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Introduction





After I had agreed to write this book, it did not take me long to realize the enormity of the task I had set myself. I thought about the thousands of articles and hundreds of books already written about horses’ feet and wondered what I could possibly contribute to the topic. I had read enough of these papers and spoken to sufficient vets, farriers and trimmers to know that there was, and still is, significant disagreement on many aspects of the horse’s foot and its function – so not only was I to write on a subject where there are so many different opinions, I also had to do it in a way that would be understandable to horse owners. Yes, I panicked.


In the past, the majority of owners relied on their farrier or vet to advise them on hoof care, but nowadays, particularly with the advent of the internet, owners are doing their own research and many are becoming more proactive in the foot care of their horses. The problem for an owner is to know how much of the information available is fact, or how much might be just conjecture, and this probably applies as much to what is found in ‘traditional’ text books as the more speculative suggestions that circulate on some websites and internet forums. It does seem that some things have been repeated so often that they have been accepted as fact, and I find I am not the only person to question the veracity of some of these ‘facts’.


Part of the fascination about horses’ feet, and the problems they develop, is that there is very little that can be considered ‘black’ or ‘white’, and there are endless shades of grey, depending on the horse, its environment, its diet or its type of work – however, this is a great part of the frustration, too. This is because something that is right for one horse might be unsuitable or impractical for another, and something that is suitable for a horse at one time may then become the wrong thing to do for it in different circumstances. Nowhere does this become more pertinent than when dealing with laminitis (see Chapter 7), but it applies to other situations and conditions too. Although my aim has been to provide sufficient information about the grey areas for an owner to be able, with the assistance of their hoof-care professional, to make the right decision at the right time, the book’s content has been influenced by the fact that many farriers and trimmers (and vets, too) are set in their ways and tend not to be open-minded to new or different ideas. Too often I have been made aware of an owner’s concerns being brushed aside, so I have felt it necessary to go into greater depth than many other ‘books for owners’ in the hope that a greater understanding of problems will carry more weight with these ‘professionals’. I know that for many readers, parts of the book (Chapter 2, in particular) will be a challenge because they will encounter a vocabulary that is unfamiliar to them, but I believe some knowledge of the anatomy and function of the structures of the foot will help them understand the chapters that follow. If the reader is stimulated to find out more about the horse’s foot, which is what I hope to achieve, understanding these terms will also help – and may even be necessary – when reading other books and articles. The areas where there is in-depth information generally cover problems or situations that an owner is more likely to be confronted with, but also topics where I have introduced some novel concepts that need an explanation. Other areas where I have provided less information may be equally important, but I have felt they were either rare conditions or ones that would necessitate direct veterinary involvement.


I may well receive criticism from some people for including some of my own theories which are the results of my research but have not been ‘verified’. In the final chapter I describe the routes that my studies have taken, and the reasons for the conclusions I have come to, but because a large part of these investigations have been carried out without any fancy equipment and have mostly been from close examination of the horse’s foot, I am confident that other people will find the same things, if they look.


For brevity’s sake I have often used ‘horse’ to refer to ‘horse, pony and donkey’, and ‘man’ to include men and women. However, when it comes to foot care, my use of ‘farrier’ to include ‘farrier, horse-shoer and foot trimmer’ is perhaps more controversial. It applies to when foot balance and trimming is being discussed, since this applies to all three – though when I talk about having shoes on the feet it obviously no longer includes the barefoot trimmer. Although this book is about feet, it is vitally important not to consider them in isolation because the feet affect the rest of the horse, and the rest of the horse affects what happens to the feet. I have to confess that, whether it is a live horse, or a sculpture or a picture of one, the first things I look at are its feet; however, I do then always look at the ‘whole picture’ – at the beauty and the athleticism of this wonderful creature.
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Fig. 1 Memorial to the Royal Scots Greys (1906), Princes Street, Edinburgh.

























1 Evolution





If you place your hand on a table and, while leaving the finger tips in contact, raise it up until it is vertical, you will be left with just one fingernail touching the table. This illustrates the adaptive process in the horse’s foot which has taken place over millions of years, starting with the horse’s ancestors, Eohippus, up to the horses and ponies known collectively as Equus, which are around today.
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Fig. 2 The bones of the digits of 1. Eohippus, 2. Mesohippus, 3. Merychippus, 4. Pliohippus, 5. Equus.








Ancestors of the horse existed fifty million years ago, but were very different to the creature that we recognize now. Eohippus was a small hare-like animal, living and running around in swampy undergrowth on feet with four long splayed toes. As the climate changed and became drier, the swamps and forests gradually disappeared and were replaced by open plains, and Eohippus had to adapt to take advantage of this new environment in order to survive. Modifications in its tooth structure enabled it to cope with grazing pasture rather than browsing bushes, and by changing its limb structure it was better able to survive in the open ground.


The limb changes included increasing the length of the legs, which allowed these prehistoric horses to take longer strides and so enabled them to run faster to escape from predators. Part of this leg-lengthening process was achieved by raising the digits to a more upright position. In the exercise described in the first paragraph, when you raised your hand from the table, the first finger to lose contact was your thumb; this digit was in fact already absent in the Eohippus, which had only four toes – but when you raised the hand further, the little finger lost contact, and this demonstrates the adaption that occurred over twenty million years, and can be seen in the Mesohippus, which had only three toes.


In the next twenty million years the digits became even more upright, with the inside and outside toes reducing in size so that they probably only made contact in wetter ground: the horse that characterized this evolutionary stage was called the Merychippus. The Pliohippus, which lived between ten and one million years ago, had one long toe, and Equus, the modern horse, adapted further to end up moving around on its middle finger nail, the hoof. The remnants of the other two digits were retained as the splint bones, lying just to the back of the cannon bone (the third metacarpus) and acting as support to the horse’s knee (the equivalent of our wrist).


The anatomy of the equine digit is somewhat different from our equivalent finger, although the basic form is similar. If, with a straight arm, you press down on your middle finger till your finger is bent back by about forty-five degrees to the perpendicular, this is the equivalent position of the horse’s lower limb.


ADAPTATIONS NECESSARY FOR EOHIPPUS’ SURVIVAL


So what were the adaptations required in Eohippus in order for him and his descendants to survive the change from forest to prairie? Already mentioned is the reduction in the number of digits, with more toes being of benefit in marshy ground, but a single one being better for firmer ground. However, in order to survive, these prehistoric horses also needed stamina to endure the long migrations required to find food and water, and the ability to remain standing a lot of the time in an energy-efficient way.


The Requirement for Speed


The speed of movement of an animal depends on the length and frequency of its stride: the longer and quicker the stride, the faster the animal will go. As well as lengthening the lower bones of the limbs and adopting a more upright posture, an increase in stride length in the horse was achieved by an evolutionary change which resulted in the loss of the clavicle (collar bone), thereby allowing a greater range of movement of the shoulder.


An increase in stride frequency was achieved as a result of a number of evolutionary changes, which included the reduction in weight of the lower limb by reducing the number of digits (as explained above). As the lower bones of the legs became longer, the upper bones of the limb remained short, and the heavy muscles that attach the trunk to these bones became more powerful. Reciprocal pulley systems evolved, with the arrangement of the tendons allowing the limb joints to bend or straighten together – wind resistance is reduced by the horse being able to fold the legs up under the body when he is moving at speed.


The Requirement for Stamina


The stamina required for long migrations was improved by evolving with ‘energy-efficient motion’. The tendons and ligament that support the fetlock joint – the ‘suspensory apparatus’ – evolved to be better able to store energy, to act like a spring, and as the leg bones became longer, so too did the tendons, to produce larger ‘springs’. This reduces the energy required by the muscles when the horse moves, allowing it to travel further with less effort.


