel wedge 

states. 

Principal component analysis of the end variables demonstrated that there 

were no significant differences on either principal component score for either 

the acute or chronic states. This demonstrated that the lateral wedges had no 

effect on the temporal components of the terminal part of the stance phase 

and breakover, as a percentage of stance time, was unaffected. 
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a. Orientation of foot landing 

In the acute state the point of force in the ay plane demonstrated that the 
horses were landing more flat footed but by the chronic state the horses had 

reverted to toe first landing. Previous discussion points apply. 

In the ax medio-lateral plane, comparisons with the control are difficult to 

make as there is no fixed point against which to compare (points on the ay 

curve can be correlated with the toe) but it would appear that in both the 

chronic and acute states there is no correlation with the control. Many 

authors have observed that horses with an "outside high" foot conformation 

will land laterally (Balch et al 1991, Ratzlaff et al 1990) but this study cannot 

confirm those observations. 

b. Point of force during limb loading 

During the acute state, again the point of force shows a substantial deviation 

from the control in the ay plane which is assuaged by the chronic state. These 

deviations in the acute state take the form of a reduced cranio-caudal 

movement of the point of force. Again, the horses had a capacity to adapt 

their stride to restore normal cranio-caudal point of force application. 

Possible explanations for this ability have been propounded ante. The 

deviations in the point of force are not reflected in the principal component 

scores which demonstrated that the opposite was occurring in the temporal 

characteristics of the stride. This is possibly explained by the horse re- 

orienting the foot in relation to the centre of mass and thus allowing the point 

of force to return to normal at the expense of limb loading temporal 

characteristics. This may represent a possible biomechanical model for distal 

limb injury. 

Again similarities or abnormalities in the ax plane are difficult to ascertain but 

other authors have suggested that the point of force is applied laterally. In the 
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cadervaric limbs tested by Colahan et al (1991) it was demonstrated that when 
lateral wedges were affixed to the foot the centre of pressure moved laterally 

when under a compressive load, as did the point of force in the live horses 

with lateral wedges tested by Ratzlaff et al (1990) using an instrumented horse 

shoe. 

Firth et al (1988) demonstrated using, strain gauges applied to the lateral 

aspect of the third metacarpal bone in foals, that strain on the lateral surface 
increased by 100% when they applied lateral wedges to the foot, but that 

these changes gradually decreased over 10 days by which time the strain was 

not significantly different to that in the unwedged state. They showed that a 
form of habituation was taking place to return loading patterns to normality 

and Firth et al suggested that this resulted from adaptation of movement and 

morphologic change of the bone ends in the interphalangeal joints or a result of 

change in the manner in which the limb was loaded. This study has 

demonstrated that there was a change in the temporal loading of the limb (i. e. a 

change in PCA scores for beginning. variables) and it is therefore possible to 

assume that an adaptation of movement has taken place. 

d. Point of force during breakover 

In the ay plane the acute state demonstrated a substantial deviation to the 

control which was again rectified by. the chronic state. Possible reasons for 

this pattern are discussed ante. In the ax plane, however, comparisons with 

the control are difficult. 

6.4.3.5. Medial wedges 

u. Principal Component Analysis 

Principal component analysis of the beginning variables demonstrated that 

there was no significant difference on principal component score one between 
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the controls and the acute medial wedge but that there was a significant 
difference on principal component score two. In the chronic state there was 

no difference to the control state on principal component score one but there 

was a significant difference on principal component score two. These results 

are different to any of those shown for other wedge states. 

These results also show that an abnormality existed in the temporal 

components of the loading stage of the stance phase in the acute state which 

persisted in the chronic state unlike the lateral wedges which only produced an 

abnormal response in the chronic state. , Again, because of the lack of 

understanding of the biomechanical events resulting in the beginning variables 

together with the limitations of PCA discussed ante it is not known what type 

of abnormality could create these abnormal gait patterns but it is further 

implicative of the role of medio-lateral imbalances in distal limb injury and/or 

disease (see discussion relative to lateral wedges ante). 

Principal component analysis of the end variables demonstrated that there 

were no significant differences between the acute and chronic conditions and 

the control on either principal component score one or two thus 

demonstrating that medial wedges had no effect on the temporal components 

of the unloading element of the stance phase or breakover. 

b. Orientation of root landing 

The ay cranio-caudal point of force (Fig. 16.18) demonstrated that the horses 

were landing heel first during the acute medial wedge condition but that this 

had reverted by the chronic condition to a toe first landing (Fig. 16.17). 

Previous discussion points apply. 

The ax medio-lateral point of force demonstrated that, although comparisons 

are difficult to make, the horses appeared to be landing differently in the 
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chronic state in relation to the rest of the ax curve than do the controls (Fig. 

6.14), suggestive that the horses are landing more medially. This would not be 

a surprising result as all previous studies, both theoretical and experimental, 

have resulted in horses with higher medial to lateral hoof walls landing 

medially (Moyer and Anderson, 1975; Ratzlaff, 1989; Ratzlaff et al, 1990). 

c. Point of force during limb loading 

The characteristic peak seen at T2 took on a more flattened shape during the 

acute wedge state. This was not repeated during 
_ 
the chronic state and was 

therefore unlikely to be the causative effect of the abnormal PCA score. Again 

it was demonstrated. that.. in- the- chronic. condition the horses had habituated 

the cranio-caudal application of the point of force to the medial wedge. 

Figs 6.14 and 6.16 show that there was a change in the ax plane between the 

acute and chronic states in that there is a greater medio-lateral deviation in the 

chronic state suggestive of a persistent gait abnormality. If it is accepted that 

these horses are landing medially (as is suggested by this study and by others) 

then this medio-lateral deviation in the point of force is likely to commence 

medially and move laterally towards the control state. This hypothesis would 

be in accordance with the theoretical and experimental results of others 

(Moyer and Anderson, 1975; Ratzlaff, 1989; Ratzlaff et al, 1990) where a 

more medial application of the point of force was either expected or found. 

d Point of force during breakover 

During the end of stance variables, although there was no effect on the 

temporal components of the stride, Fig. 16.18 shows that in the acute medial 

wedge state the horses again evidenced the highly abnormal caudal movement 

of the point of force seen in the acute lateral and heel wedge states but, by the 

chronic state, the horses had habituated to demonstrate a more normal 

application of the point of force. Previous discussion comments apply. 
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Generally, insofar as PCA is concerned, beginning of stance variables were affected 
during the acute toe, heel and medial wedge conditions and in the chronic lateral and 

medial wedge conditions and that each abnormality was imbalance specific. This 

demonstrated that when loading., the collagenous structures of the distal limb each 

wedge had a differing effect upon loading characteristics but that the horse was able to 

adapt the temporal stride characteristics in dorso-palmar imbalances but not in medio- 
lateral imbalances and an abnormal limb loading pattern persisted in these states. It 

was therefore shown that insofar as temporal limb loading was concerned, media 

lateral imbalances are potentially more serious. This would accord with observational 

evidence that medio-lateral imbalances are a major predisposing factor in distal limb 

joint injury and disease (see ante). 

With regard to the end of stance phase variables, PCA has demonstrated that none of 

the wedge conditions, either acute or chronic, had any effect on temporal stride 

conditions although this may. be an artefact either of the imbalance protocol used (see 

discussion ante) or that the wedges were not left in situ for long enough to create 

abnormal stride parameters. 

A major area of error may., the experimental design in that horses were not given 

enough time to habituate between diverse wedge imbalance chronic states and it may 

be that a subsequent experiment should be designed to ascertain the changes in 

locomotor patterns over a period of several days. Such an experiment could not, 

however, take place using, the experimental imbalance protocol used in this study as a 

feature of the plastic wedges would be that over a very short period of time the 

plastic wedge would wear and either the heads of the screws would make contact with 

the ground or the wedge would wear flat. Further, it became evident during this study 

that horses were prone to standing_ on the backs of the wedge during treadmill 

locomotion and pulling them off. 
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6.5 CONCLUSION 

Horses with a dorsal foot imbalance did not demonstrate an increased stride length 

and therefore hypothesis la is not proven and this is in accordance with the results 

demonstrated by, others. Hypothesis lb is proven but only in the acute state where 

significant alterations were shown in both principal component scores. Horses had, 

however, modified the limb loading. variables, by chronic data collection. Principal 

component analysis is, therefore, not a useful tool for the detection of this foot 

imbalance unless it is applied immediately after foot balance or shoeing. 

There were no significant changes in the principal component scores for the end of 

stance variables and, consequently,. hypothesis is is not proven as any change in 

breakover time would be reflected in the principal component scores. 

Hypothesis id was not proven in that no alteration in the occurrence of maximum 

foot height during arc of flight was demonstrated. This does not preclude the 

possibility that alterations in the arc of flight occur elsewhere as has been shown by 

others. 

Horses with a dorsal foot imbalance did land toe first both during, the acute and 

chronic states and, therefore, hypothesis le is proven. It should, however, be borne 

in mind that horses in the control state were also landing toe first and this is contrary 

to that described by others. The point of force during the stance phase was applied 

more cranially in the acute state but reverts to an application similar to the controls 

during the chronic state and hypothesis if is not proven. 

Horses with a palmar foot imbalance did not display a decreased stride length and 

hypothesis 2a is not proven. Hypothesis 2b is proven but only in the acute state 

where significant alterations were shown in principal component score two (a 



180 

divergent result to that show by the dorsal foot imbalance). Horses had, however, 

modified the limb loading variables by chronic data collection. Principal component 

analysis is, therefore, not a useful tool for the detection of this foot imbalance unless 

it is applied immediately after foot balance or shoeing. 

There were no significant changes in the principal component scores for the end of 

stance variables and, consequently, hypothesis 2c is not proven as any change in 

breakover time would be reflected in the principal component scores. Hypothesis 2d 

was not proven in that no alteration in the occurrence of maximum foot height during 

arc of flight was demonstrated. This does not preclude the possibility that alterations 

in the arc of flight occur elsewhere as has been suggested by others. 

Horses with a palmar imbalance did land heel first in the acute state but had adapted 

their stride by chronic data collection. Hypothesis 2e is, therefore, only partly 

proven. The habituation to this wedge shown by these horses was also implicative of 

an alteration in foot orientation prior to foot placement and, consequently, an 

alteration in the terminal element of the swing phase. 

Hypothesis 2f is also only partially proven in that in the acute state horses did 

display a more cranial application of the point of force but only until PBtime at 

which time point of force demonstrated a more caudal application. By the chronic 

state, however, habituation had occurred and point of force was in accordance with 

the controls. 

Horses with a lateral imbalance did not place the forefeet wider in the x plane and 

hypothesis 3a is not proven. Hypothesis 3b is proven in that horses did display 

characteristic limb loading abnormalities in the chronic state only and PCA is a useful 

tool for further investigation of these abnormalities. 
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Landing orientation proved difficult to assess but data were suggestive that horses did 

not land more laterally in. the acute state but did land laterally in the chronic state but 

hypothesis 3c cannot categorically be proven. Data were insufficient to address 

Hypothesis 3d and alternative methods of data evaluation are needed. 

Horses with a medial imbalance did not place the forefeet close together in the x 

plane. Hypothesis 4a is consequently not proven but hypothesis 4b is proven in that 

deviations in principal component scores occur in both the acute and chronic states. 

Landing orientation was difficult to assess although the data were suggestive that 

Hypothesis 4d is proven in that horses did land medially in chronic state. 

Hypothesis 4d cannot be proven until alternative methods of data evaluation are 

available. 

Consideration of the ax and ay point of force data demonstrated that during all acute 

conditions the application of the point of force varied quite substantially to the 

control state and the variation was specific to each imbalance. In the chronic 

conditions, however, the horse was able to adapt its stride to habituate to all the 

wedge conditions in the cranio-caudal plane but not in the medio-lateral plane where 

individually characteristic alterations of the application of the point of force existed. 

This suggests that the horse is able to either move the centre of mass in a cranio- 

caudal plane (for example by altering head carriage) or re-align the limb in respect to 

the centre of mass in a cranio-caudal plane, but can do neither in the medio-lateral 

plane. This would support the observational evidence that dorso-palmar imbalances 

result in injury to the major collagenous structures within the distal limb as any 

deviation in cranio-caudal limb placement will place additional strain on those 

structures. 
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It would seem, therefore, that medio-lateral imbalances are potentially more serious 

than dorso-palmar imbalances as the horse is able to adjust foot placement or centre 

of mass only in the sagittal plane, although this in itself may create chronic problems. 

Principal component analysis also suggests that long term limb loading abnormalities 

are associated only with medio-lateral imbalances. 
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CHAPTER 7 

THE EFFECT OF DISTAL LIMB PERINEURAL ANAESTHESIA ON THE 

KINETICS AND KINEMATICS OF NORMAL HORSES. 

