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Abstract 

 

The human-horse relationship in modern society is multifaceted and not replicated with any other 

species; domesticated or otherwise. Those involved in the equine industry have a personal, and 

social responsibility to be aware of the impact of their actions on the welfare of horses both within 

their care, and beyond. Furthermore, they need to be accountable for their actions to industry 

stakeholders and to wider society. Areas in need of greater consideration include performance 

horse selection, routine prophylactic  interventions (e.g., farriery interventions) and the 

implementation of appropriate breeding strategies, including a greater regard for the breeding-in 

of incidental characteristics when targeting for performance traits (e.g., poor hoof horn quality in 

thoroughbreds when breeding for speed).  

Within a range of species, including humans, asymmetry has been proposed as an indicator of 

genetic quality through association with factors including disease resistance, mate choice and 

performance potential. The aims of this thesis were to: a) establish the existence of, and difference 

between, the magnitude and direction of distal limb asymmetry within competitive and non-

competitive equine populations; b) verify the role of the equine hoof as a smart structure in 

compensating for asymmetries of the limb; and; c) determine whether a ‘normal’ level of 

directional asymmetry exists within the distal limb and hoof of the horse, irrespective of 

competitive standing. This thesis proposes that previously reported equine bilateral trait 

asymmetries are not, as had been postulated, associated with either the locomotory directionality 

of the competitive discipline, or indeed their associated selective breeding strategies. Similar 

patterns of distal limb asymmetry were confirmed in event horses, to those previously reported in 

racehorses. Whilst some event horses are indeed derived from racing bloodstock, the demands of 

the two disciplines are significantly different, thereby dispelling the discipline demand theory of 

asymmetry development. While a slightly longer outside limb might be of biomechanical advantage 

to the racehorse, this asymmetry presentation would not pose a biomechanical advantage in other 

disciplines, such as eventing, where an equal performance on both reins is desired. Furthermore, 

the identification of the same patterns of asymmetry in a non-competition population implicates 

the asymmetries as being present at a species level, as opposed to at a breed level. Interestingly, 

the amalgamated findings of the contributing papers, suggest that whilst bilateral distal limb trait 

asymmetry is present in the horse at a species level, horses with a proven superior athletic ability 

present with a weaker presentation of these asymmetries, and a greater affinity for symmetry. The 

asymmetries investigated are not of a magnitude likely to have a significant negative effect on 

biomechanics, and are therefore, theorised to reflect internal disturbances; though of what, and at 
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what structural level, is yet to be determined. This thesis has, however, been able to confirm that 

the pliable equine hoof does not compensate for distal limb asymmetries by counteracting for the 

shorter limb with a longer hoof. Instead, it is suggested that hoof conformation is impacted by the 

loading imbalance caused by the asymmetries. To compound this further, the asymmetries of the 

hoof increase within an increase in the size of the horse, suggesting larger horses,  are subject to 

both greater, and more imbalanced loading forces; an area warranting further investigation in 

relation to the impact on both performance and welfare.  

The field of equine asymmetry research is still in an embryonic state compared to that in other 

species, or compared to research in other areas of equine science. The findings within this thesis 

do, however, provide a significant contribution to the area, but in doing so have identified a number 

of associated research questions; not least the pattern of distal limb and hoof asymmetries in the 

developing horse and identification of contributing factors, including laterality.  
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CHAPTER 1  

Equine asymmetry: current concepts and application potential 

 

A thorough comprehension of the magnitude, direction and prevalence of innate, and discipline 

related distal limb asymmetries is currently lacking for the modern equid. The research collated 

within this thesis therefore aims to: 

a) establish the existence of, and difference between, the magnitude and direction of distal 

limb asymmetry within competitive and non-competitive equine populations; 

b) verify the role of the equine hoof as a smart structure in compensating for asymmetries of 

the limb; 

c) determine whether a ‘normal’ level of directional asymmetry exists within the distal limb 

and hoof of the horse, irrespective of competitive standing.  