The Requirement to Save Energy while Standing


As the horse evolved to be a plains-living animal, it increasingly relied on flight to escape from predators, and it was therefore important that it stayed on its feet to enable a quick getaway. It developed mechanisms to enable it to rest whilst standing: these are referred to as its ‘stay apparatus’. This describes the system of ligaments in the horse’s legs, which help to support it when it is standing, so that it can maintain the limb joints extended with minimal energy use. It can also ‘lock’ the patella (the knee-cap) in the hind legs, and has supporting ligaments to the superficial and deep digital flexor tendons – the superior and inferior ‘check’ ligaments – which allow the muscles to relax while tension is maintained in the tendons, thus conserving energy.


EQUUS


Along with our domesticated horses, ponies and donkeys, the species Equus includes the zebra, wild asses, and the only species of wild horse surviving, the Mongolian wild horse, or Przewalski’s horse, named after the Russian explorer who discovered it. These horses would be extinct in the wild were it not for breeding programmes in zoos which have allowed their reintroduction to Central Asia, and the re-establishment of a viable population.


Man has only been involved in the selective breeding of horses within the past three and a half thousand years, since they were first domesticated, thereby producing the diverse range of breeds that we see today. Initially, domesticated horses were used for work and war, but whereas the donkey is still used in many countries as a ‘beast of burden’, the role of the horse has changed, and in most countries it is now mainly used for pleasure, and often in the pursuit of sports.
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Fig. 3 Two young Przewalski stallions – part of the conservation programme at Marwell Wildlife, Hampshire, UK (Photo courtesy of Martin Wilkie).








Selective breeding has produced stronger animals to cope with the ‘unnatural’ situation of carrying a rider, but by breeding for certain sporting requirements, some other, more detrimental, characteristics have been perpetuated. At the individual level, many are bred for sentimental reasons or financial gain, rather than concentrating on producing offspring of better structural quality. Unfortunately, man has also significantly altered the lifestyle for these domesticated horses, away from the environment in which they evolved to survive. Providing a diet that is often far removed from the foodstuffs and forage that would be available in the wild, and limiting the horse’s opportunity to satisfy its innate requirement for movement, has resulted in changed metabolic processes in its body, and in particular in its feet – which is the aspect of greater interest to us.
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Fig. 4 The Finals – batik by Rosi Robinson.

























2 The Structure and Anatomy of the Foot





Although this book is about the horse’s feet, it is vitally important not to consider them in isolation because the feet affect the rest of the horse, and the rest of the horse affects what happens to the feet. Because a horse’s weight is distributed between its four limbs, and it is the four feet that have to carry it all, the greatest challenge to the foot is how to deal with the forces of impact and weight-bearing. The foot is generally able to withstand these forces because all the structures in it play their part in absorbing or spreading these forces – these include:




	Laminae (stretch)


	Hoof capsule (change of shape)


	Sole (stretching and flattening)


	Circulation (hydraulic response)


	Bone (minimal)


	Articular cartilage (compression)


	Ligaments (stretch)


	Tendons (stretch)


	Frog (compression)


	Digital cushion (compression)


	Collateral cartilages (load redistribution)





Although this chapter may appear challenging for readers as they are introduced to an unfamiliar vocabulary, some knowledge of the anatomy of the different structures in the horse’s foot will give an insight into how the foot copes with these forces, and I hope will help the reader better understand the chapters that follow.


THE PROPERTIES OF BONE


Bones must be strong enough to support the weight of the body; they must be big enough – have a large enough surface area – to support soft tissue attachments; and they must be light enough in weight to reduce inertia – to minimize the effort required for rapid movement of the legs.
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STRUCTURAL PROTEINS IN THE BODY


Collagen is a protein made up of chains of amino acids that bind together to form strong, inelastic fibres. Collagen forms a structural matrix that gives tissues their shape and provides them with strength. Over a quarter of the total body protein is collagen.


Elastin is similar to collagen but gets elastic properties from the way the units bind together to produce branching fibres.


Fibroblasts are the cells that produce these fibrous proteins as well as the other constituents (glycoproteins) that make up the tissues that surround them (the extracellular matrix).
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Figs. 5a and 5b Denser and thicker bone shows up as the brighter white areas on the radiograph. The outer part of the bone is made up of dense cortex and inside this is the network of trabeculae that makes up the ‘spongy’ bone of the medulla. The bone ends are kept apart in the joints by articular cartilage, which does not show up on radiographs.








Bones are rigid structures with minerals laid down on a collagen matrix. Without the collagen framework, bones would be extremely brittle and very liable to break, and without the mineral deposits they would bend and be unable to support weight.


Bone status varies during the life of the horse, with less density both early and later in life. The developing bones of foals are more pliable because they contain less mineral (mineral to matrix 35 per cent: 65 per cent) than is present in adult bone (65 per cent: 35 per cent); in the old horse, the mineral content of bone tends to decrease, resulting in some reduction in bone density.


Completely solid bones would be stronger, but the greater weight would make it far more difficult for the muscles to move the limbs, so there has to be some compromise between strength and weight of bone. Bones have an outer layer of dense compact bone (cortex) and a core made up of a honeycomb-like network of bone (trabeculae), sometimes referred to as ‘spongy’ bone. The compact bone over the joint surface is thin, but particularly dense and smooth. Spongy bone completely fills the core of shorter bones, but in longer bones is limited to each end, and the space in the middle (the medullary cavity) contains blood-producing cells, known as bone marrow.
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Figs. 6 and 6b P1, P2 and P3 = the three phalangeal bones of the digit; 4 = cannon bone; 5 = proximal sesamoid bone; 6 = navicular bone (not visible – hidden behind palmar process of P3). Black lines to a) fetlock; b) pastern; c) coffin joints.








The thickness and distribution of the two types of bone are arranged to withstand the stresses and strains that act on the individual bone – the lines of pressure from the weight of the horse as well as the tension from the attached ligaments and tendons. Bones are able to withstand the very large compressive forces that are applied along their length, but are less able to cope with forces in other directions, which make them liable to fracture.


Rather than the inert object we see in a dried skeleton, bone is a living tissue that has bone formation and remodelling going on all the time. Bones are covered by periosteum, a fibrous sheet of collagen that has small blood vessels and nerve endings and a population of cells involved in the production of bone (osteoblasts) and in its breakdown (osteoclasts). The balance of activity of these two types of cell can be seen in physiological processes (normal functioning of bone) as well as pathological ones (arising from disease). The response of bone when subjected to the increased forces from exercise is to increase osteoblast activity, which thickens cortical bone and remodels the trabeculae in spongy bone, to change alignment and strengthen the bone along the lines of stress.


In some pathological processes, bone remodels in response to pressure, which is seen most commonly in the foot with the change in shape of the tip of P3 (coffin bone) in chronic laminitis.


THE ANATOMY OF THE LIMB BONES


The bones of the horse’s limbs are similar to those of many other mammals, but have developed their own special features. You may find it helpful to compare their bones and joints to your own.


The Bones of the Digit


Starting from the bottom, the bones from the horse’s foot to his fetlock are equivalent to those of our middle finger (or middle toe), and are the three bones of the digit. These bones are referred to by several names, but most simply as P3, which is enclosed inside the hoof (end of the finger, with nail), P2 (the middle bone) and P1 (the third finger bone) – see synopsis below. The same names are used for the bones of the digit in the hind foot.





P3 = P III = third phalanx = distal phalanx = coffin bone = pedal bone


P2 = P ll = second phalanx = middle phalanx = short pastern bone


P1 = P l = first phalanx = proximal phalanx = long pastern bone
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Fig. 7 Terms used to describe the positions of structures on a horse’s legs: ‘palmar’ is to the back of the front leg (‘plantar’ for the hind leg), ‘proximal’ is when something is higher on the leg and closer to the body.








The Distal Phalanx [P3]


P3 is an irregularly shaped bone with three surfaces and three borders and enclosed entirely within the hoof capsule (see Fig 8). The ‘dorsal surface’ of P3 is the outer surface of the bone to which the hoof is attached. The articular surface is covered by cartilage and is where P2 and the navicular bone make contact with it in the coffin joint. The ‘palmar surface’ is the underside of the bone and includes the smooth ‘solar surface’ that is covered by the sole, and a roughened posterior rim, the ‘flexor surface’, where the tendon of the deep flexor muscle attaches.