7.1 INTRODUCTION 

Perineural anaesthesia (nerve block) is a commonly used technique in equine distal 

limb lameness diagnosis and a variety of local anaesthetic drugs can penetrate 

peripheral nerve barriers and provide reversible anaesthesia with acceptable onset 

times and predictable duration. As part of a complete lameness examination nerve 

blocks are first performed on the most distal branches of nerve trunks moving 

proximally until the pain sensation has been alleviated thus localising the general area 

of injury or disease. 

During_hoof/ground contact, however, sensory perception is important in order that 

appropriate reflex responses can be made to alter changes in muscle length and tension 

(Bowker et al, 1994). Many researchers have considered the effects of perineural 

anaesthesia on the kinetics and kinematics of horses with diverse locomotor 

abnormality or disease (Drevemo et al, 1994; Keg et al, 1992; Merkens and 

Schamhardt, 1988b) but the effect upon normal locomotion has only received one 

limited kinematic study (Kubber et al, 1994) when an unspecified locomotor 

abnormality was shown. 

Two commonly used diagnostic perineural anaesthetic techniques are the palmar 

digital nerve block (PDNB) and the sub carpal nerve block (SCNB). Fig 7.1 shows the 

sites at which local anaesthesia is administered for both PDNB and SCNB. The 

PDNB is effective in alleviation of any pain sensation in the palmar aspect of the foot 

and is therefore most commonly used as part of the diagnostic regimen for disease 
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Fig. 7.1 The sites at which unaesthetic is administered to produce palmar digital 

(above) and sub carpal (below) perineural anaesthesia 
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processes occurring in the navicular area, but also desensitises the deep digital flexor 

tendon distal to the proximal interphalangeal joint, the palmar portions of the distal 

interphalangeal joint, the proximal interphalangeal joint, the cartilages of the distal 

phalanx, the laminar corium, the corium of the bars, frog and sole, the digital cushion 

and the skin on the palmar surface of the pastern and digital cushion. 

The SCNB is a more generalised technique which desensitises a larger area and 

injection of anaesthetic at this site induces disruption of proprioception in the palmar 

metacarpal region and all structures distal to the metacarpophalangeal joint whilst the 

dorsal metacarpal region will still maintain sensation. The SCNB is the highest block 

which does not desensitise motor nerves to muscles. 

To be an effective lameness diagnostic tool, distal limb perineural anaesthesia must not 

only alleviate the pain sensation but must return the locomotor pattern to that of 

symmetry and the normal gait pattern for the individual horse. As the specific normal 

locomotor patterns of an injured horse are unlikely to be available to the clinician, he 

or she is only able to assume that blockage of distal limb proprioception will reveal a 

locomotor pattern normal for that individual and thus make clinical decisions as to the 

site of injury or disease. 

An experiment was devised to quantify the effects of perineural anaesthesia on the 

distal limb kinetics and kinematics of horses with no observable locomotor 

abnormality and test the hypothesis that distal limb perineural anaesthesia will not 

alter the inherent gait patterns of the individual. 

7.2 METHODS AND MATERIALS 

I. Horses. Three horses of Thoroughbred type of differing age (two aged 3 and one 

aged 20) and weight (range 415 - 527 kp) with no observable locomotor 
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abnormality were selected from the University experimental stock. All horses 

were accustomed to high speed treadmill locomotion. 

II. High Speed Equine Treadmill. Sato I, Sweden. 

III. Computerised motion analysis system. MacReflex 2.5, Qualisys, Sweden (See 

pars 6.2. V ante) 

IV. Force Plate. Kistler (see pars 2.2.11 ante) 

V. Motion analysis and force plate protocol. The protocol for MacReflex and force 

plate recording are as set out in paras 6.2. V and 2.2.11 ante. The recording 

protocols were carried out before administration of perineural anaesthesia (control) 

and immediately after disruption of proprioception occurred following- PDNB 

(condition 1) and SCNB (condition 2). All assessments were made on a single 

day. 

VI. Anaesthesia. (a) PDNB was achieved by the infiltration of 1.5 to 2 ml of local 

anaesthetic (Intra-Epicaine, Mepivacaine Hydrochloride UFP 2%, Arnolds 

Pharmaceuticals) subcutaneously over the medial and lateral palmar digital nerves 

of both forelimbs. (b) SCNB was achieved by the infiltration of 5 ml of 

anaesthetic (Intra-Epicaine, Mepivacaine Hydrochloride UFP 2%, Arnolds 

Pharmaceuticals) around the medial and lateral palmar nerves at the level of the 

proximal Quarter of the metacarpus (approx. 4-5 cms distal to the accessory carpal 

bone) proximal to the communicating branch of the medial and lateral palmar 

nerves bilaterally. 

VII. Data analysis. (a) MacReflex kinematic data analysis was as para 6.2. VI(i) ante 

and (b) Force plate kinetic data analysis was as para 6.2. VI(ii) ante and by 

principal component analysis. 

7.3- RESULTS 

7.3.1. Motion analysis 

The mean measured parameters for all horses for all conditions are set out in Table 

7.1. During data recording in all conditions each horse completed a minimum of 6 

complete strides for each limb for analysis. 
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STANCE LENGTH Metres L il. S( (). Ss 11.81 

R 0.86 0.85 0.86 

POSTERIOR STANCE LENGTH (M) L 0.41 0.41 0.38 

R 0.41 0.39 0.37 
ANTERIOR STANCE LENGTH (M) L 0.45 0.47 0.48 

R 0.45 0.44 0.48 

MAX IAMB HEIGHT (MLH) (M) L 0.15 0.14 0.15 

R 0.16 0.16 0.15 

OCCURRENCE OF MLH (M) L 0.01 0.02 0.02 

R 0.01 0.01 0.06 

STRIDE FREQUENCY (per min) 104.2 103.6 104.6 

MCI' joint ANGLE MAX L 63.33 63.00 64.33 

MIN L 4.00 3.66 3.66 

MAX R 61.33 62.00 62.66 

MIN R 7.33 8.33 5.00 

wlwrH O FOOT PLACEMENT (M) 0.10 0.13 0.12 

TABLE 7.1. Table showing the mean kinematic data selected for comparison for all 
conditions for all horses 
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Comparison of the kinematic data using single factor ANOVA (n = 6) between all 

conditions showed no significant change in any of the measured parameters of the limb 

flight or placement of the tested population during treadmill locomotion between any of 
the conditions. 

7.3.2. Force plate analysis 
Table 7.2 shows the mean temporal and force measurements for all horses for each 

condition. These temporal and force measurements as are described in Chapter 4 ante 
but with the additional force measurement from the Fy (cranio-caudal) curve at PBtime 

(PBtime F). 

'i2 1 1.3 

'[3 17.3 

T4 22.6 

TS 42.6 

T6 87.0 
FY ACC 52.3 

PRtime 71.3 

PB 15.6 

STANCE 310.7 
(msec 
Fl(N/Kg) 3.1 

F2 3.5 

F3 5.9 
F4 6.7 

Es 8.5 

F6 2.2 
PKtimc(F) 0.6 

1 1.6 10.6 

17.3 16.3 

22.3 20.3 

43.3 41.6 

89.3 87.0 

56.3 56.3 

73.0 72.3 

16.3 14.6 

328.3 342.3 

2.9 3.0 

3.6 3.3 

5.8 5.7 

6.5 6.3 
7.7 8.5 

2.0 2.1 

0.4 0.4 

13.0 

19.0 

24.0 

43.0 

87.3 

51.6 

72.0 

15.3 
313.6 

3.3 

4.0 

6.4 

7.1 

9.6 

2.1 

0.6 

12.6 

18.0 

22.6 

43.6 
87.6 

54.0 

71.6 

16.0 
325.3 

3.0 

3.9 

6.0 

6.7 

9.4 

2.2 

0.5 

1 1.6 

17.0 

21.6 

42.0 

87.6 

55.0 

72.0 

15.6 

345.7 

3.5 

3.7 

6 
.0 

6.7 

(). 1 

2.0 

0.4 

Table 7.2. Mean temporal and force measurements for the left and right 
forelimbs of all horses for all conditions. Parameters shown post to he 
significantly different are highlighted. 
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Figure 7.2 displays graphically the effects of perineural anaesthesia on the Fy (cranio- 

caudal) curve of the left forelimb of Horse 3 normalised to percentage of stance time 

and body mass. This graph suggests that there is a larger area underneath the 
decelerative portion of the force\time curve and a smaller area under the accelerative 

portion of the force/time curve. These effects were observed in all horses. 

1.00 

0.50 
N 
N 

1 0.00 

O 
Co 

L9 -0.50 

z 

-1.00 

-1.50 
% STANCE TIME 

-CONTROL 
- CONDITION 1 

- CONDITION 2 

Fig. 7.2 Fy (Cranio-caudal) force/time curve normalised to percentage 
of stance time for all conditions for the left forelimb of Horse 3. The 
same effects were shown in the other horses. 
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The mean area beneath the accelerative and decelerative portions of the Fy force/time 

curve for all horses was calculated for each condition after being normalised to 

percentage stance time and N/kg body mass using the formula 

force x time = area 

The results were analysed using single factor ANOVA and are displayed graphically in 

Fig 7.3 demonstrating that perineural anaesthesia does significantly decrease (p<0.01) 

accelerative forces in this population. 

ACCELERATION 
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0- 
ui N 

QJ 
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-20000 
DECELERATION 

CONTROL COND 1 COND 2 

CONDITION 

Fig. 7.3 Graph demonstrating the effect upon the mean area beneath the 
decelerative portion of the Fy force/time curve (blue) and the 
accelerative portion of the Fy force/time curve (purple) for all horses (t 
sem). 
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Figure 7.4 displays the Fz (vertical) force/time curve for the left forelimb of horse 3 

normalised to percentage of stance time and newtons per kilo of body mass. 

10.00 
9.00 

8.00 

N 7.00 

6.00 
r 

5.00 

4.00 

Z 3.00 

2.00 

1.00 
0.00 

CONTROL 

-CONDITION 1 
CONDITION 2 

Fig. 7.4. Fz (vertical) force/time curve for all conditions for the left 
forelimb of Horse 3 normalised to percentage of stance time and for 
body mass. 

Principal component analysis was used to identify any subtle differences between the 

principal component scores for any of the conditions in this study and the normal 

population as set out in Chapter Four. 

0 20 40 60 80 100 

% STANCE TIME 
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Figure 7.5 shows the arrowplot for the principal component scores for the beginning 

variables for all horses for all conditions and figure 7.6 shows the arrowplot for the 

principal component scores for the end variables for all horses for all conditions. In 

these arrowplots control data are represented by black arrows, condition 1 data by red 
arrows and condition 2 data by green arrows. 
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Fig. 7.5 Arrowplot of the principal component scores for the beginning 
variables for all horses for all conditions. The black arrows represent 
the control data, the red arrows represent the condition I data and the 
green arrows represent the condition 2 data. 
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Fig. 7.6 Arrowplot of the principal component scores for the end 
variables for all horses for all conditions. The black arrows represent 
the control data, the red arrows represent the condition 1 data and the 
green arrows represent the condition 2 data. 



193 

Single factor ANOVA was also used to test whether there were any significant 
differences between the principal component scores obtained in this study and the 
principal component scores of the normal population in Chapter Four. This statistical 
test showed that there were no significant differences between populations. 

Consideration of the kinetic data did display significant differences in other elements of 
the force/time curve not only between the control state and individual conditions but 
between the conditions themselves. 

Those significant differences occurred in one temporal (stance time) and one force 
(PBtimeF) parameter. Using single factor ANOVA (n=6) the following significances 
were ascertained. 

1. Stance Time. There was a significant (p<0.025) increase in the stance times 
between the conditions and the variance showed that that difference occurred 
between condition 2 and the control. 

2. PBtimeF. There was a significant (p<0.025) decrease in PBtimeF between 

all conditions with condition 2 showing- the smallest PBtimeF. 

7.4 DISCUSSION 

The lack of research in this field makes comparison of these data abstruse but these data 

do conflict with the only other kinematic study carried out on the effects of perineural 

anaesthesia on sound hoses. In that study Kubber et al (1994) used a computer assisted 

optical recorder (Selspot II) to measure head acceleration asymmetry, withers 

acceleration asymmetry and hip acceleration quotient in sound horses after low palmar 

nerve block. However, although they were able to show an abnormal forelimb gait (the 

exact abnormality was not clarified), those researchers did not measure the same 

parameters as this study and no data were presented in relation to changes in posterior 

and anterior stance length. Again the paucity of sampling from the MacReflex may 
represent a source of conflict as subtle gait changes may not have been recorded. 