 

Horses have been serving domesticated roles for man for over 5500 years (Outram et al., 2009), 

and while those roles have adapted as society has changed, the domesticated horse has remained 

a constant presence in humanity. Although legally regarded as a ‘companion animal’ (unless being 

used as a working animal e.g., horses being used to work the land) (GOV.UK, 2021), horses are very 

different from all other species considered as companion animals, such as dogs and cats. Unlike 

most other animals used by man, the adaptability of the horse’s physiology, its willingness and its 

forgiving temperament (Gilbert & Gillett, 2011), has enabled it to cross a number of boundaries 

within societal use. From agricultural resources working the land, livestock for meat production, 

leisure animals’, companion animals or pets, through to economic investments in performance 

horse sports such as racing and eventing, the horse has transcended across almost all aspects of 

human life (Lawrence, 2015). As such, humans have largely controlled the mate selection of the 

domesticated horse in order to select for specific temperament and physiological characteristics 

(Ghavi Hossein-Zadeh, 2021; Gmel et al., 2019; Monika et al., 2018; Wickens & Brooks, 2020). In 

some countries, such as Germany and Holland, breeding of domesticated horses is undertaken with 

specific regulations put in place by overarching organisations such as the Fédération Equestre 

Nationale and the Royal Dutch Equestrian Federation, respectively. Whilst difficult to police, the 

regulations they set out are aimed at preventing indiscriminate breeding, and to ensure that horses 

which are bred, are appropriate for the roles they are bred to undertake (Haberland et al., 2012; 

KWPN, 2021). However, in most countries, including the United Kingdom, there are no regulations 

in place to oversee the breeding of horses, and therefore, no overarching mechanisms to ensure 
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appropriate production in terms of both quality and quantity. As the roles of the horse within 

modern society adapt, more attention is being paid to the horse’s welfare through the horse-human 

relationship, and the ethical considerations surrounding its management, husbandry and breeding 

(Dashper, 2014, 2017; Hausberger et al., 2008; McGreevy et al., 2011; McGreevy et al., 2018). 

Welfare organisations, equestrian governing bodies, researchers and research institutes are 

increasingly pushing for the concept of a social licence to operate to be embedded within the 

equestrian industry.  Implementing ruling through policies such as the FEI’s Code of Conduct for the 

Welfare of Horses, enforces the social licence to operate concept, in that, within their management 

of the horse, the owner and/ or rider have an obligation to the horse and to the stakeholders of the 

industry to behave both ethically and responsibly (FEI, n.d.; Fiedler, 2020; Hampton et al., 2020; 

Owers, 2017; Williams & Marlin, 2020; Williams & Tabor, 2017; World Horse Welfare, n.d.).  

Identification of key performance indicators, such as gallop speed in the racehorse (Velie et al., 

2015), or quality of limb movement in the canter of a dressage horse (Biau & Barrey, 2004) are of 

undisputed importance within equestrian sports. However, monitoring welfare, and identification 

of potential welfare indicators, is becoming just as important; an example of this being the Animal 

Welfare Indicators welfare assessment protocol for horses, which incorporates the equine grimace 

scale (Czycholl et al., 2019) as a tool to determine equine welfare. 

Anatomical symmetry has been reported in literature as a useful indicator of welfare within other 

species, including those managed by humans, such as fattening rabbits (Tuyttens et al., 2005) and 

broiler chickens (Campo et al., 2007), since the turn of the century. Many of the triggers associated 

with the development of asymmetric bilateral traits in other species are also of concern in the 

horse, which suggests they warrant further attention within the domesticated horse population. 

More intensively managed competition horses may be an example of this. In preparation for 

bloodstock sales, weanling and yearling racehorses are worked more intensively, and fed high 

energy concentrates to try to make them more developed for their age, and with the aim of 

achieving a sufficiently high sales price (Huntington et al., 2020; Mactaggart et al., 2021). 

Furthermore, symmetry of bilateral traits has been correlated with performance capabilities in the 

human and in the racehorse (Berri et al., 2011; Manning & Ockenden, 1994; Manning & Pickup, 

1998). Despite asymmetry having been associated with both welfare and performance, the two 

outcomes most beneficial to monitor in the modern horse, very little research exists on the 

presence or impact of equine structural asymmetries, and therefore their prospective value as an 

assessment tool for performance potential or management alternatives.  