The central prominence on the top of the bone, on the proximal border, is the ‘extensor process’, where the common digital extensor tendon attaches. The ‘palmar processes’ are the ‘wings’ of P3 and extend backwards (palmarly) from the base of the bone.


The periosteum of P3 appears to be more disorganized and less distinct than that of other bones, and this is attributed to the particular stresses it is subjected to. Between the periosteum and the hoof is an even layer of tissue (dermis), which has an intricate network of collagen fibres, blood vessels and sensory nerve endings. With its tough fibrous attachments to the hoof (laminae) and the bone (periosteum), it provides a very strong connection for the two structures. The result is that in a normal foot, the dorsal hoof wall and the dorsal surface of P3 remain parallel to each other, and the forces acting on the bone are transmitted evenly to the hoof wall and vice versa. Likewise, the sole follows the concave shape of the underside of the bone because of the even layer of tissue connecting it to the solar surface of the bone.
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Fig. 8 The three surfaces, three borders and three processes of P3: (a) from the side; b) from above; c) from underneath.








The Sesamoid Bones


The horse has additional bones called sesamoid bones, which reduce friction and change the direction of pull of the flexor tendons as they pass over the back (palmar) surface of the fetlock and coffin joints. The two proximal (higher) sesamoid bones are often referred to simply as the sesamoid bones, whereas the distal (lower) sesamoid bone is far more commonly called the navicular bone. (We have the equivalent of the proximal sesamoid bones at the base of our thumb and big toe.)
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Fig. 9 The bones of the horse’s forelimb.
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Fig. 10 The bones of the horse’s hind limb.











The Limb Bones


In the horse, the equivalent of the five metacarpal bones of our hands, connecting our fingers to our wrist, or the metatarsal bones between our toes and ankle, have been reduced to the one long weight-bearing bone, the cannon bone, with the remnants of the second and fourth becoming the splint bones.
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Fig. 11 The limb joints of the horse.








In the foreleg the horse’s ‘knee’ is the carpus, the equivalent of our wrist, and is made up of a complex arrangement of two layers of small bones. In our forearm we have two bones, the radius and the ulna, that give us the ability to turn our hand over. The weight-bearing horse’s limb requires far greater stability, and although both the radius and ulna, with the lower (distal) end of the humerus, make up the horse’s elbow joint (the same as ours), the ulna reaches only half way down the back of the radius, leaving only the one bone in the horse’s forearm that is joined to the knee (carpus).


In the horse’s hind leg, the complex joint at the proximal end (top) of the cannon bone is the tarsus, commonly referred to as the hock, and the equivalent of the ankle in our human leg. Between our ankle and knee – the hock and the stifle in the horse – the major weight-bearing bone is the tibia; the accompanying fibula has a minor role in our ankle joint, but no involvement in the horse’s hock, remaining only as a very small remnant to the side of the tibia.





JOINTS


If bone were to contact bone in a joint, the structure would have very little or no concussion-absorbing properties and the ends of the bones would very rapidly be destroyed. To allow the joint to absorb concussion and to reduce friction within it, the ends of the bones are covered by cartilage, and the joint space between them is filled with fluid.


The joint capsule that surrounds a joint has two layers: a tough outer fibrous membrane and an inner synovial membrane, which produces the synovial fluid that provides shock absorption and decreases friction in the moving joint.
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Fig. 12 Radiograph (DP view) showing the joints of the digit. The shapes of the bones help to limit the direction of movement. Articular cartilage does not show up on radiographs, so appears as dark lines between the bones. PS = proximal sesamoid, NB = navicular bone.








The Joints of the Lower Limb


The joints in the horse’s lower limb – and therefore the ones most closely related to the foot – are the coffin joint, the pastern joint and the fetlock joint; they are further identified as follows:




The coffin joint: The distal interphalangeal joint (DIPJ), involving P2, P3 and the navicular bone (described in more detail below).


The pastern joint: The proximal interphalangeal joint, that involves P1 and P2.


The fetlock joint: This refers to the metacarpo-phalangeal joint in the foreleg, and the metatarso-phalangeal joint in the hind leg; it involves the cannon bone, P1 and the proximal sesamoid bones.





The shape of the fetlock, pastern and coffin joints allows significant movement in one direction, which is backwards and forwards in the sagittal plane (in the line of the body). This is very important for an animal running at speed over uneven ground, particularly for one the size of a horse. The direction of movement is limited by matching curves and ridges on the joint surfaces of the bones, with the joints relying on ligaments and tendons to maintain them within safe working limits. The elbow, stifle, carpus and tarsus are more complex joints, but the alignment of the bones and the way they fit together also limits their movement to the sagittal plane.


A joint functions best when the load on it is spread evenly over the joint surfaces. At the gallop, when the horse tucks its legs up under its body, the uneven (asymmetrical) shape of some joints means that the opposing bones will move in a slightly different plane; however, when the horse takes weight on the bones, they all need to be aligned in order to provide maximum stability. Changes in a horse’s weight-bearing position due to uneven ground, imbalance of the feet, or a change in action from lameness elsewhere, can load joints unevenly, putting increased strain on their supporting structures.
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DEFINITIONS RELATING TO JOINT MOVEMENT


Flexion: The bending of a joint, when the angle between the two bones is reduced.





Extension: The opposite of flexion, when the joint is straightened and there is an increase in angle between the bones.





Dorsal flexion (or overextension): When the angle between the bones diminishes again after extension of the joint moves the bones beyond a straight line; an obvious example of this is the fetlock joint in the horse’s normal stance position.





Hyperflexion and hyperextension: Generally refer to when the joint is flexed or extended beyond its normal limits, resulting in damage to the joint structures.
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Fig. 13 Joint movement.
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The Coffin Joint


The lowest joint of the leg is the coffin (distal interphalangeal) joint, involving P2 and P3, with the load from P2 (the weight of the horse) being spread by the inclusion of the navicular bone in this joint.
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Fig. 14 The coffin joint exposed by the removal of P2 in a hoof specimen (seen from above). The articular (joint) cartilage of P3 and the navicular bone, seen as light blue areas on image, but glistening white in life.








The area of articular contact of the bones in the coffin joint is enclosed inside the hoof, but the joint capsule that surrounds it extends above the hoof wall at the front of the pastern. This is the common site for sampling joint fluid, to identify joint disease, or for giving injections into the joint. The palmar pouch, at the back of the coffin joint, is also accessible, and is the route commonly used for examining the joint by arthroscopy (see Fig. 15).


The front and back surfaces of the navicular bone lie within different synovial sacs. The dorsal (front) surface of the navicular bone that articulates with P2 and P3 is in the coffin joint, whereas its palmar (back) surface is in the navicular bursa. On one side, the synovial fluid helps to lubricate the articular cartilage in the joint, and on the other side helps the deep digital flexor tendon to slide over the palmar surface of the navicular bone. The complex arrangement of ligaments supporting the navicular bone will be discussed when considering navicular disease in Chapter 11.
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Fig. 15 The supporting structures of the pastern and coffin joints.


(PJC = pastern joint capsule, and CJC = the coffin joint capsule – in brown)


1 = collateral ligament of the coffin joint (P3 & P2)


2 = collateral ligament of pastern joint (P2 & P1)


3 = the vertical branch of the navicular suspensory ligament (navicular bone to P1)


Common digital extensor tendon inserting on the extensor process of P3.


DDFT = the deep digital flexor tendon


SDFT = the superficial digital flexor tendon


NB = navicular bursa


(Image: Science in 3D, University of Georgia Research Foundation)











LIGAMENTS


The largest ligament in the leg is the suspensory ligament, which supports the fetlock when this joint is in dorsal flexion. The suspensory ligament and the two digital flexor tendons make up the ‘suspensory apparatus’, and will be discussed together later.