The experimental design of this study, of necessity, used differing forms of locomotion 

for each of the kinetic and kinematic data collection. The kinematic data were obtained 
from treadmill locomotion whilst the kinetic data were obtained from over-ground 
locomotion and this may represent a source of error. As stated ante significant 
differences have been revealed between these two types of locomotion by other 
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researchers. A refinement of the system may involve kinematic analysis of overground 
locomotion although this in itself would create different data collection problems. 

There are obvious limitations to this study. Firstly the number of horses used (n=3) is 

small and although each horse in this study is displaying- the same reaction to each 
perineural anaesthetic condition, the study should be repeated on at least another three 
horses to ensure greater statistical significance. 

Secondly the disparity of sampling times between the MacReflex motion analysis 
system and the force plate may represent a source of error. A motion analysis system 
which cycles at greater than 60 Hz may show similar changes in the kinematic data as 
has been demonstrated in the kinetic data by the force plate cycling_at 500 Hz. 

The kinematic results in this experiment would appear to demonstrate that perineural 
anaesthesia had no effect upon the measured parameters of distal limb kinematics thus 

supporting the hypothesis set out in the introduction hereto. The kinetic results, 
however, reveal certain significant differences in individual force/time parameters which 
are of interest in increasing the understanding of equine locomotion. 

The understanding of mechanical forces, work or energy changes which occur in 

equine locomotion is limited. The moving horse is subjected to external forces resulting 
from interaction with the environment such as ground reaction force and gravity, and 
internal forces transmitted by body tissues (Cappozzo, 1984). External mechanical 
work is that necessary to move and support the centre of mass whilst internal 

mechanical work is used to sustain velocity changes of body and limb segments relative 
to the centre of mass (Cavagna et al, 1977). Therefore, the contraction and relaxation 

of muscles must be controlled and co-ordinated if the horse is to move with any degree 

of accomplishment. 

Consequently, the nervous system must not only cause muscles to contract but must 
receive afferent information about the external environment and the position or posture 
of the horse in relation to that environment. For example the proprioceptive nerve 
endings surrounding the metacarpophalangeal joint detect the position of that joint and 
elicit a simple reflex arc to the spinal cord producing a motor nerve impulse creating 
flexor or extensor muscle contraction (Rooney 1980). 

In 1976 Pearson and Duysens studied the neural control of locomotion, produced a 
simple model and stated that rhythmic reciprocal bursts of activity can be generated in 
motoneurons producing swing (mainly flexors) and stance (extensors) in the absence of 
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sensory input. The flexion and extension phases are controlled by a central rhythm 
generator for each limb (Pratt 1983) for which several models have been proposed 
including the `Flexor Burst Model' of Pearson and Iles (1970) and the `Pacemaker 
Model' of Grillner (1975). Both of these models propose that limb movement is 

governed by a "clock", which acts upon signals derived from a combination of limb 

position and load, initiating flexor and inhibiting extensor activity. This "clock" 

activates the flexors for a fixed period of time which has been shown to vary little with 
changes in velocity. When the flexion phase ceases, extensor activity commences 
immediately ending when terminated by the next flexor phase. If the "clock" is 
deprived of a number of afferent responses from within the distal limb it is logical to 

assume that these reciprocal bursts of activity could be affected thus producing, an 

abnormal locomotor pattern. 

Bowker et al (1994) studied the potential roles of sensory nerves and receptors in the 

equine foot during locomotion and found large lamellated receptors present in the loose 

connective tissues proximal to the distal interphalangeal joint and between the synovial 
lined cavities of the palmar pouch of the distal interphalangeal joint and the navicular 

bursa, and in the foot dermis on the heel but not in the hoof wall. Bowker et al 
concluded that the equine foot is richly innervated and these nerves may mediate 
specific responses. The presence of the lamellated receptors in the palmar aspect of the 
foot made them specially situated for perceiving and rapidly responding to stimuli when 
the palmar aspect of the foot impacts the ground and for responding- to changes in 
digital angulation during locomotion. It would not be surprising, therefore, that when 

proprioception is disrupted in this area (as would occur with both PDNB and SCNB) 

the horse is deprived of afferent responses and its ability to respond diminished. 

A significant decrease in PBtimeF is indicative of a lessening of the horse's accelerative 
force. This therefore will show a considerably smaller area under the acceleration curve 

of Fy and a considerably larger area under the deceleration curve of Fy during both 

condition 1 and condition 2 (Fig 7.4) but as PBtimeF is even lower during condition 2 

then the SCNB would appear initially to have an even greater effect upon the force 

vectors. This, however, is not correct as this lessening in accelerative force is 

compensated for by an increase in the stance time during condition 2. This change in 
kinetics is indicative of a shortening of the posterior portion of the stance phase and a 
lengthening of the anterior portion of the stance phase. 

This change in anterior and posterior stance times is not reflected in the kinetic data 

which showed no significant differences between the anterior and posterior portions of 
the stance phase. There may be two explanations for this. First there is the discrepancy 
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in sampling rates of the force plate and the MacReflex motion analysis system. The 
force plate was sampling 8.33 times more frequently than the MacReflex motion 
analysis system and therefore is likely to detect smaller variations and thereby deliver 
more accurate data. Second the lack of change in posterior and anterior stance lengths 

may be an artefact of treadmill locomotion in that once the foot is placed upon the 
treadmill belt it is moved posteriorly automatically without sensory input from the 
horse. The latter explanation is the most probable as significant changes in stance 
length and stride time have been observed between treadmill locomotion and over 
ground locomotion in horses (Barrey et al 1993). 

The principal component scores reflect no significant change in the gait parameters and 
the scores for both beginning and end variables for all conditions fall within normal 
population ranges. This is most probably because the elastic recoil function of the 
collagenous structures within the distal limb is not impeded by injury or disease of 
those structures or structures within the foot and these horses had good foot balance. 
Also the changes in force/time parameters were not in those parameters measured by 
PCA 

The most likely explanation for the lengthening, of the anterior stance phase and the 

shortening of the posterior stance phase is that given by Pratt (1983). When a horse 

drives forward his front end is lightened and there is a torque about the centre of mass 

which lifts the forequarters and depresses the hindquarters. Pratt calculated that a 
driving force of 273 kgs would remove all vertical weight from the forelimbs of a 455 

kg horse. The less weight the forelimb bears, the less decelerative force created; and 

the more weight the forelimb bears the greater the decelerative force created. If a horse 

is reluctant to drive forwards due to loss of proprioception within the distal limb then 

this would account for the greater proportion of the stance phase taken by decelerative 

forces. The greater the loss of proprioception (as in SCNB) the more slowly the horse 

travels thus accounting for the greater stance times during condition 2. As stated ante 
internal mechanical work is used to sustain velocity changes of, inter alia, body 

segments relative to the centre of mass and this also supports the "clock" theory of 
locomotion in that when deprived of a number of afferent responses within the distal 

limb, the reciprocal bursts of activity are affected. 

7.5 CONCLUSION 

The hypothesis that distal limb perineural anaesthesia does not alter the inherent gait 
patterns of the individual is not supported. Perineural anaesthesia is not shown to alter 
limb flight or placement (kinematics) during_ treadmill locomotion although this maybe 
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an artefact of treadmill locomotion. Further research is required to ascertain whether 
any alteration of limb kinematics can be elicited during. 

-over 
ground locomotion. 

Perineural anaesthesia is shown to alter limb kinetics in that there is an increase in the 

anterior portion of the stance phase and a corresponding decrease in the posterior 
portion of the stance phase although there is no significant difference between these 
temporal stance characteristics from Palmar digital nerve block to sub carpal nerve 
block. The increase in stance time during sub carpal nerve block is thought to be 

associated with slower velocity brought about by greater disruption of proprioception. 
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CHAPTER EIGHT 

NAVICULAR DISEASE 

8.1 INTRODUCTION 

e 

Navicular disease is a common and, 
_ 
in its later stages, irreversible caudal foot lameness 

which often results in the destruction of otherwise healthy horses. The problem is 

world-wide and with the increase in equine sport and the related economic 

significance, navicular disease occupies an increasingly predominant position in equine 

medicine (Hertsch, 1993). A survey in 1962 showed that navicular disease was 

diagnosed as the reason for approximately one third of all equine chronic forelimb 

lameness (Colles, 1982). In 1992 a survey carried out over an 11 year period revealed 

that 40% of all lameness cases in horses resulted from degenerative joint disease, most 

particularly navicular disease (Litzske, 1992). 

The controversial aspects of navicular disease are set out in Chapter One ante but the 

one thing upon which the majority of authors agree is that foot imbalance is a major 

predisposing factor in the pathogenesis of the disease. Foot imbalance is cited in 

support of both views asto the pathogenesis of the disease; vascular and mechanical. 

Those favouring the vascular theory state that long toes and collapsed heels leading to 

a broken back hoof/pastern axis creates increased pressure in the palmar foot region 

causing venous congestion and, ultimately, bone necrosis. Those favouring the 

mechanical theory state, inter alia, that this type of foot conformation leads to a "toe- 

first" impact with the ground creating an abnormal rotation of the distal 

interphalangeal joint and abnormal force/time impulse resulting in damage to the 

surface of the navicular bone. 

The relevance of remedial shoeing in the treatment and management of the disease is 

also commented upon by most authors on the subject. The type of shoeing required, 

however, is not agreed upon. Ostblom et al (1984) considered that egg-bar shoes were 
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the required treatment for navicular disease, whereas Turner (1986) favoured slippered 

heel shoes with pads to widen and elevate the heels. 

Turner (1993) found that foot imbalance had a statistically higher occurrence in horses 

with navicular disease and concluded that although hoof imbalance was common 

amongst "normal" horses its correlation with navicular disease was high. Turner also 

found that the success of remedial shoeing- to alleviate the signs of the disease was 

dependent upon the disease duration prior to shoeing. Horses that were treated 

within 10 months of the first sign of lameness had a significantly higher chance of 

returning to some form of work than those who had been lame for more than a year. 

He also found that horses with underrun, sheared and contracted heels together were 

less likely to be effectively treated by remedial shoeing only. 

Turner (1986) proposed a "concussion" theory which stated that during. exercise the 

navicular bone is repeatedly compressed between the distal end of the middle phalanx 

and the deep digital flexor tendon (DDFT). It was suggested that this action leads to 

navicular bursitis and hyperaemia which results in rarefaction of the navicular bone 

itself (Ratzlaff et al, 1989). There are two points to be made about this study. First, 

the maximum compression of the DDFT upon the navicular bone occurs at 

approximately 70% of stance time (Bartel et al, 1978) and the concussion theory 

therefore conflicts with the biomechanical theories of Rooney (1993) and Thompson 

et al (1991) who proposed an abnormal rotation of the distal interphalangeal joint 

occurring at the beginning of the stance phase as the model for damage to the navicular 

bone. Second, other authors have shown that, contrary to hyperaemia, decreased 

blood flow occurs during the disease process (Colles, 1979; Colles, 1983; Fricker et al, 

1982; Svalastoga, 1983). 

It is not the aim of this study to attempt ' to prove or disprove any of the myriad 

theories associated with the pathogenesis and treatment of navicular disease. One 

thing, however, is certain and that is each theory has its critics who can each put 
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forward reasons why the others' theories cannot be the only cause of navicular 

disease. It is likely, therefore, that the pathogenesis of navicular disease is 

multifactoral and there are some factors of the disease which have yet to be identified. 

There are few certainties associated with navicular disease, but the following_are some 

of those certainties: 

a) Not all horses with imbalanced feet get navicular disease. 

b) Not all horses with apparent radiographic changes within the navicular bone, 

characteristic of the ischaemic necrosis proposed by the vascular theorists, display 

the clinical lameness associated with navicular disease. 

c) Many horses with the clinical signs of the disease do not have any_ radiographic 

changes. 

d) Remedial farriery can alleviate, if not cure, the clinical signs navicular disease. 

This study will investigate the potentiality of another factor to predispose horses to 

navicular disease -a single common denominator which when one or several of the 

other proposed causes of navicular disease is applied to the horse, results in the 

occurrence of naviculacdisease. 

This study will therefore test the following hypotheses: 

I. Horses with chronic navicular disease demonstrate a characteristic gait pattern. 

II. A sub-population of horses exist who demonstrate a particular movement pattern 

which predisposes them to navicular disease. 

III. Palmar digital nerve blockade of horses with navicular disease will return them to 

soundness whilst retaining the characteristic gait pattern of pre-navicular horses 

(these gait patterns are long seated and should not be affected by the blockage of 
distal limb proprioception). 
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IV. The efficacy of remedial farriery in returning a horse with clinical and radiographic 

signs of navicular disease to "normality" may be monitored and evaluated using 

principal component analysis of ground reaction force data. 