The aim of this review is therefore to link the current understanding of the origin, development and 

presentation of bilateral trait asymmetries reported in literature, to the manifestation of 



15 
 

asymmetries currently recognised within the horse. The chapter starts with an overview of the main 

forms of asymmetry reported in research, and how these are theorised to develop at both an 

embryonic and gross developmental level. The discussion will then consider how asymmetry has 

been used to-date within research as a determinant of both welfare status and performance 

potential within the human and the horse. The final section of the review will consider the novel 

anatomy of the equine hoof and whether it potentially plays a role in the compensation for, or 

presentation of, coexisting limb asymmetries. The review chapter will conclude with suggestions 

for future research direction and application to industry where appropriate.  

 

1.1 THE SCIENCE OF SYMMETRY 

1.1.1 Forms of symmetry  

A bilateral trait is one which appears on both sides of the body, with the left trait being a mirror 

image of the right trait along the sagittal plane (Al-Eisa et al., 2004; Korey, 1980). For bilateral traits 

within most species, perfect symmetry between the left and the right sides of the individual, is 

considered the optimum status aimed for during the growth and development (Houle, 2000). 

Asymmetries can be presented as either short-term variations reflecting current and transient 

hormonal or environmental factors (e.g., muscle and breast tissue) (Barrance & Buchanan, 2006; 

Manning et al., 1996; Manning, Scutt, et al., 1997) or as long-term differences between the left and 

right sides (e.g., bone lengths) (Leśniak, 2020c; Manning & Ockenden, 1994; Trivers et al., 1999). 

Long-term differences better reflect influences on early development, and are theorised to reflect 

that individual’s genetic ability to defend against environmental or genetic disruptions in order to 

yield its genetically predetermined phenotype; a capacity also referred to as developmental 

stability (Badyaev et al., 2000; Ceuninck & Starbuck, 2019; Waddington, 1942). Morphological 

symmetry of bilateral traits is controlled by an individual’s growth patterns (Hallgrímsson et al., 

2002; Møller & Swaddle, 1997; Wilson & Manning, 1996) and developmental canalisation, or the 

‘suppression of phenotypic variation’ (Wagner et al., 1997). As such, the ability of the individual to 

develop bilateral traits of equal morphometry is suggested by some researchers to be a phenotypic 

indicator of genotypic quality (Brown et al., 2008) and when present, is generally reflected through 

more than just a single bilateral trait pair (Leung et al., 2000).  Traits such as ear size, nostril width 

and digit (finger) length (Coyne et al., 2007; Gangestad et al., 2010; Manning, 1995; Manning, 

Trivers et al., 1997; Sieratzki et al., 2002; Trivers et al., 2015) have been shown to exhibit bilateral 

symmetry in humans, as have characteristics in other species such as wing ornamentation, and tail 
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length and ornamentation in birds and insects (Bize et al., 2004; Cadée, 2000; Campo et al., 2007; 

Mpho et al., 2002). 

Development of an individual requires a logical and ordered sequence of biological actions; 

however, it also involves stochastic, or ‘random’ events, also known as developmental noise. This 

developmental noise results in phenotypic heterogeneity, even in the absence of additional 

environmental or genetic influences (Merlin, 2015) (e.g. parasitic burden [Bize et al., 2004] or 

genetic mutations leading to diseases such as polysaccharide storage myopathy [Finno et al., 2009] 

respectively). Patterns of asymmetry within a population, can be described as fluctuating, 

directional, or displaying antisymmetry, as illustrated in Figure 1. Fluctuating asymmetries (FA) are 

small random, left-right deviations in the symmetry of bilateral traits (Møller & Swaddle, 1997) and, 

at a population level, are considered indicators of an organism’s robustness to defend against such 

developmental noise. Associated deviations from the optimum state of symmetry are considered 

indicators of an inability for bilateral development (Markow, 2003). FA indicates a bilateral trait 

asymmetry that fluctuates across a population (Leamy & Klingenberg, 2005; Van Valen, 1962), 

whereby there is no statistically significant difference in the number of a population with the left, 

or the right side of a bilateral trait, being larger (i.e. not statistically different from a 50:50 split) 

(Palmer, 2005). As such, the mean FA between the left and right sides across a population, has the 

propensity to cancel to zero, with a near normal distribution (Van Valen, 1962). FA increases are 

largely concomitant with associated allostatic disturbances or environmental disruptions, 

commonly referred to as ‘stressors. Such stressors include resource competition (e.g. nutrition, 

habitat) (Badyaev et al., 2000; Manning & Chamberlain, 1994), altered environmental conditions 