As well as the suspensory ligament, there are two other forms of ligament that provide stability to the lower joints of the leg. There are strong fibrous bands close to the joints that attach the ends of the bones to each other, positioned in a way that limits the range of movement. These are the lateral and medial collateral ligaments of the joints, and they generally have a close association with the joint capsule. There are also three broader ligaments, known as annular ligaments, which are made up of a meshwork of fibres and are more superficial, lying just beneath the skin: they cradle the fetlock, the pastern joint and the coffin joint, supporting them and maintaining the position of the tendons as they cross them.


Although the ligaments in the foot primarily help to maintain flexion and extension of the coffin joint, they do have to allow this joint more lateral movement to compensate as a horse travels over uneven surfaces, or to cope with imbalances due to conformation. Their position and strength limit this, and their elasticity quickly returns the bones to their correct anatomical relationship when the weight is taken off the leg and in readiness for the next footfall.


TENDONS (AND MUSCLES)


Tendons are the fibrous bands that attach the ends of muscles to bones, and act as pulleys to straighten (extend) and bend (flex) joints that they cross when the muscle contracts. There are no muscles below the knee or hock in the horse, and movement of the lower limb joints is the result of the pull on the long tendons, inserting on the phalangeal bones (P1, P2 and P3), from muscles that originate above the knee and hock.


‘Origin’ and ‘insertion’ are terms used to describe the two areas of attachment of ligaments and of muscles via their tendons. In the limb, ‘origin’ refers to the proximal (closer to the body) attachment of a muscle or ligament, and ‘insertion’ applies to its distal attachment (further from the body.)


Tendons are made up of bundles of collagen fibres that give them great tensile strength, and each complete tendon unit is covered by a tough membrane, the tendon sheath. Even though they contain little elastin, tendons do have elastic properties and are able to ‘store energy’ when stretched. The fibres of collagen, and the glycoproteins that make up the tendon, deform when put under tension, allowing the tendon to stretch. The energy input that causes this is released when tension is removed, as the collagen and glycoproteins return to their resting state.


Muscles contract in response to motor nerve stimuli, with active shortening of the muscle units, but there is no active process that lengthens them, and they have to rely on the contraction of muscles with an opposing action to be able to lengthen when they relax (are no longer stimulated). Joints have one or more muscles that cause them to extend, and one or more muscles that result in flexion when they contract.


The muscles involved in the flexion and the extension of the fetlock, pastern and coffin joints are identified, with the suspensory ligament, in Fig. 16. Of the four muscles, only the tendons of the common digital extensor (on the extensor process) and the deep digital flexor (on the flexor surface) insert on P3.
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Figs. 16a and 16b Muscles and tendons that extend and flex the digit, plus the suspensory ligament a. Common digital extensor (CDE) muscle and tendon. a’. The tendon inserts on P1, P2 and the extensor process of P3; b. Lateral digital extensor muscle and tendon. Its position is mostly deep to CDE. b’. The tendon inserts on P1; c. The suspensory ligament originates from the back of the cannon. It divides to insert on each proximal sesamoid bone. At the level of the sesamoids, c’. An extensor branch passes dorsally to join the CDE tendon, and a second branch inserts on the sesamoid bone, and then on to P1 (not shown); d. Deep digital flexor muscle and tendon. The muscle is deep to the muscles that flex the knee, with only the part of the muscle originating on the back of the elbow that can be palpated directly. d’. The tendon (DDFT) inserts on the caudal border of P3. d”. is the site of the supporting ligament of the DDFT, the inferior check ligament; e. Superficial digital flexor muscle and tendon. The muscle is also deep to flexor muscles of the knee, but can be palpated to the medial side at the back of the leg. e’. The tendon (SDFT) inserts on the palmar surface of P2 and P1.








The deep digital flexor tendon (DDFT), as well as flexing the coffin joint, plays a significant role in stabilizing it when weight is put on the foot, by providing support to the navicular bone that lies above (dorsal to) it in the foot. However, its supporting role is not limited to just the coffin joint: it also contributes to the stability of the entire distal limb by helping to prevent hyperextension of the fetlock and pastern joints, as well as providing support behind the knee.


The suspensory ligament divides twice at its lower (distal) end, firstly to attach to each sesamoid bone and from there to insert on P1, but also a branch passes forwards on each side of the pastern to join to the common digital extensor tendon (see Fig. 16). Because of the position of the DDFT, the SDFT and the suspensory ligament down the back of the leg, and where they insert, dorsal flexion of the fetlock puts them under tension and causes them to stretch when weight is put on the leg.
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Fig. 17a The common digital extensor tendon inserts on the extensor process of P3. The DDFT inserts on the flexor surface of P3 and the SDFT inserts on P2 and P1. The dermis of the different horn structures is often referred to as ‘corium’. Blue latex has been injected into the veins of this specimen. Sagittal (midline) section of foot.
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Fig. 17b The position of the cut. (Image J-M. Denoix, The Equine Distal Limb)








Tendons generally become stretched when the muscle they are connected to contracts and the joint they move is under load, but this can also occur due to mechanical stretching of the muscle-tendon unit. The greatest tension occurs in a tendon when both of these forces are acting together, and this is the case for the long flexor tendons of the distal limb. When stretched, the two tendons and the suspensory ligament act like three very thick elastic bands, releasing the stored energy to help straighten the fetlock and flex the digit as weight is transferred to the opposite leg. Because of the dorsal flexion of the fetlock joint, the forces on the DDFT increase as the limb is weighted, and with the foot on the ground, will be stretched further as the deep flexor muscle contracts in preparation for breaking-over and lifting the leg. As weight is transferred forwards to the toe, the ‘recoil’ from the stretched tendons helps the foot to push off from the ground prior to flexion of the leg.


Although modern running shoes may have changed the way some people run, those who run barefoot do so on the ball of the foot, making use of the stretch of the tendons to provide a more comfortable landing and to benefit from the tendon recoil as they push off.


THE COLLATERAL CA RTILAGES OF THE FOOT


Also referred to as the ungular or lateral cartilages, the collateral cartilages are a pair of rhomboid-shaped (a sloping rectangle) plates of cartilage that are attached to the palmar processes of P3, on each side of the foot. They provide a surface for the attachment of the hoof in areas where there is no bone for it to attach to. They are mostly enclosed within the hoof with their shape following the curve of the hoof wall, but the thinner proximal (top) edge can be palpated through the skin above the hoof wall. Ligaments connect the collateral cartilages to most of the other foot structures, including P3, P2, P1, the navicular bone, the DDFT and also, at their base, to the opposite cartilage.


The collateral cartilages of young horses are generally very similar in shape and structure regardless of breed, but their form is found to vary in older horses. This is due to the addition of variable amounts of fibrocartilage to their inner surface. As more fibrocartilage is laid down, it incorporates the network of veins in the area and infiltrates the structure of the digital cushion (see below) between the collateral cartilages. The addition of this fibrocartilage is considered to be a positive feature in a foot.


In the older horse it is common to find some degree of calcification of the collateral cartilages, referred to as ‘sidebone’. Starting from the base of the collateral cartilages, bone cells (osteoblasts) infiltrate the cartilage to lay down bone, and this is seen on radiographs as extensions to the palmar processes of P3.
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Fig. 18 A collateral cartilage is closely associated with each of the palmar processes of P3. (1) and (2) are the collateral ligaments, (3) the navicular suspensory ligament, (4), (5) and (6) are the ligaments attaching the collateral cartilage to P3 and P2. (7) is the palmar ligament between P1 and P2 (there are two pairs of palmar ligaments that help to limit over-extension of the pastern joint).








The role of the collateral cartilages, by connecting to all the surrounding structures, is to maintain the anatomical relationship of these structures and to spread the forces they are subjected to. The collateral cartilages are involved in the expansion of the hoof, when P2 descends into the hoof capsule forcing the cartilages out when weight is applied to the foot.
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Figs. 19a and 19b Left: Cadaver specimen cut close to the coronary band, showing the extent of the collateral cartilages. Coloured latex has been injected into veins (dark blue), arteries (red), coffin joint (yellow) and the navicular bursa (green). (Courtesy J-M. Denoix The Equine Distal Limb) Right: The position of the transection (cut). (Courtesy Denoix)
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Fig. 20 Calcification of the collateral cartilages (side-bone) can be seen on radiographs, attached to the palmar processes of P3.