8.2 MATERIALS AND METHODS 

1. Horses with navicular disease. ("navicular horses") Eight horses of 

Thoroughbred type or Thoroughbred cross type (Table 8.1) were recruited onto 

the study from members of the horse owning public who responded to a public 

appeal. Horses chosen fulfilled the following criteria. 

a) A clinical diagnosis of navicular disease had already been made by the owner's 

veterinary surgeon. 

b) That clinical diagnosis had been substantiated by radiographs showing positive 

radiographic changes in the navicular bone. 

c) That no surgical procedure had been carried out in an attempt to alleviate the 

symptoms. 

d) They had no other clinical abnormality which could be contributing to any 

lameness. 

A 21 MALL (C; ) 600 I. 61 
B 6 MALE (G) 530 1.66 
C 8 FEMALE 423 1.48 
D 16 MALE (G) 483 1.67 
E 10 FEMALE 415 1.46 
F 12 FEMALE 505 1.57 
6 18 FEMALE 445 1.55 
If 10 MALE (G) 530 1.61 

Table 8.1. Details of horses with navicular disease admitted onto the . studi" 
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II. Other Horses ("control horses") 

As a population range for normal horses only exists for the kinetic data (Chapter 

Four ante) it was necessary to establish a normal population range for the 

kinematic data. Seven horses of Thoroughbred type were selected from the 

University experimental stock and from clinical cases which had been admitted for 

reasons other than locomotor abnormality (Table 8.2). Each horse was assessed 

by two persons skilled in the biomechanical assessment of equine locomotion as 

having no overt locomotor abnormality. The control horses chosen from the 

University experimental stock were all fully habituated to treadmill locomotion. 

Clinical control horses were all given at least three training sessions on the 

treadmill to enable them to fully habituate to treadmill locomotion (Richmond et 

al, 1994). 

A 9 MALL (L) 46: ) 1.67 

B 11 MALE (G) 450 1.68 
C 8 FEMALE 490 1.62 
D 3 MALE (E) 530 1.72 
E 5 FEMALE 415 1.57 
F 20 FEMALE 515 1.65 
G 4 MALE (G) 527 1.60 

Table 8.2 Details of horses with no locomotor ahnurmalitti, used its controls for the 
kinematic data 

0 Clinical Examination. Upon entry into the study each navicular horse was 

clinically examined and assessed by a Veterinary Surgeon. 

In addition each navicular horse was trotted-up on a hard surface Ibr clinical 

lameness evaluation and assigned a lameness score of between 0-5 based upon the 

following criteria (Back et al, 1993) 
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0- No locomotor abnormality 

I- Slightly lame at trot 

2- Slightly lame at walk, moderately lame at trot 

3- Moderately lame at walk, severely lame at trot 

4- Severely lame at walk, trot not possible 

5- Inability to weightbear. 

Hoof testers were applied to the fore feet of each navicular horse, commencing 

with pressure being applied with the testers over the sole and hoof wall to detect 

any sensitivity to pressure in those areas. Pressure was then applied to the 

middle third of the frog and the opposite hoof wall and finally across the heels 

(Beeman, 1985). 

Flexion tests were carried out on the forelimbs of each navicular horse by holding 

the foot close to the ground so that the carpus was in extension and the phalangeal 

joints flexed by pulling on the toe. This flexion was maintained for 2 minutes after 

which the horse was immediately trotted away. Any worsening of a previously 

recorded lameness or manifestation of a previously undetected lameness was 

regarded as a positive test. (Rose, 1990b) 

Extension tests were carried out on the forelimb of each navicular horse by placing 

a block of wood approximately 2cm high under the horse's toe so that the distal 

interphalangeal joint was hyperextended. The opposite foreleg was lifted so that 

the hyperextended position was maintained for two minutes after which the horse 

was immediately trotted away. Any worsening of a previously recorded lameness 

or manifestation of a previously undetected lameness was regarded as a positive 

test. (Rose, 1990b). 

At the conclusion of the study, navicular horses were again trotted-up on a hard 

surface and their lameness scores re-evaluated by the same veterinary surgeon. 
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III. Foot balance assessment. The foot balance and structure of each navicular horse 

was assessed and recorded using. the following criteria for measurement (Turner 

1993) 

" Coronary band circumference 

" Toe length 

" Medial heel length 

" Lateral heel length 

" Frog length 

" Frog width at base 

" Widest part of foot 

" Length from toe to heel 

A visual assessment was undertaken of the following 

" Medio-lateral balance 

" Hoof capsule distortion 

" Heel distortion 

" Hoof quality 

" Hoof/pastern axis 

IV. Radiographs. The front shoes of each navicular horse were removed and the 

foot thoroughly prepared. The fore feet of each horse were radiographed with 

lateral, dorso-palmar oblique and palmaroproximal-palmarodistal oblique views 

(Rose, 1990). The lateral views were from a distance of 100 cm at 70Kv/25mA 

for 0.25 seconds. The dorso-palmar oblique views were from a distance of 90 ems 

at 70Kv/25mA for 0.25 seconds and the palmaroproximal-palmarodistal oblique 

views were from_ a. distance- of 90 cmi at.., 70Kv/25mA_ for 0.25 seconds. 

Radiographs were submitted to an acknowledged expert in the field of navicular 

disease (Dr. C. M. Colles B. Vet. Med. PhD. MRCVS) for independent assessment 

and interpretation. 
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The radiographic features which are considered important in confirming a diagnosis 

of navicular disease include: 

a) An increase in the size and alteration in the shape of nutrient foramina in the 

distal border of the navicular bone (Colles and Hickman, 1977; Reid, 1980; Colles, 

1982; MacGregor, 1986) 

b) The appearance of nutrient foramina (or synovial invaginations) in the distal 

body of the wings or in the proximal border of the bone (Colles 1982, MacGregor 

1986) 

c) Areas of radiolucency within the body of the navicular bone (Hickman 1964, 

Colles 1979) 

d) Large exostosis on the medial and lateral extremities of the proximal border of 

the bone (Colles 1982) 

V. Farriery. Each navicular horse was assessed by a farrier experienced in the 

remedial shoeing of horses with navicular disease and each horse was shod 

according to its conformation and hoof capsule shape (Table 8.3) 

VI. High Speed Treadmill. Sato I (Sweden). 

VII. Computerised motion analysis system. MacReflex 2.5, Qualisys, Sweden (See 

pars 6.2. V ante) 

VIII. Force Plate. Kistler (see para 2.2.11 ante) 

IX. Motion analysis and force plate protocol. The protocol for MacReflex and force 

plate recording are as set out in paras 6.2. V and 2.2.11 ante. Each horse received a 

minimum of three training sessions on the high speed treadmill to enable full 

habituation to treadmill locomotion (Richmond et al, 1994). The recording 

protocols were carried out with the navicular horses at the following time points: 

a) Day 5. After habituation to the treadmill to enable a control set 

of data to be obtained 

b) Day 15.72 hours after remedial farriery was undertaken 
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c) Day 16. Immediately after distal limb proprioception had been 

blocked by bilateral palmar digital perineural anaesthesia induced in 

accordance with paragraph 7.2. VI ante 

d) Day 22. Final control data 

Control horses undertook the MacReflex motion analysis protocol on one 

occasion to obtain control data against which the data from the navicular 

horses could be compared. 

Wide-webrfiillered, open. heeled.. shoes.. with extensions-at-the-medial and 
lateral-heels of both-feet Lateral extensions from-the-lateral-toe-quarter 
through to heel 
Egg-bar ; -fuilered-- shoe-created-from- 419-nun- of 23--x- lo- mm-section 
metal-welded at the toe. 

., = G: ý= s'r- Fullered-eoneave-open-heeled- shoes -with -medial and lateral extensions 
from the toe quarters through-to the heels. 

D, <``.. <;: ` Wide_ -web, 
fullered, open, - 

heeled--shoes.. with_ medial. - and--lateral 
extensions from the toe-quarters through to the-heels. 
Fullered-concave_open_heeled-shoes-with mediaLand. lateral- extensions 
from-the-toe-quarters through-to- the-heels. This horse-had-weak hoof 
wall structure which prevented-fulttightening of the clenches. 
Aluminium egg-bar- shoes... Broken-back- hoof/pastern- axis on the left 
foot-could not- be- corrected in one- shoeing- 

°': ̀ Fültered concave open heeled shoes with mediarand lateral extensions 
' :. from the- toe- quarters- through to the.. heels.... This_horse_had_weak hoof 

wall structure-which prevented full tightening of the- clenches. 
Fullered. concave- open- heeled shoes. -with medial- and-lateral.. extensions 
from- the- toe quarters through to the-heels. 

Table 8.3. Details of remedial shoeing applied to the front feet of individual 
navicular. horses 

Navicular horse H could not be trained to treadmill locomotion and data collection 

for horse H was therefore limited to obtaining initial control force plate data and 

post farriery force plate data. 
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X. Data analysis. (a) MacReflex kinematic data analysis was as pars 6.2. VI(i) ante 

and (b) Force plate kinetic data analysis was as para 6.2. VI(ii) ante and by 

principal component analysis. 

8.3. RESULTS 

8.3.1. Clinical assessment and radiographs 

Table 8.4 shows the clinical and radiographic summaries for all navicular 

horses. All were diagnosed after clinical examination as having the clinical 

signs of navicular disease. In the opinion of the independent radiography 

assessor the radiographic appearance of the navicular bones for each horse 

would confirm a clinical diagnosis of navicular disease. As an example of the 

radiographic abnormalities seen in the navicular horses Figs. 8.1 - 8.3 are 

photographs of the radiographic views of the right foot of horse H. 

Table 8.5 shows the final lameness scores given to each horse at the end of the 

study which shows that all horses except one (horse D) had improved. 

8.3.2 Foot Balance assessments 

Table 8.6 shows the measured dimensions in millimetres for each foot for each 

navicular horse. This demonstrates that none of the horses had symmetrical 

feet when admitted onto the study. 
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pointing of feet 0- right fore 

at rest 

B Increased left I- left fore- 

and right digital 0- right fore 

pulse 

C Intermittent 0-left fore 

pointing of feet 2- right fore 

at rest 

D I cidence of old 0- left fore 

injury to left fore I- right fore 

flexor tendons 

E Mild back I- left fore 

sensitivity under 0- right fore 

saddle region 

Mild decreased I- left fore 

range of 0- right fore 

movement in left 

front MCP joint 

G thickening over I- left fore 

proximal 0- right fore 

sesamoid region 

both feel Points 

feet at rest, lies 

down more than 

normal 

Scar and 2- left fore 

thickening dorsal 0- right fore 

aspect left MCP 

point 

feet feet 

Negatirc both Positive left fore 

feet 

\liILI p vU L IcIt Iti! 11,1.11 

fore na%icular 

disease 

Negative both Bilateral 

feet navicular 

disease 

Positive both feet Strong positive Negative both Bilateral 

right fore feet navicular 

disease 

Positive left fore Positive right Negative both Bilateral 

fore feet navicular 

disease 

Negative both Negative both Positive left fore Bilateral 

feet feet navicular 

disease 

Positive right Negative both Positive right Bilateral 

foot feet fore navicular 
disease 

Positive both feet Positive both feet Negative both Bilateral 

feet navicular 

disease 

Positive both feet Negative both Negative both Bilateral 

feet feet navicular 

disease 

Table 8.4 Clinical and radiographic findings for all navicular horses. 
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A Left - 0/ 1 Right u 

B Left - 0/1 Right -0 
C Left - 0/1 Right -0 
D Left - 0 Right - 1 

F Left - 0/1 Right - 0 

F Left - 0/1 Right - 0 

G Left - 1 Right - 0 

H Left -0 Right -1 

Table 8.5. Lameness scores given to navicular horses at the end of' the study. 0 
represents no abnormality detected and 5 represents an inability to weighthear. 
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A(L) I(to 1I` (, ` I IUl) MI i"U 110 

A(R) 400 110 50 50 90 60 145 145 

B (L) 410 95 35 45 100 75 160 140 

B (R) 410 100 50 55 95 80 155 140 

C (L) 335 75 40 45 80 55 110 120 

C (R) 340 90 50 40 80 60 110 115 

D (L) 400 90 45 50 105 70 145 150 

D (R) 410 90 45 45 90 70 140 140 

E(L) 335 90 50 55 100 55 115 135 

E(R) 340 95 45 50 90 45 120 135 

F(L) 380 100 50 50 110 70 130 135 

F(R) 380 90 45 45 100 70 135 130 

G (L) 360 80 60 50 90 60 130 110 

G (R) 360 95 45 40 95 55 55 135 

H (L) 360 110 60 65 100 70 135 135 

H (R) 360 110 55 60 100 65 130 135 

Table 8.6 Initial hoof measurements in millimetres fier each navicular horse for 
both left and right feet. 
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Fig. 8.1 Dorso-palmar oblique radiographic view of the right navicular hone of 
Horme H. 
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'1. Tf, 