(e.g. ambient temperature, light quality and type (Møller et al., 1999) and radiation insults 

(Güntürkün, 2005)), mate choice availability, parasitism (Møller, 2006; Polak, 1994; Polak, 1997), 

and predator numbers (Badyaev et al., 2000; Møller & Swaddle, 1997). Greater degrees of FA have 

been reported in smaller populations where the genetic diversity is more limited, especially when 

living in novel environments or environmental niches (Badyaev et al., 2000; Beasley et al., 2013; 

Räikkönen et al., 2009).  Furthermore, this same concept could be applied to domestically managed 

populations with a closed or restricted gene pool, such as the strategic breeding of pedigree horses, 

dogs and cattle. Whilst there are currently no studies specifically investigating the effects of 

inbreeding on asymmetry in such closed equine populations, research has shown the Thoroughbred 

to have a reduced heterozygosity as a result of inbreeding (Petersen et al., 2013), and it is within 

this breed that much of the original research into equine symmetry was undertaken (Davies & 

Watson, 2005; Manning & Ockenden, 1994; Watson et al., 2003). The negative impact of inbreeding 

and the resultant homozygosity on certain physiological characteristics of some domestically 

managed species is well documented (Ács et al., 2020; McParland et al., 2008; McGivney et al., 
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2020; Pedersen et al., 2015; Smith et al., 1998). However, there is currently a lack of research to 

evidence whether the asymmetries within these populations are greater than that of more 

genetically diverse populations of the same species, and whether, such asymmetries are indicative 

of an inferior health status, or of welfare implications. 

 

 

Figure 1: Graphical representation of the distribution around zero (perfect symmetry) for a) 

fluctuating asymmetry (FA); b) directional asymmetry (DA) and c) antisymmetry. The blue line 

represents perfect symmetry and the point at which the mean FA of the population would be zero. 

The red lines represent the mean for b) directional asymmetry, and the bimodal left-right means of 

c) antisymmetry. 

Whereas, FA’s are small random, left-right deviations from symmetry, equally distributed across a 

population, directional asymmetry (DA) demonstrates a sidedness bias, whereby there is a 

propensity for the bilateral trait on one side within a population, or species, to be larger than the 

other (Møller & Swaddle, 1997; van Valen, 1962). Such bias is proposed to develop as an 

evolutionary advantage for that specific population or as a result of a population’s exposure over 

time to a common stressor (Auerbach & Raxter, 2008; Auerbach & Ruff, 2006; Leamy et al., 2000; 

Mays, 2002; Sneddon & Swaddle, 1999), such as population and special level laterality (Auerbach 

& Raxter, 2008) or climatic variations (Banaszak-Cibicka et al., 2018). Examples of directional 

asymmetries reported in animals include, the right directional bias in both the wing length of bees 

(Banaszak-Cibicka et al., 2018) and the coronet circumference of fallow deer antlers (Jennings & 
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Gammell, 2017).  Unlike DA, the pattern presented by antisymmetry directly opposes that of 

fluctuating asymmetry, in that only a minority of the population exhibit near symmetry, whereas 

the remaining majority present with a near equal distribution of asymmetry in either direction. One 

of the most well recognised examples of anti-symmetry is the fiddler crab. The larger ‘fighting’ claw 

of the male Sand Fiddler Crab (Uca pugilator) is equally as likely to develop on the left or right side 

with longer walking legs also presenting on the same side (Pratt & Mclain, 2002). A population may 

well exhibit one or more of these different forms, or presentations of asymmetry (Knierim et al., 

2007; Van Dongen et al., 1999). Within their review of methodologies and the validity of FA as a 

welfare indicator, Knierim et al. (2007) highlighted that whilst FA can be used as a marker of 

developmental stability, and is reflective of the environment within which the population is 

developing in, DA and AS both have a genetic foundation and cannot, therefore, be considered as 

a reflection of developmental stability.  When examining FA, mixed regression modelling and 

review of the kurtosis of the data is suggested in order to identify and remove traits with significant 

DA or AS. (Knierim et al., 2007; Tuyttens et al., 2008; Van Dongen et al., 1999).  