The Digital Cushion


The digital cushion can be palpated as the soft structure at the back of the foot above the heels. It is made up of a network of collagen and elastin fibres surrounded by glycoproteins and some adipose tissue (fat). In some feet, fibrocartilage develops in the digital cushion, and if extensive, can provide additional support for the navicular bone. Fibrocartilage is believed to be laid down on the collateral cartilages and in the digital cushion in response to stimulation, from ground contact of the back part of (palmar) the foot, and is absent, or limited, in feet that do not have this stimulus.


From its structure, the presumption would be that the digital cushion helps absorb the forces of concussion, but its role is less clear following the finding that there is negative pressure in it during the early/mid part of the stance phase, when the foot is beginning to take full weight. This means that compression of the frog and digital cushion can only play a part in hoof expansion late in the stance phase.


THE CIRCULATORY SYSTEM


All tissues need oxygen to survive, and they receive this, and the nutrients they require, in blood pumped out from the heart via the arterial system; waste products are returned to the heart via the venous system, with the site of transfer of nutrients and waste occurring in the capillaries.
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Fig. 21 The circulatory system.








When the muscles of the heart contract (systole), blood is forced through the arteries and oxygenated, nutrient-rich fluid is forced out of the capillaries into the tissues to reach the cells. Fluid returns to the bloodstream with the waste products from the chemical breakdown of the nutrients that occurred in the tissue cells. There is a relatively small negative pressure produced in the veins when the heart muscles relax (in diastole), to draw the fluid back from the tissues, and a combination of factors is required to return this into the veins and then back to the heart. Fluid returns to the capillaries by osmosis, a process whereby fluid is drawn back through a semi-permeable membrane (the capillary walls) from the surrounding tissues to equalize the concentration/dilution on the two sides. The blood cells and larger proteins are unable to pass through the capillary wall and are retained in the capillaries, and at the venous end of the capillaries, fluid is drawn back into the bloodstream to ‘dilute’ the concentration of these proteins.


Osmosis returns the fluid into the venous system, but the relatively small negative pressure during diastole would be insufficient to overcome the effect of gravity without further assistance. This is provided by the compression and decompression of the foot that mechanically pumps blood up the legs when the horse moves, assisted by the presence of valves in the veins which prevent back-flow.


The body also relies on a system of lymphatic vessels that it uses to remove excess interstitial fluid (fluid outside the blood vessels), at the same time passing it through lymph glands that are packed with white cells (protective cells). The thin-walled tubes of the lymphatic system are also reliant on external forces to pump the lymphatic fluid back to the heart, and they too have valves to assist this. The lymphatic system acts as a filtration Fig. 21 The circulatory system. system for the body.
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Fig. 22 Fluid is forced out of the capillary due to arterial pressure, taking with it nutrients (n) and small proteins (p). Large proteins (P) cannot pass through and are retained in the capillary. Osmosis – fluid passes through a semi-permeable membrane (capillary wall) to try to equalize concentration between the two sides. At the venous end of the capillary, fluid returns to the blood stream due to the negative pressure when the heart dilates (diastole) and from osmosis, carrying waste products (w) with it in the process.








Some people talk about the horse having ‘five hearts’, referring to the effect of movement on the four feet providing support for the heart, by improving blood circulation in the foot and helping pump blood and lymph back up the limbs. When any of the mechanisms for returning blood to the heart is impaired, fluid will collect in the tissues and will result in the legs becoming swollen (see Chapter 9).


Tissues that require more oxygen and nutrients in order to function properly have larger numbers of arteries to supply them, a greater network of capillaries to ‘feed’ the tissue cells, and more veins to carry away the waste products. Metabolically active tissues – for example the internal organs, the brain, muscle, and the dermis of the skin and foot – require a good blood supply, whereas tissues that rely on the physical properties of their metabolically inactive fibrous protein matrix to function – for example tendons and ligaments – have relatively few blood vessels.


The Distribution of Veins, Arteries and Nerves


There would be little to gain by providing a complete anatomical description of the distribution of the arteries, veins and nerves prior to reaching the foot, but basic details should be helpful.
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Fig. 23 Distribution of the arterial supply to the lower leg (the veins and nerves follow a similar route). LPDA = lateral palmar digital artery, MPDA = medial palmar digital artery. Bones marked in blue P1, P2, P3, NB = navicular bone, PS = proximal sesamoid. The yellow ‘)’ and ‘(’ indicate where it is usually easiest to feel a ‘digital pulse’.








To a great extent the veins, arteries and nerves run down the leg in close proximity to each other, taking a route that provides them with protection, particularly from external trauma (damage). Two arterial branches travel down the leg, one to cover the lateral side (outside) of the leg and the second one the medial side (inside). They are protected by passing down the back of the leg, behind the knee and down the back (palmar surface) of the cannon bone, between the splint bones.


Different sections of the front (dorsal) part of the leg are supplied by individual branches from these two arteries as they pass down the back of the leg. When they reach the fetlock, if they continued down the palmar route over this joint, they would face being damaged by excessive and repeated stretching from dorsal flexion of the joint, so they take a route over the abaxial (outer) surface of the sesamoid bones, before returning to a more palmar position below this.


It is at this site, as the palmar arteries pass over the sesamoid bones, that it is easiest to palpate the ‘digital pulse’; an increase in the strength of the digital pulse accompanies some foot conditions, such as an abscess or laminitis.


Foot Circulation


The blood vessels and nerves of the foot need to be protected from damage arising from the stretching and compression that occurs with every step that the horse takes, rather than from external injury, since they are protected by the hoof capsule. The larger arterial branches avoid direct compression by passing through the bone, or along grooves in its outer (dorsal) surface, and the circumflex artery of the sole runs around the foot beyond the perimeter of P3 rather than directly under it.
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Fig. 24 If latex is injected into the arteries of a


cadaver specimen, and the other foot structures


removed by acid treatment, a latex cast of the


arteries and most of the capillary network can be


produced.








To try to prevent damage from stretching, the blood supply to the laminae comes from a number of smaller arteries, mostly from branches of the terminal arch, each supplying a limited area of the laminae. A feature of the arterial supply to the foot is the way that different branches interconnect so as to, in effect, supply blood to the laminae from more than one direction, which helps to maintain perfusion of blood with the constant changes in pressure distribution.


The veins inside the hoof are unusual in that they do not have valves; thus the network of veins communicates more freely than in other tissues, and this allows the foot to compensate for uneven forces. I mentioned earlier how the hoof mechanism plays a part in returning blood to the heart by compression of the veins and the lymph vessels, and their position in the foot allows this. Concussive forces from foot loading are dissipated by this ‘cushion’ of fluid being forced out of these vessels when the foot lands.
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Figs. 25a and 25b The arterial blood supply to the laminae that cover the surface of P3. The lateral and medial digital arteries meet deep inside the structure of P3 at the terminal arch. Branches from the terminal arch exit through holes (foramen) in the bone. There are a number of foramina close to the distal border of P3, and the arterial branches that pass through these join together (anastomose) to form the circumflex artery of the sole (see Fig. 186).








Another feature of the foot circulation is the presence of arterio-venous (A-V) anastomoses, or ‘shunts’. As well as the normal situation of blood passing from the arteries to the veins via the capillaries, these A-V shunts connect arterioles directly to venules. The discovery of these A-V shunts in the foot circulation led to the theory that blood was diverted through the shunts at the expense of capillary blood flow, and thus caused laminitis. However, it is far more likely that the A-V shunts have a thermo-regulatory role, as is the case when they are present in the tissues of other animals and birds. So when the A-V shunts are open, rather than diverting blood away from the capillaries, capillary flow is in fact maintained, and blood flows through both the shunts and the capillaries in order to warm the feet when they are too cold, and to cool them down when they are hot.