Fig. 8.2 Palmaroproximal palmarodistal oblique radiographic view of the right 
navicular bone of Horse H. 
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Fig. N. 3 Lateral radiographic view of the right navicular Mont of //one /l. 
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Table 8.7 shows the results of the visual analysis of hoof balance for each 

navicular horse demonstrating that all horses had poor foot balance 

(L) Correct correct collapsed good minor 
(R) correct correct collapsed good slight 

medial 
(L) correct broken collapsed good medial lamina] 

back with flare separation 
(R) correct broken collapsed good medial laminal 

back with flare separation 
(L) correct correct collapsed good none narrow foot 
(R) correct correct collapsed good none narrow foot 
(L) correct broken collapsed adequate none 

back 
D (R) correct broken collapsed adequate none 

back 
E (L) high broken collapsed poor none presented in 

laterally forwards and crushed heel wedge 
E (R) high broken collapsed poor none presented in 

laterally forwards and crushed heel wedge 
F (L) high broken collapsed adequate toe flare sloping 

laterally back pastern 
F (R) high broken collapsed adequate medial upright 

laterally back flare pastern 
G (L) high broken collapsed poor medially 

laterally back 
G (R) high broken collapsed poor medially 

laterally back 
H (L) high broken collapsed poor laterally overlong 

laterally back foot, very 
poorly shod 

H (R) correct broken collapsed poor laterally overlong 
back foot, very 

poorly shod 

Table 8.7 Visual assessment of foot balance for all naricular forces prior to 
remedial farriery. 
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8.3.3 Kinematic data (MacReflex motion analysis) 

Table 8.8 shows the mean data in metres for all control horses and for all four 

conditions for the navicular horses. 

SIAIM, r. º. r.: Nc. iii ' 0.89 0.86 0.90 0.83 0.84 

K 0.89 0.87 0.76 0.82 0.86 
POSTE RIOR 1- 0.43 0.40 0.41 0.39 0.45 
SFANCE, LENGTH 

R 0.42 0.40 0.41 0.38 0.44 

ANTERIOR i' 0.46 0.46 0.49 0.42 0.41 
S I'AN(E I ENGTT1 

R 0.46 0.47 0.47 0.42 0.41 

MAX IIMK IG T L 0.15 0.18 0.18 0.18 0.17 

R 0.16 0.19 0.19 0.17 0.18 

OCCURRENCE OF 1. 0.02 -0.03 -0.03 -0.01 -0.01 MLI I 

R 0.02 -0.06 -0.02 0.04 -0.02 
Mcr JOENT ANGLE L 59.71 56.85 55.29 55.86 54.71 
MAN 

K 57.71 55.71 54.71 54.43 53.29 

`irr L 5.29 4.57 5.43 5.14 4.86 

K 7.00 8.14 8.29 8.00 9.29 

`' E 101.52 104.71 101.38 109.35 105.27 
FKEQ( EN(' 

WIDTH OF FOOT 0.12 0.10 0.15 0.14 0.13 

Table 8.8. Mean kinematic data in metres for the measured parameters for control 
horses, and mean kinematic data for the measured parameters for navicular horses 
for all conditions. Parameters shown to have significant differences are shaded 
yellow. 
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The kinematic data were submitted to analysis by Two-Factor ANOVA with 

Replication which revealed that there were no significant differences between 

the control horses and any condition of the navicular horses or between 

navicular horse conditions save that there was a significant shortenin&(p<0.05) 

of the anterior stance length in both the left and right fore limbs of the 

navicular post nerve block and the navicular final control conditions when 

compared with the control horses and the navicular control and navicular post 

shoe conditions. 

Further, there was a significant difference (p<0.05) between the left and right 

metacarpophalangeal joint minimum angles (the angles in the right 

metacarpophalangeal joint being greater than those in the left joint) although 

there was no significant difference between the control horses and the navicular 

horses or between any of the navicular horse conditions. 

8.3.4 Kinetic data (force plate) 

Table 8.9 shows the mean temporal and force data for all navicular horses for 

all conditions. 

Figure 8.4 shows the arrowplot for the principal component scores for the 

beginning of stance variables for all navicular horse controls compared to the 

normal population. In all arrowplot graphs in this chapter the normal horses 

are shown by red arrows and numbered 1- 17 whilst all navicular horses are 

shown by green arrows and lettered A-H. 
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8.15 9.87 10.97 10.29 8.73 9.72 11.02 10.79 

3 12.94 14.72 16.02 15.17 13.57 14.65 15.86 16.45 

4 16.15 18.00 18.85 18.09 17.03 18.35 19.22 19.10 

4 43.88 44.96 46.67 44.31 43.57 46.82 45.63 44.19 

6 83.13 84.83 86.32 85.38 84.38 85.31 85.76 85.29 

8.36 8.35 8.93 8.96 8.56 8.48 8.92 8.82 

2.62 2.90 3.08 2.92 2.45 2.88 3.01 3.02 

67.88 73.02 74.99 72.81 67.13 74.19 72.72 74.36 
me 

15.25 11.81 11.33 12.57 17.24 11.12 13.03 10.93 

16.88 15.17 13.68 14.62 15.63 14.69 14.24 14.71 

Table 8.9 The mean temporal and force data for all naº'icular horses for all 
conditions to be applied to principal component analysis. 
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Fig. 8.4. Arrowplot of principal component scores for variables depending upon 
the beginning part of the stance phase. The arrowhead represents the scores for the 
left foot of each horse whilst the numbered end represents not only the right foot of 
each horse but also the identification number/letter for that horse. The red arrows 
represent the normal population and the green arrows represent the horses with 
navicular disease. 

In Figure 8.4 the horses with navicular disease appear grouped above the main 

group of normal horses. Note, however, that Horse 14 of the normal 

population appears to be more associated with the navicular group than with 

the normal group. Single factor ANOVA showed that although both left and 

right feet of the navicular horses were not significantly different from the 

normal population on the first principal component score, they were 

significantly different (p<0.01) on both left and right feet on the second 

principal component score. 

To ensure that this was not a characteristic of all lame horses, these scores 

were tested against those obtained from the group of horses with superficial 

digital flexor tendon injury discussed in Chapter Five ante and a significant 

difference (p<0.01) was shown between the scores for these two populations. 

-35 -30 -25 
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Figure 8.5 shows the arrowplot of the Principal component scores for the end 

of stance variables for the normal and navicular horses. 
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1y1S 
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ý1 

-85 
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Fig. 8.5. Arrowplot of principal component scores for variables depending upon the 
end part of the stance phase. The arrowhead represents the scores for the left foot of 
each horse whilst the numbered end represents not only the right foot of each horse 
but also the identification number/letter for that horse. The red arrows represent the 
normal population and the green arrows represent the horses with navicular disease. 

Single factor ANOVA showed that there were significant differences (p<O. 01) 

for both feet between the normal population and the navicular horses on the 

first principal component score but not on the second principal component 

score. Again these scores were compared with those of the tendon injured 

horses to ensure that they were not a characteristic of all lame horses and it 

was demonstrated using single factor ANOVA that there were significant 

differences (p<0.01) between the two lame groups. 

Figure 8.6 shows the arrowplot for the principal component scores for the 

beginning of stance variables for the normal population and the navicular 

horses post farriery. 
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Fig. 8.6. Arrowplot of principal component scores post remedial farriery for 

variables depending upon the beginning part of the stance phase. The arrowhead 
represents the scores for the left foot of each horse whilst the numbered end represents 
not only the right foot of each horse but also the identification number/letterfor that 
horse. The red arrows represent the normal population and the green arrows 
represent the horses with navicular disease. 

Again it was shown that the navicular horses were significantly different 

(p<0.01) on both feet from the normal population on principal component 

two. Again note that horse 14 of the normal population appeared to be more 

associated with the navicular group than with the normal group. The control 

navicular data and the post farriery data are, however, not significantly 

different. Farriery therefore had no effect upon this abnormal gait parameter. 

Figure 8.7 shows the arrowplot of the principal component scores for the end 

of stance phase variables between the normal horses and the navicular horses 

-25ý 
- 

-20 F 

post farriery. 



221 

-1 

W 
C 
0 
U 
H 

U 

O 
Z 

60 
-95 -90 -85 -80 -5 

-72 

-7a 

-76 

178 
41980 

-82 

-84 

1 ST PC SCORE 

Fig. 8.7. Arrowplot of principal component scores post remedial farriery for 

variables depending upon the end part of the stance phase. The arrowhead 
represents the scores for the left foot of each horse whilst the numbered end represents 
not only the right foot of each horse but also the identification number/letter for that 
horse. The red arrows represent the normal population and the green arrows 
represent the horses with navicular disease. 

This demonstrated that remedial farriery did have an effect upon the gait 

parameters of the navicular horses in that it returned the end of stance phase 

variables to those of the normal population. Single factor ANOVA of the 

principal component scores for the normal and abnormal population 

demonstrated that there were no differences between the two populations. 

Figure 8.8 shows the arrowplot of the principal component scores for the 

beginning of stance variables for the normal horses and the navicular horses 

post nerve block. 
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Fig. 8.8. Arrowplot of principal component scores post palmar digital perineural 
anaesthesia for variables depending upon the beginning part of the stance phase. 
The arrowhead represents the scores for the left foot of each horse whilst the 
numbered end represents not only the right foot of each horse but also the 
identification number/letter for that horse. The red arrows represent the normal 
population and the green arrows represent the horses with navicular disease. 

Again the characteristic pattern showed the horses with navicular disease to be 

significantly different (p<0.01) on the second principal component score when 

compared to the normal population and that palmar digital nerve block had no 

effect upon this unusual gait pattern. The navicular horse scores were 

compared to those of normal horses who had received a palmar digital nerve 

block (Chapter Seven ante) to ascertain whether this characteristic pattern was 

an artefact of the loss of distal limb proprioception but there was a significant 

difference (p<0.05) between the scores for both the left and right limbs 

between the navicular nerve blocked horses and the sound nerve blocked 

horses. This demonstrates that palmar digital nerve block had no effect upon 

the gait patterns associated with the beginning of the stance phase. 

F 
ý -2 

V/ -3 

Figure 8.9 shows the arrowplot for the principal component scores for the end 

of stance phase variables for the normal horses and the navicular horses post 

nerve block. 
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Fig. 8.9. Arrowplot of principal component scores post palmar digital perineural 
anaesthesia for variables depending upon the end part of the stance phase. The 
arrowhead represents the scores for the left foot of each horse whilst the numbered 
end represents not only the right foot of each horse but also the identification 
number/letter for that horse. The red arrows represent the normal population and the 
green arrows represent the horses with navicular disease. 

There was no significant difference between the principal component scores 

for the end part of the stance phase in the normal and the navicular horses 

indicating that during palmar digital perineural anaesthesia the navicular horses 

were moving in accordance with the normal population. 

Figure 8.10 shows the arrowplot for the principal component scores for the 

beginning of stance variables for the normal horses and the navicular horse final 

controls. 
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Fig. 8.10. Arrowplot of principal component scores for the final control session for 
variables depending upon the beginning part of the stance phase. The arrowhead 
represents the scores for the left foot of each horse whilst the numbered end represents 
not only the right foot of each horse but also the identification number/letter for that 
horse. The red arrows represent the normal population and the green arrows 
represent the horses with navicular disease. 

The characteristic gait pattern remained, distinguishing the navicular group 

from the normal group on the second principal component score (p<0.001). 

Still Horse 14 appeared in the centre of the navicular grouping. 

Figure 8.11 shows the arrowplot for the end of stance variables for the normal 

horses and the navicular horse final controls. 
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Fig. 8.11. Arrowplot of principal component scores for the final control session for 

variables depending upon the end part of the stance phase. The arrowhead 

represents the scores for the left foot of each horse whilst the numbered end represents 
not only the right foot of each horse but also the identification number/letter for that 
horse. The red arrows represent the normal population and the green arrows 

represent the horses with navicular disease. 

There was no significant difference between the principal component scores 

for the normal and navicular group thus demonstrating that this change to the 

original end of stance variables was maintained over a period of time (in this 

instance it was 10 days from shoeing to final data collection). 