Within research and practice, the application these asymmetry measures has largely revolved 

around their use in understanding mate preference (Fink et al., 2004; Gangestad et al., 2010; 

Hosken, 2001; Hume & Montgomerie, 2001; Jones et al., 2001; Møller, 1988; Polak, 1994; Pratt & 

Mclain, 2002; Seger & Trivers, 1986) and increased reproductive success (Holwell et al., 2015; 

Manning et al., 1998; Møller, Soler, et al., 1995; Zakharov et al., 1991), identifying phenotypic 

characteristics associated with impaired physical or mental health (Manning & Wood, 1998; Milne 

et al., 2003; Møller, 2006; Scutt et al., 1997; Yngvesson & Keeling, 2001) such as with lower back 

pain (Al-Eisa et al., 2004) or attention-deficit hyperactivity disorder (Stevenson et al., 2006), or to 

highlight the negative welfare implications of environmental stressors on growth and development 

of individuals within a population (Campo et al., 2007; Knierim et al., 2007; Stub & Vestergaard, 

2001; Yngvesson & Keeling, 2001; Zakharov et al., 1997). Current understanding of both 

antisymmetry and DA within the horse is very limited, and while DA has been reported in certain 

bilateral traits, such as the third metacarpal (Davies & Watson, 2005; Leśniak, 2013, 2020c; Manning 

& Ockenden, 1994; Watson et al., 2003), the cause and significance of this remains as speculation.  

Fluctuating asymmetry is, in general, reported more frequently than DA, despite DA being identified 

widely in asymmetry research (Leśniak, 2013; Leśniak & Williams, 2020; Parés-Casanova et al., 

2020; Storm, 2009) and with some evidence of DA having a stronger heritability than FA (Roff & 

Réale, 2004). Measures of FA are based on the broad assumption that the optimum condition is for 

symmetry between the left and right sides of a specific trait within a population, as was suggested 

by the symmetry of form illustrated in Leonardo Da Vinci’s Vitruvian Man’s (Akhtaruzzaman & 
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Shafie, 2011; Murtinho, 2015) . However, this objective of symmetry is in itself is difficult to 

determine.  FA within a population could, therefore, be cancelled out due to a lack of directionality, 

resulting in the mean FA of the population being close to zero. Within their detailed review of the 

concepts, methods and application of asymmetry, Klingenburg (2015) suggested that as it is near 

impossible to determine whether the optimum for any trait is in fact symmetry. The assumption 

that the target morphometry is perfect symmetry needs to change to better reflect that the left 

and right sides of a trait ‘are not equal, but can [in fact] differ’ in dimensions (Klingenberg, 2015, pp 

890).  

A homogenous population, such as free-roaming New Forest, Dartmoor or Shetland ponies, could 

therefore, have the potential to be used to predict an ‘average symmetry value’ for a bilateral trait 

within an expected phenotype. Deviations from this predicted average, as opposed to perfect 

symmetry, would be a better reflection of developmental stability as it removes the 

unsubstantiated assumption of symmetry being the defined optimum. Furthermore, evidence from 

research suggests pooled measures of FA, whereby the asymmetry of multiple bilateral traits are 

considered collectively, have a stronger heritability than the FA measures of individual traits 

(Johnson et al., 2008). The difficulty in determining both the exact causation of the FA and the 

actual optimum symmetry for a specific bilateral trait, necessitates caution in the interpretation of 

FA results. Despite this, both FA and DA are considered useful tools in assessing genotypic and 

phenotypic quality, respectively, particularly at a population level.   

 

1.1.2 Embryonic development of left and right sides.  

The expression of bilateral traits across the midline of the anterior-posterior axis is present within 

most vertebrate species (Wood, 2005; Yost, 2001). The majority of bilateral traits exist externally, 

including limb length and circumference, and the length and width of facial traits such as the pinna, 

eyes and ears. Despite presenting with a degree of symmetry in terms of a left-right presence, the 

internal structures of the body possess less symmetry. Examples of this include the lungs, where 

the right lung has three lobes, but the left lung has only two in order to allow space for the cardiac 

notch, or the kidneys whereby a pair exist, however they are not a mirror image in their form and/ 

or positioning (Nonaka et al., 2005; Wood, 2005). While the exact mechanisms remain under 

dispute, early determination of the left and right sides in mammals is believed to be derived from 

an embryonic event (day 8) known as left-right symmetry breaking (Hamada et al., 2002; Hamada 