The Nerves of the Distal Limb


The medial and lateral palmer nerves (plantar nerves in the hind legs) accompany the vein and artery on each side of the leg. The nerves divide just above the fetlock to give dorsal branches that innervate (supply nerves to) the front (dorsal) part of the foot, and palmar branches that innervate the back of the foot (palmar).


The nerves in the foot are made up of vasomotor fibres to the blood vessels and sensory fibres from peripheral receptors that relay information to the spinal cord and brain. These messages may be of pain or heat, but also, by sending information about stretch and pressure, the body is able to sense the relative positions of the different structures of the foot, and thus the position of the foot on the ground and its relationship to the limb and body (proprioception).


THE INTEGUMENT: THE SKIN AND HOOF STRUCTURES


The integument refers to the outer layer of the body that covers and protects it. The majority of the integument is the skin, but it also includes the hoof, frog and sole of the horse’s foot. All these tissues are made up of two layers: an inner dermis, and an outer epidermis.


The Dermis


The dermis has a fibrous meshwork of collagen and elastin in which there is a variety of sensory nerve endings and a network of blood vessels, as well as adipocytes (fat cells), fibroblasts (that produce the collagen and elastin) and macrophages (protective cells, which destroy pathogens). Between the dermis and the epidermis that covers it, is a sheet of collagen, the basement membrane. If your skin is pinched, the strength of the collagen in the dermis and in the basement membrane prevents it from tearing, and when released the shape returns with the help of the elastin. You can see that blood is squeezed out by the pressure, with the skin going white, and the pain you feel is from one of a range of sensory receptors that are present in the dermis.


The dermis has large numbers of capillaries that provide nutrition for its own cells as well as for the epidermis outside it, which has no direct blood supply. Oxygen and nutrients spread from the capillaries into the dermis and pass through the basement membrane to reach the nearest epidermal cells. Because it is highly vascular (has many blood vessels), the dermis has an important role in body temperature control: thus when it is cold, the blood vessels are constricted (closed) to reduce blood flow and limit heat loss from the skin, and when it is hot they are dilated (opened), to try to lose heat and cool off.


Skin contains hair follicles and associated sweat and sebaceous glands in the dermis, which are also involved in the control of body temperature. Sweating is very important for a horse, as the evaporation of sweat helps prevent it from over-heating. In cold conditions, a horse can retain heat by making the hairs stand up, with the trapped air between the hairs acting as an insulating layer. Beneath the dermis of the skin is subcutaneous (under-skin) tissue, which has larger blood vessels that feed and drain the dermis and, as many of us are only too aware, is a site of storage for fat.
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Fig. 26 A hair follicle in the dermis of the skin. Contraction of the smooth muscle cells of the arrector pili muscle causes the hair to stand up. Sebaceous glands release sebum, an oily/waxy liquid, on to the hairs and skin surface to provide a protective waterproof cover.








The Epidermis


The epidermis is the protective outer layer of the body that covers the dermis. As well as skin, epidermal tissues include nail, feather, hoof, hair and horn, and are characterized by the production of the fibrous protein, keratin; it is the presence of this protein in their cells which gives them the ability to provide protection to the underlying tissues. What happens to these cells (keratinocytes) – whether they are shed or retained – and also the type of keratin they contain, give the epidermal tissues their different properties. Keratin can be divided into ‘soft’ keratin, found in skin, and ‘hard’ keratin as occurs in hoof. The hardness of keratin depends on the amount of the amino acid cysteine it contains, because cysteine’s sulfur atoms are able to bind together to form strong bonds.


Under the microscope, there are several recognizable layers that make up the epidermis; these are identified as follows:




Stratum basale (basal cell layer): This is the innermost layer of cells, attached to the basement membrane. The basal cell layer is where cell division occurs, and as more cells are produced the older cells are pushed away from the dermis.


Stratum spinosum: As the cells move away from the dividing basal cells, they become filled with keratin fibres, and the nucleus and other internal cell structures degenerate and the cells die (keratinization).


Stratum granulosum: This layer is present in skin but absent in hoof tissues. Granules form in the keratinocytes and are released as the cells die, and this affects what happens to the outer layers of cells. In the skin, the release of the contents provides a protective waterproof covering to the cells, but also causes breakdown of the intercellular bonds that attach these cells to each other. This allows the superficial layers of dead skin cells to be shed (desquamate).


Stratum corneum: The outer layers of dead cells of the hoof structures, in the absence of the stratum granulosum, are not shed, and basal cell division pushes them down to the ground where they are worn away.





THE HOOF STRUCTURE


The hoof is a modified epidermal tissue, characterized by its hard keratin, the presence of tubules in its structure, and the retention of the fully keratinized cells (rather than their being shed).
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Fig. 27 The superficial layers of the skin.








The Dermis


‘Corium’ is the term commonly used to refer to the dermis of the horny structures of the foot (see Fig. 17). The coronary corium provides nutrition for hoof production at the top of the wall, and the solar corium for the production of sole and frog corium for the frog, and they each have thin, cone-like projections (papillae) on their surface.
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Fig. 28 The black line depicts the layer of basal cells that divide to produce the hoof wall. The tubules are formed by the basal cells that line sockets into which the coronary papillae fit, and the inter-tubular horn is produced between them.








Again, under the microscope there are several recognizable growth layers that make up the epidermis, which are identified as follows:




Stratum basale: The hoof, sole and frog grow by the division of basal cells, with those attached to a papilla forming a tubule and those in between the papillae dividing to produce intertubular horn. The inner surface of the hoof is joined to the laminar corium by the attachment of basal cells to its basement membrane. In normal circumstances these laminar basal cells divide slowly, contributing relatively little to overall hoof growth, but in response to injury they can multiply rapidly to repair any damage.


Stratum spinosum: As more layers of cells are laid down, keratinization takes place as the cells move through the stratum spinosum. For the intertubular horn, keratinization is complete by midway down the length of the dermal papillae. For tubular horn, the division of the basal cells lining the papillae produces rings of tubular horn, with keratinization occurring as the cells are pushed further away from the tubule basal cells.


Stratum corneum: The stratum corneum begins when the cells are fully keratinized and have died. Because of the angle of the coronary groove, this process is completed at a higher point on the outer wall than the inner wall, but even accounting for this, as well as the greater distance down the hoof wall for keratinization of the tubule cells, all cells will be keratinized within the top 2.5cm (1in) of the external hoof wall (see Fig. 29); therefore the stratum corneum includes most of the hoof wall.





‘Stratum’ is also the term used to refer to the different layers through the thickness of the hoof wall, namely the stratum externum, the stratum medium and the stratum lamellatum (or internum).
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Fig. 29 The top of the dorsal hoof wall. The outer stratum medium in this foot has a thin strip of pigmented hoof outside unpigmented wall. The inner stratum medium and the stratum lamellatum are unpigmented. pe = the periople, lam = laminae (partially cut through in this section), lc = laminar corium, cp = coronary papillae, the pink strip of horn indicates how far the papillae extend down the wall (about 5mm), cc = coronary corium, and between the two ‘*’ is sometimes referred to as the ‘coronary groove’.


The red V (2.5cm – 1in – down the wall) shows the point on the external wall below which keratinization is complete even on the innermost part of the wall – at the end of the black line (approx. × 2 magnification).








The Stratum Externum/ Periople


The periople is the common name for the stratum externum, and is the thin layer of soft keratin that surrounds the top of the hoof wall. It encircles the hoof, including the heel bulbs where it blends with the frog, but rarely extends beyond a third of the way down the hoof wall, due to drying and being worn away. With its high lipid (fat) and moisture content, its role seems to be to reduce water loss from the growth layers at the top of the hoof wall, which helps to keep this area flexible.