8.4 DISCUSSION 

Navicular disease is the cause of much controversy and confusion within the equine 

world. Its aetiology, pathogenesis, radiological features and treatment have been the 

subject of many research studies and yet still many otherwise healthy horses are 

destroyed every year because the cause and the cure for navicular disease is not yet 

known. Perhaps some of the confusion can be attributed to the fact that navicular 

disease has been used as a "dumping ground" for all forelimb lamenesses where no 

other cause could be found (Hickman 1989). 
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It is also a fact that navicular disease is not a disease and is not a single 

pathophysiological entity (Stashak and Hill, 1996). The clinical signs commonly 
described as navicular disease can be caused by other problems that have superficially 

similar signs but which have different anatomic sites and most probably-. a different 

pathogenesis (Colahan 1994). It is for this reason that the term "navicular syndrome" 

has come into common usage. Again the term navicular syndrome is controversial. 

In this study a group of eight horses all of which had been clinically diagnosed by a 

minimum of two veterinary surgeons independent of each other (the owner's and the 

one on this study) and had been radiographed on two separate occasions. Both sets of 

radiographs confirmed the clinical diagnosis. It is well documented that radiographs 

should not be used as the sole diagnostic criteria for navicular disease but should only 

confirm a clinical diagnosis as some horses show the radiographic signs of navicular 

disease without showing any clinical lameness (Hickman, 1989; Colles, 1982; 

MacGregor, 1984). 

No other possible causes of lameness were detected upon clinical examination and no 

other abnormalities were detected in the radiographs (Table 8.4). It is therefore 

possible to assume that all locomotor abnormalities detected in this group of horses 

were solely as a result of navicular disease. 

8.4.1 Foot balance and farriery 

It can be seen from Tables 8.6 and 8.7 that none of the navicular horses had 

symmetrical feet and that all navicular horses had one or more of the foot 

imbalances that are considered to be predisposing factors in navicular disease. 

Figures 8.12 and 8.13 are photographs of horse H before farriery whilst figure 

8.14 is a photograph of horse H after farriery. The overlong feet, broken back 

hoof/pastern axis and collapsing heels can all be readily seen in figure 8.12 

whilst figure 8.13 shows how the heels were unsupported 



227 

... ý ._ ýý 

Fig. 8.12 Lateral view of the distal limb of navicular horse H prior to remedial 
farriery showing broken back hoof/pastern axis 
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Fig 8.13 Solar view of the foot of navicular horse H prior to remedial farriery 

showing unsupported heels. 
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Fig 8.14 Lateral view of navicular horse H after remedial farriery. 
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allowing the collapse of the heels to occur. All of the navicular horses had 

collapsing heels leading.. in all but three of the cases to broken back 

hoof/pastern axes. In one of those three cases (horse E) the horse had been 

shod in heel wedges in an attempt to present a correct hoof/pastern axis. 

When these wedges were removed the horse displayed a broken back 

hoof/pastern axis. 

It has been said that this type of foot imbalance leads to malformation of the 

foot (Jones 1992). The biomechanical disadvantages include: 

a) An increased over extension of the metacarpophalangeal joint and the 

carpus as the landing of the foot is forward of the ideal vertical axis. 

b) The collapsed heels significantly reduce the ability to absorb 

concussion. 

c) The long toe makes breakover more difficult and predisposes to hoof 

wall cracking. 

d) The caudal aspect of the foot becomes weakened as a result of horn 

tubule malformation and loss of the bars. 

(Adams 1974) 

Proper hoof alignment is assumed when the hoof and pastern are in a straight 

line and the toe and heel angles are parallel to that axis (Turner, 1986) and it is 

accepted that this is when optimum strain is placed upon the collagenous 

structures within the foot (Bartel et al, 1978). 

The effect of a broken back hoof/pastern axis is to produce a hyperextension 

of the distal interphalangeal joint and in biomechanical terms this is thought to 

increase the pressure of the DDFT on the navicular bursa. It is for this reason 

that it has been hypothesised as an important factor in the pathogenesis of 

navicular disease (Balch et al, 1991). Further, the acute angle produced by 

collapsed heels and a broken back hoof/pastern axis elevates the angle of the 
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phalanges angle (ante) and this is associated with increased tension in the 

DDFT (Leach, 1983; Wilson, 1991). 

The distal interphalangeal joint (DIP joint) has a greater range of movement 

than the proximal interphalangeal joint and for this reason deviations in the 

hoof/pastern axis usually occur at this site (Wright et al, 1993). A strong linear 

relationship between hoof and DIP joint angles has been demonstrated (Bushe 

et at, 1987). 

In this study 100% of the horses had collapsed heels. In his 1993 study, 

Turner showed that 77% of horses with navicular disease had collapsed heels. 

Whether collapsed heels create a broken back hoof/pastern axis or not they do, 

in themselves, create a biomechanical problem within the foot. Figure 8.15 

shows a diagrammatic representation of dorso-palmar foot balance. A line 

dropped perpendicularly from the centre of rotation of the distal 

interphalangeal joint should equally bisect the weight-bearing surface of the 

foot. If the heels are collapsed then the centre of rotation of the distal 

interphalangeal joint will not bisect the weight-bearing surface equally but will 

fall behind the mid-point. This creates abnormal pressures on all the 

structures in the palmar aspect of the foot which includes the navicular bone 

(Wright et al, 1993). However, it must be remembered that Turner found that 

52% of horses with no locomotor abnormality had collapsed heels. It 

therefore cannot be the only factor in the pathogenesis of navicular disease. 

Remedial farriery in horses with navicular disease is as controversial as the 

disease itself. Many authors have reported that shortening the toe and leaving 

the heels long (increasing the hoof angle by 2-4 °) is efficacious (Hickman, 

1964; Adams, 1974; Leach, 1983; Turner, 1986). It is now considered that 

extending the shoe beyond the bearing surface of the heels will serve the same 

purpose (Colles 1982, Wintzer 1986). Note that in Figure 8.14 navicular horse 
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Fig. 8.15 Diagrammatic representation of dorso-palmar foot balance. A line 
dropped perpendicularly from the centre of rotation of the DIP joint should equally 
bisect the weight-bearing surface of the foot, whilst a line dropped perpendicularly 
from the centre of rotation of the MCP joint should brush the last weightbearing 
aspect of the heels. Note the straight hoof/pastern axis. 
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H has been shod in this manner thus correcting the broken back hoof/pastern 

axis shown in Figure 8.13 despite the fact that his heels are collapsed. The 

result of this shoeing method is to reduce the tension in the DDFT and thus 

the load on the navicular bone. It also increases the weightbearing_ area of the 

foot and by creating an equal weight-bearing area behind the perpendicular line 

dropped from the centre of rotation of the DIP joint, reduces the pressures in 

the palmar aspect of the foot. It also has the effect of relieving the pressure on 

the heels, allowing___ them to grow at a normal angle (Colles, personal 

communication). This type of shoe was used in 6 of the 8 navicular horses 

(75%). 

The application of egg-bar shoes with rolled toes has long been considered the 

remedial farriery of choice for horses with navicular disease. In 1984 Ostblom 

et al reported that 53% of horses with navicular disease became permanently 

sound when shod in this fashion although the way in which they diagnosed the 

disease left much to be desired. They. hypothesised that the broken back 

hoof/pastern axis, which was evident in the horses in their study, increased the 

pressure of the DDFT on the navicular bone (a not altogether original 

hypothesis) and that this increased pressure induced a remodelling process 

that resulted in navicular disease. The theory behind the application of egg bar 

shoes is that they are said to extend the weight-bearing surface of the foot by 

up to 40% (Moyer et al, 1975) and therefore diminish the energy 
_of 

impact. 

Further, the rotation of the DIP joint as a result of axial load on the limb is 

reduced (Wright et al, 1993). The rolled toes are said to advance breakover 

and, in so doing, reduce the pressure of the DDFT on the navicular area. Thus 

Ostblom et al (1984) could be said to be addressing two theories on the 

causation of navicular disease (the abnormal DIP joint rotation theory and the 

concussion theory) in one shoeing-technique. The overriding problems in that 

study, however, are firstly that it is by no means certain that the horses 
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treated did in fact have navicular disease; secondly much the same effect can be 

achieved in a large proportion of horses with the open heeled shoe discussed in 

the previous paragraph; thirdly Clayton et al (1990) found that rolled toes had 

no effect upon breakover. There would appear, therefore, to be nothing 

miraculous about egg bar shoes and their effects upon navicular disease. 

Skilled farriers today- will usually only shoe horses with egg bar, shoes in cases 

where horses have collapsed heels and wide, flat feet. The theory is that the 

bar allows the sole of the foot to recover its concavity and function, whilst the 

farrier reduces medial and/or lateral flares. At the same time the length of the 

shoe relieves the pressure on the heels allowing them to grow in a normal 

fashion. 

In this study navicular horses B and F were shod in egg bar shoes (25%). 

Figure 8.16 shows the egg bar shoe fitted to horse B compared to the straight 

bar shoe in which it was shod on admission. The additional length of the egg 

bar shoe can be seen whilst it will be noted that the egg bar shoe is narrower to 

allow for the foot to be "tightened up", i. e. to prevent the flaring on the medial 

and lateral walls that was evident in this flat-footed horse. 

Some authors (Hickman, 1964; Adams, 1974; Turner, 1986) advocate the use 

of heel wedges to break the hoof/pastern axis forwards. This, they conclude, 

will reduce the pressure of the DDFT on the navicular area. Ostblom et al 

(1984), however, claim that despite the fact that wedges reduce the pressure of 

the DDFT on the navicular area, they increase the overall pressure on the 

navicular bone. At first sight these two statements appear to be mutually 

exclusive and Wright et al (1994) are scornful, suggesting that such a statement 

is biomechanically unjustifiable. It is possible to hypothesise, however, that 

by artificially creating an abnormal DIP joint angle by breaking the 
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Fig. 8.16 A comparison of the shoes fitted to horse B upon admission (right) and 
the remedial shoe fitted during this study (left). Shoes are shown against a card with 
10 cm squares 
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hoof/pastern axis forwards, pressure on the navicular area could be increased, 

not by the DDFT but by the abnormal joint angle. 

There are other reasons for not applying heel wedges to elevate collapsed 

heels. Many skilled farriers believe that the application of heel wedges creates 

further crushing of the heels, and although they are useful in the short term, 

their long term use is contra-indicated where horses present with collapsing 

heels (Colles, personal communication). Navicular horse E was shod with heel 

wedges upon admission to the study (Figure 8.17). Figure 8.18 compares the 

shoe and wedge in which the horse was presented to the remedial shoe fitted 

during this study. It can be seen from Figure 8.19 that the remedial shoe 

produced the same effect as the wedge but without creating the problems 

associated with wedges. 

The overriding principles to be addressed in any case of remedial shoeing, but 

particularly in navicular disease, are: - (Turner 1986) 

a) Correct any pre-existing problems of foot conformation (e. g. collapsed 

heels, sheared heels, broken hoof/pastern axis) to obtain a "balanced" foot. 

b) Use all weight-bearing structures of the foot and allow for hoof 

expansion. 

c) Decrease the work of moving the foot (i. e. ease breakover). 

It is, however, doubtful that (c) can be achieved especially with the rolled toes 

favoured by Turner. 

It is therefore evident that each horse should be viewed as an individual and 

should not be shod for the disease but to correct any abnormal static and 

dynamic conformation problems in the manner most suitable for the individual. 

Indeed this statement is confirmed by Moyer (1990) who asserts "There 
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Fig. 8.17. Lateral view of the distal limb of navicular horse E shod with heel 

wedges 

Fig 8.18. Comparison of shoes fitted to horse E on admission with heel wedges 
(left) and after remedial farriery (right). 
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Fig. 8.19 Lateral view of the distal limbs of horse E after remedial shoeing 
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appears to be no one way to correctively shoe a given problem because the 

situations and horses will change from one horse to the next". 

8.4.2 Kinematic data 

Analysis of the data in Table 8.8 by Two-Factor ANOVA with Replication 

showed that there was no significant difference between any of the measured 

parameters between the normal control horses and the navicular control horses. 

This is disappointing as clinical examination revealed all navicular horses to be 

lame albeit at a very low level. It is generally considered that diagnosis of 

lameness in navicular disease is difficult as the disease usually affects both 

front feet to a greater or lesser degree. 
_Indeed, 

the radiographs of all the 

navicular horses showed significant radiographic changes in both front feet; It 

is therefore possible for a horse not to appear lame but merely present with a 

shortening of stride - the classic "pottery gait". Therefore, even if there was 

no asymmetry between the limbs, one would expect to see a shortening of the 

stride in the navicular horses as compared with the normal population. In fact 

it should be possible to pinpoint that shortening of the stride to the anterior 

phase (MacGregor, 1989). 