The Stratum Medium


The stratum medium includes most of the thickness of the hoof wall. It is made up of tubular and intertubular horn, with different concentrations and types of tubule between its inner and outer zones. The tubules in the outer part of the wall are more concentrated, and the tubule shape changes from an oval shape near the outer wall to ones that are larger and rounder in the inner region.





[image: ]

Fig. 30 The strata through the thickness of the hoof wall. The stratum lamellatum and inner part of the stratum medium are unpigmented, as are the tubule cells, seen in this picture as white dots in the inner stratum medium and white flecks in the outer stratum medium (the Type 3 tubules). The periople is absent from this section. (Image courtesy Dr Chris Pollitt)








Whether a hoof is black or not is governed by whether there are pigment-producing cells (melanocytes) in the basal cell layer where the new horn cells are formed, and this normally depends on whether there are melanocytes in the skin at the coronary band above it. Unpigmented (light-coloured) wall grows down below unpigmented (pink) skin, and pigmented horn below pigmented (black) skin. In dark feet, the amount of pigmented horn through the thickness of the wall is variable, and the intensity (darkness) of colour depends on the numbers of pigment cells present in the basal cell layer. Although sometimes suggested otherwise, the properties of unpigmented hoof appear to be no different from those of pigmented horn.


Even in pigmented hooves, the inner zone of the stratum medium and the stratum lamellatum are unpigmented, although small, localized areas of pigment occasionally occur in some feet. If the ground surface of the wall is rasped, this unpigmented strip of hoof horn can be seen just outside (abaxial to) what is referred to as the ‘white line’.
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Fig. 31 Right fore of a Quarter horse. This shows how the unpigmented hoof (‘zona alba’) is lighter than the ‘white line’. Pigment in the inner wall and ‘white line’ only ever seems to be in very localized areas (in box).











The Stratum Lamellatum (Internum)


The stratum lamellatum is the innermost part of the hoof wall, which has the leaves of horn that attach to the laminar corium. In books and articles, the terms ‘laminae’ and ‘lamellae’ are both used to refer to this junction. Microscopically, the leaves are made up of a thin layer of horn, commonly referred to as primary epidermal lamellae, and each one of these has multiple finger-like projections coming out from each side, known as the secondary epidermal lamellae. In this text I will refer to them as such, and will use ‘laminae’ to refer to the complete units, to include both the primary and secondary lamellae. These lamellae are attached to the dermis that fills the space between them, and are referred to as the primary dermal lamellae and the secondary dermal lamellae (see Figs 32 and 33). The primary epidermal lamellae originate from the inner edge of the coronary groove, and the basal cells keratinize as they move down and are fully formed by one third of the way down the hoof wall.


The Laminae


Hoof grows as the basal cells of the tubular and intertubular horn divide, pushing the older cells down till they eventually reach the ground. In order to be able to do this, the basal cells of the horny laminae have to be able to travel over the surface of the sensitive laminae (dermis) that is firmly attached to the surface of P3, while maintaining the overall strength of the hoof attachment.


Both the horny laminae and the sensitive laminae are bound to the basement membrane that lies between them. The strength of the junction is substantially increased by the large surface area provided by the secondary lamellae that branch out from the primary lamellae, this being a special feature of horses’ feet.


To allow the hoof to grow down, Matrixmetallopropinase (MMP) enzymes, present in the dermis, break down the connection between basal cells of the secondary epidermal lamellae and the basement membrane. For the growing hoof, there must be an extremely precise balance between activation and inactivation of these MMP enzymes, allowing separation and reattachment of the basal cells to let them move down (distally), and must occur in tiny areas at a time, so that the overall strength of the hoof attachment is not compromised.
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Fig. 32 A transverse section across a hoof wall that is stained so that the collagen of the primary dermal lamellae (pdl) shows up blue and the keratin of the hoof and the primary epidermal lamellae (pel) is red. Each primary epidermal lamella has multiple secondary epidermal lamellae branching out from it. (Image courtesy Dr Chris Pollitt)








Faint lines around the hoof, a few millimetres apart, indicate that there is a cyclical pattern to hoof growth, and these lines would appear to form from a brief cessation of growth between cycles. These ‘growth rings’ follow the shape of the coronary band and run parallel to it, and the spaces between the rings identifies the hoof growth occurring in each growth cycle. Hooves generally grow around 0.8cm (1/3 in) per month, with slower growth in winter than in summer. In cold conditions, blood vessels constrict to conserve heat, and the slower rate of growth is probably due to a combined effect of reduced blood flow and reduced enzyme activity at lower temperatures. In freezing conditions, the horse is able to maintain the temperature of its feet significantly lower than its core body temperature, and thus reduce heat loss from them and help conserve overall body heat. Intermittently the arterio-venous (A-V) shunts are opened, raising foot temperature and ensuring protection from freezing.
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Fig. 33 Secondary epidermal and dermal lamellae stained to show keratin (red) and collagen (blue). The secondary epidermal lamellae (sel) are lined by basal cells, each one with its cell nucleus (arrow heads) and these are firmly attached to the sheet of collagen, the basement membrane that covers them (arrows). The tough connective tissue of the primary dermal lamella extends between the secondary epidermal lamellae, as secondary dermal lamellae (sdl), and is attached to the other side of the basement membrane. The dermis contains blood vessels and a capillary (c) can be seen between two secondary epidermal lamellae in this image. (Image courtesy Dr Chris Pollitt)








The Role of the Hoof Wall


The hoof wall has to be able to withstand impact forces from objects on its external surface as well as impact with the ground. It has to tolerate the more complex pattern of forces from the laminae, the ground reaction force, and consequent forces of deformation of the hoof structure. It has to cope with the abrasion of its ground surface, and also deal with different environmental conditions – of wetness or dryness – as well as insulating the internal structures of the foot from extremes of temperature.


The forces acting on the hoof wall may be more fully identified as follows:




The forces from P3: Because of the very strong laminar attachment, when the foot takes weight, the forces from P3 are transferred to the surrounding hoof wall.


The ground reaction forces: These are the compressive forces on the hoof between the ground and the weight of the horse. They will depend on the speed the horse is travelling, the ground conditions and the weight of the horse (and rider). The percentage of a horse’s weight carried by a fore foot is suggested as 0.3 (30 per cent) of the horse’s weight when standing, increasing to the equivalent of 0.6 at the walk, 0.9–1.0 when trotting, and the equivalent of 1.75 times the weight of the horse at the gallop.


   Forces of compression and tension in other directions occur due to changes in hoof shape resulting from the effects of weight and the opposing ground reaction forces.





The physical characteristics of the hoof (that enable it to deal with these forces): Since it resembles an oblique cone, the overall shape of the hoof is relatively efficient at resisting bending, a cone being highly stable to bending in any axis. For the hoof this will be less effective when it is loaded unevenly – for instance if the horse has toe-in or toe-out conformation or if there is medio-lateral imbalance of the foot.


The strength of the hoof horn can partly be attributed to the amount and type of keratin in its cells, with the alignment of the keratin fibres appearing to be in the direction of the forces acting on the cell. The resilient fibre construction is the result of its strong disulfide bonds, and the characteristic smell of burnt hoof when a hot shoe is applied to the foot, is due to the burning of the sulfur in it (also the smell of sulfur from burnt hair).


The different distribution of the number and types of tubule through the thickness of the hoof gives the layers different properties. The higher concentration of tubules in the outer wall gives more protection to direct trauma to the hoof, and the oval shape of these tubules helps deal with the horizontal compressive forces from changes in hoof shape. It is the combination of tubular and intertubular horn that gives the hoof its strength and rigidity. The tubules act as supporting rods, but are reliant on the intertubular horn to support them and keep them straight.


The water content of the horn in the different layers affects their properties. The horn closest to the dermis contains the most water and the outer wall contains the least. The top inch of the hoof, that includes the stratum basale and stratum spinosum, has a high water content because it is close to the dermis, and it also has the periople to maintain hydration, so always remains flexible. The high moisture content of the laminae helps to give it the flexibility required to deal with the changing forces on this junction. The percentage of water in the laminae and inner wall is around 30 per cent, with a gradient down to 15–20 per cent in the outer layers. The water content of the outer wall will increase when the feet stand in mud and water, and hooves in these conditions are more flexible than when dry (similarly our nails are softer after we have taken a bath).