The fact that this was not seen in the navicular controls may relate to 

differences between treadmill locomotion and over-ground locomotion. Barrey 

et al (1993) found significant differences between the stride lengths of horses 

working on a treadmill to the same horses working over-ground in that the 

treadmill locomotion produced a longer stride length. It is possible therefore 

that the lack of any differences between the normal group and the navicular 

group was an artefact of treadmill locomotion. This in itself is interesting as, if 

correct, it would indicate limitations in the use of treadmills for lameness 
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evaluation. It may, however, be a result of the paucity in sampling frequency 

of the MacReflex motion analysis system. 

The lack of significant differences in the kinematic parameters continued after 

the remedial farriery_ as again the navicular horses appeared to be moving in a 

similar fashion to the normal horses. 

The first time any significant differences appeared were during the perineural 

anaesthesia condition. In this state the navicular horses showed a significantly 

(p<0.05) shorter anterior stance phase. This shortening, however, was not as 

a result of the nerve block as the horses in Chapter Seven did not display this 

characteristic. This significant shortening of the anterior stance length 

continued to the final control condition. 

The reasons for this shortening of the anterior stance at these two conditions 

only is difficult to understand. The first possibility is that the three treadmill 

training sessions received by these horses were not sufficient to enable them to 

habituate to treadmill locomotion and it was only after a further two sessions 

on the treadmill (during collection of control and post farriery data) that 

habituation occurred and the true kinematics of the gait were revealed. This, 

however, is unlikely. Richmond et al (1994) demonstrated that three training 

sessions are sufficient to habituate a horse to treadmill locomotion. This has 

since been confirmed in a personal communication. Buchner et al (1993), 

however, concluded that although clinical locomotion analysis is possible after 

only one treadmill training session, horses needed a lengthier period of training 

to achieve a stable, reproducible pattern (they did not proffer an opinion as to 

how long that period should be). Further, the horses in the study by Barrey et 

al (1993) received only two training sessions prior to data collection and these 

researchers were satisfied that habituation had occurred during that time. 
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A further possibility is that bringing these horses into light treadmill work had 

engendered a musculo-skeletal problem elsewhere than in the palmar foot. 

Prior to admission onto the study none of the navicular horses had been in 

regular work. This explanation, however, is unlikely as it would surely be 

remarkable for all eight horses to manifest the same alternative musculo- 

skeletal problem. 

Handler interference--must be_ruled_ aut_as all horses.. had. the_. same_treadmill 

handler on all occasions. 

It is interesting, however, that the only change that occurred is that which one 

would expect to see in navicular horses, albeit that it is not occurring when 

expected (Rose, 1990b). The possibility exists that it is the paucity of 

sampling frequency of the MacReflex system creating data errors. 

The only other significant kinematic change was the difference in minimum 

MCP joint angles between the left and right feet in all of the horses (control 

and navicular) in all of the conditions. The minimum joint angle occurs when 

the MCP joint is fully flexed. Consideration of the kinematic data showed that 

maximum flexion of the MCP joint occurred at approximately mid-swing 

phase. It is at this point that the reflective marker on the right MCP joint 

moves behind the left cannon bone during the stance phase of the left limb and 
the marker is therefore lost to the camera. This apparent difference in angles 

merely resulted from a deficiency in the recording system when a marker was 
lost to the camera and has no clinical significance. 

The kinematic data, therefore, do not support any of the hypotheses set out in 

paragraph 8.1. 
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8.4.3 Kinetic data 

In this chapter, discussion of the kinetic data will be confined to principal 

component analysis of the data as it has yielded some highly interesting and 

significant results pertinent to the hypotheses set out in paragraph 8.1. 

Figures 8.4,8.6,8.8, and 8.10 demonstrate significant differences (p<0.01) in 

the stance phase kinetics between the normal horses and the navicular horses 

in the beginning of stance variables for all conditions. Throughout this study, 

therefore, the navicular horses, as a population showed consistent and 

abnormal principal component scores on the beginning variables. 

Dow et al (1991) has demonstrated that changes in the force/time curve 

associated with these temporal points are indicative of superficial digital flexor 

tendon (SDFT) injury. Further, Chapter Five of this thesis has demonstrated 

that changes in the principal component scores for these variables are 

associated with SDFT injury, Comparison of the principal component scores 

between the tendon injured horses and the navicular horses showed a 

significant difference on the beginning variables. It is therefore possible to 

state that the abnormal loading pattern displayed by the navicular horses does 

not relate to an injury of the SDFT and that a disparate biomechanical problem 

existed in the navicular horses. That problem was associated with limb 

loading. 

Consideration of the literature on the biomechanics of navicular disease 

provides a possible explanation for this abnormal limb loading pattern. At the 

point of contact with the ground the proximal interphalangeal joint (PIP joint) 

attains a nearly perfect, tight fitting position and remains immobile throughout 

the stance phase (Rooney, 1980) keeping the proximal and middle phalanges in 

a straight line. Indeed in their mathematical model Bartel et al (1978) assume 
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that the proximal and middle phalanges act as a single unit. Therefore the only 

two moving joints in the distal limb during the stance phase are the DIP joint 

and the MCP joint. 

In their mechanical hypothesis as to the pathogenesis of navicular disease 

Thompson et al (1991) state that with flat or heel first impact, the DIP joint 

rotates clockwise tending-to decrease the tension in the DDFT. Almost 

simultaneously the counter-clockwise rotation of the MCP joint causes an 

increase in the tension of the DDFT. The net tension in the DDFT during 

impact, they state, is a function of the out of phase rotations of the DIP and 

MCP joints. If the digit lands toe first the DIP joint rotates counter-clockwise 

as the MCP joint is rotating counter-clockwise and the tension in the DDFT is 

the sum of the tensions induced by the rotations of both joints. These 

abnormal tensions only apply as the foot is rotating into full contact with the 

ground. The result of these abnormal tensions in the DDFT causes damage to 

the articular surface of the navicular bone by forcing the navicular bone against 

the moving surfaces of the DIP joint which results in frictional damage. This is 

to some extent supported by Drommer et al (1992) who studied collagen cells 

from the DDFT of horsea. with navicl r disease_and.. concluded_thaL it resulted 

from repeated microtrauma. 

It must be stated that the mechanical hypothesis proposed by Thompson et al 

(1991) in this unrefereed paper was subjective and there were errors between 

the text and figures which made comprehension slightly difficult. It must still 

be considered against the background of the results obtained in Chapter Six 

hereof which demonstrated that all horses appeared to be landing toe first. 
a 

Thompson et al (1991) made no attempt to include in their model the 

theoretical forces acting on the navicular bone by this "out of phase rotation" 

of the DIP joint. Schryver et al (1978) assessed that the peak compressive 
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force of the DDFT against the navicular bone at trot was approximately 0.77 x 
bodyweight and occured at 70-75% of the stance phase. Leach (1990) stated 

that the navicular bone is adapted to resist such forces because of the thick 

hyaline cartilage at the articular surfaces and the palmar-dorsal orientation of 

the trabeculae of the bone. If the forces generated by the "out of phase 

rotation" of the DIP joint could be shown to be greater than those experienced 
in the final third of the stance phase, or of a significantly different nature, then 

that might add some strength to their hypothesis. 

Their hypothesis also creates a paradox in that if landing toe first creates an 

abnormal load on the navicular bone, horses with navicular disease would not 

land toe first as this would cause them more pain. It is stated that a horse will 

land upon the area of the foot furthest away from the site of pain (Stashak et 

al 1996). If this is a gait pattern adopted to reduce pain in the palmar foot 

(Leach, 1990b) then the hypothesis of Thompson et al (1991) must be wrong 

or such a gait pattern would cause additional pain. If, however, landing toe 

first is part of the inherent gait pattern of horses who go on to develop 

navicular disease then all authors who suggest that toe first landing is a sign of 

pain in the palmar foot region are wrong. This, in retrospect, is understandable 

because they are unlikely to have seen these horses move until after lameness 

became apparent. 

Horses with long. toes, low or collapsed heels and/or broken back hoof/pastern 

axes tend to land toe first (Clayton 1988) and the clinical signs of navicular 
disease have been experimentally induced in a group of horses by creating a 
long toe/low heel foot. conformation (Leach 1990 quoting a personal 

communication from Colles). It has always been theorised by researchers that 

this type of foot conformation creates additional force in the DDFT during the 

posterior portion of the stance phase, and this is supported by the 
biomechanical models of Bartel et al (1978) and Schryver et al (1978). If it is 
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also true that horses who land toe first because of this foot conformation, also 

experience additional force in the navicular area then this might be the key to a 
biomechanical pathogenesis for navicular disease. There may also be a sub- 

population of horses who land toe first, or that load the limb abnormally, even 

if they do not have poor foot balance. 

The second principal component scores for the beginning variables in the 

navicular horses were tested for significant differences against the scores 

obtained for the horses with imposed imbalances in Chapter Six. Single factor 

ANOVA demonstrated that the scores for the navicular horses were not 

significantly different from the scores obtained during the acute toe (p=0.66), 

acute heel (p=0.48) and acute medial (p=0.42) wedges. As is shown in 

Chapter Six, however, these acute gait patterns are purely transient and 

comparison of the chronic wedge states is more likely to reveal pertinent 

contrast. 

During the chronic wedge state only the medial wedge scores showed 

similarities with the navicular scores (p=0.42). The evidence from these 

studies, therefore, is that the gait pattern adopted by the horse during the 

chronic medial wedge is biomechanically similar to that adopted by horses 

with navicular disease. 

There are no significant differences in the beginning variables between the 

navicular horse conditions. This means that none of those conditions had any 

effect upon this abnormal gait pattern. The navicular horses, therefore, 

consistently loaded the forelimbs abnormally. Horse 14 of the normal 

population, which was always "outlying" from the main population, is visibly 

associated with the navicular horses during all navicular conditions. 
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Figure 8.8 shows the arrowplot of the principal component scores post palmar 

digital nerve block for the beginning of stance phase variables for both the 

normal and navicular horses. The navicular horses are significantly different 

(p<0.01) to the normal horses on principal component score two. The 

navicular horse principal component scores are also significantly different 

(p<0.01) to those of the sound nerve blocked horses in Chapter 7. It must be 

borne in mind, however, that the possibility exists that in the case of a chronic 

disease process, alterations in locomotion may result from any number of 

sources (e. g. muscle atrophy/hypertrophy) which could have a lasting effect 

upon gait parameters which would persist even in the absence of pain. 

The main point to be elicited from this data is that if this abnormal loading 

pattern is associated with pain in the palmar foot why does loss of palmar 

foot proprioception not return them to the normal population ranges? If the 

abnormal loading-pattern is as a result of toe first landing in an attempt to 

relieve pain in the palmar foot, why do they still land toe first even when no 

pain is perceived? Adams (1974) states that horses with foot pain land on the 

area of the foot most distant to the site of pain; in navicular horses this means 

they land toe first. Adams (1974) also states that when no pain is perceived 

after perineural anaesthesia, the horse returns to landing normally. Schneider 

et al (1987) also state that a bilateral palmar digital nerve block will return the 

abnormal gait patterns of the navicular horse to those of normality. Therefore, 

this abnormal limb loading pattern is likely to be inherent in this population 

and suggestive that it may contribute to the pathogenesis of navicular disease. 

Horse 14 of the normal population also displayed this bilateral abnormal limb 

loading pattern associated with all the navicular horses and it may be 

postulated that Horse 14 is a potential navicular disease sufferer. Hence out of 

17 horses with no clinical abnormality one displayed this abnormal pattern 

which suggests that a small but significant proportion of the UK equine 
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population (6%) will display this abnormal limb loading pattern which could 

predispose them to navicular disease. 

Principal component scores for the end of stance variables show that only 

during the initial control data collection did the navicular horses display an 

abnormal limb unloading pattern. The horses with imposed imbalances in 

Chapter Six showed no abnormalities in the end variables during any of the 

imbalanced conditions. The significance is that these abnormal unloading 

variables in the navicular horses stem from something other than the 

imbalanced feet which they all displayed prior to remedial shoeing. This is 

likely, therefore to represent a pain response. Schryver et al (1978) conclude 

that the maximum force of the DDFT on the navicular bone occurs 

concurrently to the maximum horizontal propulsive force (PBtime) and 

therefore maximum pain should be experienced by the navicular horses at that 

time. If, therefore, one were to hazard a guess at where abnormalities in 

force/time curves would be seen in navicular horses, the appropriate point 

would be at PBtime. If correct, this would certainly result in abnormalities in 

the principal component scores for the end of stance variables as is seen here. 

Such an abnormality is demonstrated in figure 8.5 and there is a significant 

difference (p<0.01) between the normal and navicular horses on principal 

component score one. This difference is obviated after remedial farriery has 

taken place and no further difference in the principal component scores for the 

end of stance variables is seen either in the nerve block condition or the final 

condition. Therefore, remedial farriery has corrected the abnormal gait pattern 

resulting from pain that occurs during the posterior stance phase for all of the 

navicular horses and that correction was maintained until final data collection 

(10 days). 
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These results signified that appropriate remedial farriery can have an effect 

upon the gait patterns of horses with navicular disease and this effect is one of 

alleviation of pain and return to normal limb unloading parameters. This 

alleviation of pain is effective over a prolonged period and further research is 

required to ascertain how long this result can be sustained before further 

shoeing is required. 

This result also demonstrated the effectiveness of remedial farriery and 

supports the many authors on the subject of navicular disease (cited ante) who 

believe in the efficacy of remedial farriery. It also demonstrated that contrary 

to that stated by Ostblom et al (1983) egg bar shoes had no special 

effectivenessinthe treatment-of naviculatdisease. 

8.5 CONCLUSION 

Hypothesis I is partially- proven in that horses with chronic navicular disease 

demonstrated a characteristic abnormal kinetic pattern although they were not 

shown to demonstrate a characteristic abnormal kinematic pattern. 

There is evidence to suggest that Hypothesis II is proved in that one of the 

control horses has been demonstrated to present the same abnormal kinetic 

limb loading pattern as was demonstrated in all of the navicular horses 

although substantial further investigation is required to categorically prove this 

hypothesis is correct. In the meantime, the possibility exists that the chronic 

disease process is responsible for changes in the musculo-skeletal system 

resulting in this abnormal locomotor pattern 

In the same way, there is evidence to suggest that Hypothesis III is proven as 

the detected abnormal loading pattern persists during loss of distal limb 

proprioception. 
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Hypothesis IV is proven in that remedial farriery is shown to be efficacious in 

the symptomatic treatment of navicular disease and its effects may be 

monitored using principal component analysis. 
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CHAPTER NINE 

GENERAL SUMMARY AND CONCLUSION 

The role of the foot in equine locomotion is fundamental but despite being a success in 

its natural environment, the equine foot becomes a common site of disease and injury 

when subjected to the demands of human domestication (Pollift, 1990). Thus horse 

shoeing is often described as a "necessary evil". It is certainly "necessary" as without 

a horse shoe the horse could not be used in its function as a working animal whether it 

be for agriculture, leisure or sport. All too often, unfortunately, it would appear that 

the shoeing of horses is indeed "evil" because of the relationship of poor foot balance 

to injury. 

The fact that anything up to three quarters of all lameneses in horses, wherever they 

occur in the musculo-skeletal system, are caused or contributed to by imbalanced feet 

was the basis upon which this study was established. Although the internal forces in 

the distal limb have been a subject of much interest ever since they were recognised as 

playing a part in the aetiology of lameness, the knowledge of the biomechanics of limb 

weightbearing and its role in the aetiology of lameness are poorly understood. It was 

therefore vitally important for further research work to be completed in this highly 

important area. 

Various mathematical models have been propounded but, as discovered by. Van den 

Bogert (1989) there are more unknown forces than mathematical equations, and the 

highly sophisticated mathematical models produced for human locomotion are not 

applicable to the equine where, certainly in the distal limb, passive elastic recoil 

energy plays a more, vital role than the load sharing between synergistic muscles in 

human athletes. 
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The first major aim of this thesis was to define a normal range of GRF patterns for 

Thoroughbred horses and to characterise them in an easily understandable and 

reproducible manner. Data collection from a group of clinically sound horses provided 

substantial data but, as found by other researchers, presentation of that, data conferred 

a far more complex problem. 

The force plate has been used in many other studies relating to equine locomotion but 

no one single method has been used to analyse data obtained. Until recently most 

researchers had relied on symmetry.. of left/right forces (particularly peak vertical 

force) to characterise normal and abnormal locomotion. This study has demonstrated 

that such comparison is unreliable if used on its own. A sensitive mathematical 

technique to enable determination and characterisation of normal locomotion as well as 

a range of biomechanically distinct locomotor problems was required to elevate the 

force plate from an interesting scientific research tool to one which had diagnostic 

and/or prognostic applications. 

It is not suggested that principal component analysis is the only mathematical 

technique for the effective characterisation of equine hoof/ground interaction but it is 

certainly the first such technique that has been demonstrated to differentiate between 

biomechanically distinct areas of the force/time curve and differentiate between 

abnormal locomotor patterns associated with disparate foot imbalances and 

injury/disease. Analysis of the ground reaction force patterns of other groups of 

horses with known locomotor abnormalities is likely to lead to characterisation of 
individual abnormalities and the biomechanical forces which cause or contribute 

towards those injuries and such studies will increase our knowledge of normal and 

abnormal equine locomotion. 

For this reason it is vital that a future research project is undertaken to ascertain the 

exact causes of T1 - T4 on the force/time curve as only then will the force plate evolve 
into the diagnostic/prognostic tool for which it has shown potential in this study. 
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Such research would involve the placement of strain gauges or force transducers within 

the major collagenous structures of the distal limb and the correlation of the obtained 

data with simultaneously collected force plate data. 

The study in Chapter Six has demonstrated that biomechanically distinct alterations 

take place in equine weightbearing during experimentally induced foot imbalance. It 

has long been theorised that this was the case and this study has laid the foundations 

for a full quantitative analysis of the biomechanical effects of foot imbalance. Such a 

quantitative analysis is a matter of extreme importance in the interests of equine 

welfare. Indeed Leach and Dagg (1983) commented that the lack of specific 

information on the effects of shoeing upon locomotion was of great concern and 

commented upon the fact that various modifications to traditional shoes have been 

applied to the horse with absolutely no knowledge as to their effectiveness or 

potential disadvantages, or even deleterious effects. Thirteen years after that 

statement, however, the paucity of research in the area of foot balance and shoeing 

remains. Whether this is because researchers find the subject not to their interest or, 

more probably, those in the farriery world are not enthusiastic for scientists to 

obtrude into an ancient skill of which they feel they have a full mastery and in which 

science can play no part. Farriery has, however, lost its direction as can be evidenced 

by the connection between foot imbalance/poor shoeing and injury. 

It has long been held that shoeing horses is both an art and a science and although there 

is always room for the aesthetically pleasing, it should not be at the expense of 

scientifically proven quantitative methods however aesthetically displeasing. The 

majority of horses in the UK have feet which are unbalanced medio-laterally and this 

study has shown that medio-lateral imbalances have potentially more serious long 

term biomechanical effects than do dorso-palmar imbalances. This is interesting as all 

previous scientific investigations into hoof imbalance have concentrated on the 

biomechanical effects of altering the hoof/pastern axis. It may well be that the 

research carried out previously by others on this subject has filtered down to those in 
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whose hands the training of farriers lies, and that this is one of the major reasons why 

the propensity to shoe performance horses with a long toe and low heel is 

diminishing. There is no doubt, however, that dorso-palmar imbalances do create 

biomechanical problems within the equine limb. 

The farrier should certainly now be taught to concentrate not only on dorso-palmar 

balance but also medio-lateral balance so that the equine athlete can function to 

optimum ability. It is a feature of the equine industry that the disparate groups of 

which it is comprised never come together in a common forum for the dissemination 

and discussion of mutually beneficial information and ideas. It is not remarkable, 

therefore, that the results of research projects which would benefit the horse fail to 

reach those people who look after them on a day to day basis. Very few stable 

grooms and fathers read the Journal of Biomechanics. 

The role of unbalanced feet in the aetiology of navicular disease is well documented 

but the highly significant and interesting result from the study in Chapter Eight is the 

abnormal limb loading pattern displayed by all the navicular horses even when distal 

limb proprioception is interrupted. Further research is needed in that force plate data 

from a much larger group of "normal" horses and "navicular" horses must be collected. 

It would also be of interest to collect data from horses with the clinical signs of 

navicular disease but not the radiographic signs - the so called navicular syndrome. 

Such further research would ascertain how widespread this abnormal limb loading 

pattern is within the normal population and, if proven to be a predisposing factor in 

navicular disease, such horses could be identified at an early age and treated 

appropriately. Leach and Cymbaluk (1986) concluded that some stride parameters of 

adults horses were present as foals and, if the abnormal limb loading pattern is one of 

those early observed gait patterns, early detection will prevent later injury or disease 

and increase equine welfare. This study has suggested a possible new pathogenesis 
for navicular disease which is shown in Fig. 9.1. 
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Fig. 9.1 A proposed pathogenesis for navicular disease 
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The possibility exists that there is a genetic element to the observed abnormal limb 

loading pattern as to some extent most, if not all, traits are genetically controlled. 

There are a number of methods by which genetic influence can be measured, and again 

further genetic research maybe called for. 

The role of corrective farriery in alleviation of the pain in navicular disease has been 

demonstrated yet again proving_the importance of scientific investigation into farriery 

techniques and their effectiveness or otherwise. Most practising veterinary surgeons 

would demand that the farrier shoe the navicular diseased horse in egg bar shoes with 

rolled toes as it is considered standard remedial farriery practice. As has been shown 

by this study, egg bar shoes are by no means necessary for the relief of pain in 

navicular disease and a popular myth has been exposed. Horses must be shod to 

correct individually presented conformational or functional abnormalities and, as has 

been discussed at length in the body of this thesis, the concept of the balanced, well 

shod foot is not complex. 

Like other working machinery, the mechanism which activates the horse has its weak 

spots. The weakest spot of all is the foot. It is more than 200 years since Jeremiah 

Bridges wrote his essay "No Foot - No Horse" and yet our knowledge of the role of 

the foot in equine locomotion remains minimal. The studies which comprise this 

thesis increase our knowledge of the subject but they are only a platform from which 

further vital research must be launched. 
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APPENDIX ONE 

ACCURACY OF THE MACREFLEX MOTION ANALYSIS SYSTEM 

Al.! INTRODUCTION 

To assess the validity of the numerical measurement data acquired for analysis during 

these studies, it was necessary to establish the accuracy of the system. The 

MacReflex 3-D motion analysis system was untried in the field of assessment of 

equine locomotion. A method was devised whereby a standardised movement pattern 

of regular shape could be recorded and submitted to the analysis software (WINGZ) 

and tested for accuracy. 

-L2_ METHODS AND MATERIALS 

I. Computerised motion analysis system. MacReflex 2.5, Qualysis, Sweden. 

II. Fan. Cam 500, Clarke International, London 

III. Reflective tape. Scotchlite 3m 8850 

The two cameras of the system- were set up at an angle of 45 degrees and calibrated 

using the calibration frame (CAB 100) supplied with the system. Reflective markers 

of 3cm diameter were cut from the reflective tape and one marker applied to two 

opposite blades of the four bladed fan at a distance of 27cm from the centre' of 

rotation. The fan blades were rotated manually and a recording of 5 seconds was made 

of the spinning fan. 

Subsequent to recording, data were sorted, individual markers identified and exported 
into the MacReflex WINGZ analysis system. Subsequently data generated by 

WINGZ was exported to standard spreadsheet analysis software (Microsoft Excel® 

version 5) for comparison of marker co-ordinates at recorded points. 



266 

A1.3 RESULTS 

Figures Al. 1 and A1.2 show the WINGZ graphs in the x and z planes and the x and y 

planes. Whilst Fig. Al. 1 appears to demonstrate the plot of a perfect circle, it is clear 
from Fig. A1.2 that a fluctuation of approximately 2mm is manifest. 

Fig. A1.3 shows the Microsoft Excel graph showing a maximum variation within the 

sample of 2.5mm. 

A1.4 DISCUSSION 

The aim of this experiment was to quantify, independently of the manufacturers 

assurances, the accuracy of the MacReflex motion analysis system and its associated 

analysis software WINGZ. From the data presented herein it is demonstrated that the 

amount of variation in the recording of markers in a regular movement pattern with the 

MacReflex 3-D motion analysis system was 2.5 mm. This approximated to the 

manufacturers estimate of an error of 1% of the field of view. 

A1.5 CONCLUSION 

The MacReflex motion analysis_ system is considered to be accurate enough to use in 

these studies. 
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Fig. A1.1 WINGZ graph of x/z plane of movement of reflective markers on blades 

of fan 
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Fig. A1.2 WINGZ graph of y/z plane of movement of reflective markers on blades of 

fan 
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Fig. A. 3 Comparison of individual recorded co-ordinates of marker 
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APPENDIX TWO 

LIST OF ABBREVIATIONS 

ABBREVIATION FULL MEANING 

B- Breakover 
DDFT Deep digital flexor tendon 
DIP Distal interphalangeal joint (coffin) 
GRF Ground reaction force 
LTLH Longtoe/low heel 
MCP Metacarpophalangeal joint (fetlock) 
PB Pre-breakover 
PCA Principal component analysis 
LYE Peak. vertical force 
SDFT Superficial digital flexor tendon 
SL Suspensory ligament 
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