The Bars


If the hoof wall completely encircled the foot it would be far too rigid, but if it ended at the heels it would be too unstable – so the horse’s foot evolved with a compromise, with the ends of the hoof wall turning inwards, to form the bars.
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Fig. 34 The bars, on each side of the frog in the back half of the foot. The angle of the heel is the junction of the hoof and bar, ‘V’ in the picture.
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Fig. 35 The holes on the inner surface of this cadaver specimen are where the sole papillae of the solar corium would have fitted. The papillae of the bar corium would have fitted into the holes at the top of the bar. The bar grows down over the sensitive (dermal) laminae till it joins the sole and reaches the ground.








The bars start at the ‘angle’ of the heel, and run each side of the frog to about midway along its length. Their structure and growth are the same as for hoof horn, being produced from its corium and attached by laminae. The corium that produces the bar is connected to the hoof corium on its posterior (rear) border, to frog corium along its length, and to the sole corium on its anterior border.


The bars are important supporting structures of the foot, and are also involved with heel movement when the foot takes weight. Good ‘foot function’ does not just rely on individual healthy structures, but also on how they all work together and how the load is spread to the neighbouring tissues, and the bars have a role in this.


The Sole


The sole covers a large part of the bottom surface of the foot, and is formed by division of the basal cells attached to the solar corium. The cells keratinize and die as they move away from the corium, to produce the hard sole that we see when we pick up the foot. The surface of the solar corium is covered with short papillae, a few millimetres long, that produce tubular horn, and inter-tubular horn is formed between the tubules.
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Fig. 36 With drying, the sole layers of this cadaver specimen have started to separate. In life, the deeper layers will remain moist and this drying will only happen to the superficial layer, allowing it to be shed. Separation between deeper layers can occur when pus uses the weak connection between the layers as an escape route for a sub-solar abscess (see Chapter 11). The light lines in the frog indicate that the frog also grows in layers.








Rather than shedding the superficial dead cells, as skin does, or growing down as a unit like the hoof, the sole grows down in layers. This is most obvious in dried cadaver specimens (see Fig. 36), but is also evident in the way excess sole is shed in dry conditions. As a new layer is laid down, its tubular horn is embedded in the previous layer, resulting in a connection between the layers rather like the perforations in toilet paper. The water content of the internal layer of the sole is around 30 per cent, and changes little as the layers move away from the dermis, until it becomes the most superficial layer. In dry conditions the superficial layer hardens as it loses moisture, and if it is not worn away through abrasion, develops cracks that allow areas of sole to break away. This ability to shed layers helps to prevent the sole from becoming too thick and inflexible. Growing in layers is also a safety mechanism, providing an escape route for pus from foot abscesses (see Chapter 11, Abscesses).
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Fig. 37a P3 is suspended from the hoof by the laminar attachment. The outer rim of the sole, stabilized by its attachment to the wall via the ‘white line’, helps to provide stability to the solar border of P3. (Image courtesy J-M. Denoix from The Equine Distal Limb)
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Fig 37b The line of the cut.








Although the sole has a role in helping to support the weight of the horse, it is not designed to bear weight and, other than perhaps the very perimeter of the sole, it should not make contact with the ground when the horse stands on a firm level surface. It helps to support the hoof wall by maintaining its shape, and we can see how distorted the over-grown hoof becomes once it has grown beyond the attachment to the sole. The sole will make contact with the ground if the horse is on a surface that allows the foot to sink into it, so has to be thick enough and strong enough to protect the internal structures of the foot from damage or injury. Obviously a thicker sole provides a greater level of protection, but if it becomes too thick, from sole retention, it can limit the ability of the foot to flex and absorb concussive forces. This is sometimes referred to as being ‘sole bound’.
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Fig. 38 The lateral wall and sole of a pony’s heavily pigmented foot. Pigment is included in the ‘white line’ and occasionally also extends into the ‘unpigmented’ stratum medium and stratum lamellatum (*) of the hoof wall.








When weight is put on to a foot, the bone sinks relative to the hoof with stretching of its laminar attachments. The shape of the hoof means that these increased internal forces acting against the reactive ground forces tend to cause the hoof to expand, and a flexible sole allows it to do so. The sole follows the expansion of the wall, which causes it to flatten and lose its concavity, but by its firm attachment to it, it also limits the extent of the expansion. When exercising on soft ground, these forces of expansion are significantly reduced, and as the foot sinks into the surface, the space under the bottom of the foot is filled and the load is spread.


The White Line


The sole does not attach directly to the hoof wall but is connected to it by a narrow horny layer, the ‘white line’, which joins them firmly together and seals the gap between them. The sensitive laminae cannot extend beyond the limits of the dermal attachment to the bone, but the horny laminae continue down to the ground as the hoof grows, and if the dermal tissue did not change its form there would be a weak connection and poor seal between the hoof and the sole. At the distal end (bottom end) of the laminae, the dermal tissue changes to form ‘terminal papillae’ from which tubules are formed, and this, with surrounding intertubular horn, makes up the ‘white line’.
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Fig. 39 This hoof is unpigmented, and externally will be a tan/yellowy colour. The outer wall is darker than the inner wall, which is white (‘zona alba’). The ‘white line’ is the name given to the horn produced by the terminal papillae, and is the darker line between the hoof wall and the sole.








The ‘white line’ is, in fact, a misnomer, since it is never white but usually a tan colour, and will be a blue/grey colour if the adjacent sole is pigmented. Confusion occurs because the strip of hoof on the inner edge of the hoof, adjacent to the ‘white line’, is always white, even in pigmented feet.


When the foot is picked up, in the shod foot the ‘white line’ is hidden by the shoe. In the unshod foot, the position of the ‘white line’ is identifiable often as a dirt line just inside (axial to) any prominent hoof wall and outside (abaxial to) the smooth rim of the sole. In order to visualize the ‘white line’ and to identify its position and its relationship to the sole and the unpigmented hoof that it is attached to, the foot needs to be thoroughly cleaned and the embedded dirt in the bottom of the hoof wall rasped away.


The Frog


The frog is the wedge-shaped structure in the back half of the ground surface of the foot, lying between the bars and extending forward to a point in the central area of the sole; it is firmly attached to the digital cushion that lies above it (dorsal to it).


The high water content and its ‘softer’ keratin give the frog its rubbery form. The frog remains flexible provided it can maintain its moisture content, which the deeper layers, close to its corium, are able to do. In wet conditions even the superficial layer will remain pliable, but in dry environments the outer layer will dry out and can become extremely hard.


Like the sole, the frog grows down in closely attached layers (see Fig. 36). Sometimes whole layers of frog will be shed, however far more often only part of a layer will come away, and this leaves the frog with the ragged appearance that we generally see.


The frog gives protection to some important structures inside the foot. The deep digital flexor tendon, the coffin joint and the navicular bone and bursa lie directly above it, but only a very small part of the caudal (back) border of P3 (see Chapter 11).
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Fig. 40 The wedge-shaped frog is attached to the bars and sole at the depth of the collateral grooves (or collateral clefts) (yellow lines).








Frogs can vary in shape and size, some being broad and voluminous, whereas others are thin and strap-like, and even though horses can remain perfectly sound with any shape or size of frog, a foot with a wider, more substantial one is likely to be more effective in providing traction and absorbing concussion. These broad frogs will often be accompanied by other foot structures that are also considered to be in their healthier and more functional form.
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Fig. 41 Some frogs are thin and insubstantial.








IN CONCLUSION


We have seen how the foot is generally able to withstand the forces that act on it because all the structures in it play their part in absorbing or spreading the forces. In the following chapters it will be shown how the external features of the foot change when they fail to do so.
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