& Tam, 2020; Nonaka et al., 2005; Tabin, 2006). At the region of the left-right organiser, located on 

the ventral aspect of the node (Figure 2), specifically aligned embryonic cells with posteriorly tilted 

cilia (Nonaka et al., 2005) (Figure 3) are theorised to create a directional flow of extra-embryonic 
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fluid containing nodal vesicular particles (Hamada et al., 2002). The result of this leftward, nodal 

flow across the midline, is the determination of which side of the completely symmetric blastocyst 

is going to develop into the left and right sides of the foetus (Hamada et al., 2002; Nonaka et al., 

2005; Wood, 2005). Vulnerable to both internal and external influences, the ‘breaking’ of this 

symmetrical form therefore facilitates specific asymmetries within organ development, such as the 

left-side placement of the heart (Hamada et al., 2002), or within species such as the horse, the 

differing shape and placement of the bilateral pair of kidneys (Frandson et al., 2009). 

 

Figure 2: Dorsal view of a 16-day embryo after removal of part of the amniotic sac to reveal the 

primitive node and primitive streak (Recreated with BioRender.com) (Mitchell & Sharma, 2009).  

 

For the development of both bilateral symmetry and specific left-right asymmetries in a developing 

organism, there must therefore, be a number of specialised and coordinated pathways for anterior-

posterior and proximal-distal development of the organs, organ systems and bilateral traits (Danos 

& Yost, 1995; Yost, 1995). Determination of the left and right sides of the body, brought about by 

nodal flow, has a confirmed impact on the internal symmetry of the mammalian body (Hamada & 

Tam, 2020; Nonaka et al., 2005).  How these embryonic events specifically affect external symmetry 

is still largely unclear; however, it is thought that the development of external bilateral traits, such 

as the limbs, stems from complex but coordinated interaction of signalling centres and gene 

communications, initially influencing the lateral plate mesoderm to induce the development of 

bilateral trait structures such as limb buds (Prummel et al., 2020; Wyngaarden et al., 2010).  
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Figure 3: Ventral view of the monocilia and direction of fluid flow on the node during early 

gastrulation (Recreated with BioRender.com from Wood (2005)).  

 

1.1.3 Symmetry as an indicator of developmental stability  

The equal growth and development of both the left and right sides of a bilateral trait, such as 

emergent limb buds, is reliant on both sides being exposed to equal environments during their 

development. Asymmetries may arise through the influence of both innate (e.g. genetic) (Eterovick 

et al., 2016; Morris et al., 2019) or external (e.g. toxins) stressors (Andreu-Fernández et al., 2020; 

Bustnes et al., 2002; Michaelsen et al., 2015; Sánchez-Chardi et al., 2013). A stressor can be defined 

as anything that alters an organism’s environment or system by disrupting, or threatening to 

disrupt, its optimal functioning (CSHS, 2019; Pacák & Palkovits, 2001). The physiological impact of 

a stressor is the initiation of a cascade of biological events which, as a stress response, aims to 

restore homeostatic balance within the individual (Chovatiya & Medzhitov, 2014; Pacák & Palkovits, 

2001). The ability of an individual to develop a specific phenotype under given environmental 

and/or genetic conditions, or potential stressors, is termed developmental stability (Møller & 

Manning, 2003; Møller & Swaddle, 1997).  Early bilateral trait development involves both genetic 

and cell signalling factors, with the signalling centres coordinating early three-dimensional 

development (Yang & Kozin, 2009). Following early trait development and the subsequent 

regression of the signalling centres, neuroendocrine and circulatory mechanisms join the genetic 

factors to control the development of morphological traits within a growing individual; including 

their symmetry (Møller & Manning, 2003).  Whilst the left and right sides develop independently, 

their development is also simultaneous and therefore, both sides are exposed to the same 

environmental influences at the same timepoints (Tuyttens, 2003).  
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Due to the large number of random stressors that can influence asymmetric development of any 

one trait (Tuyttens, 2003) and the stability of the individual trait (Møller & Swaddle, 1997), pooled 

measures of FA from a number of bilateral traits are generally considered more reliable as an 

indicator of developmental stability than measurements from a single trait (Johnson et al., 2008; 

Leśniak, 2020; Leung et al., 2000; Van Dongen, 2007). The difficulty in identifying the specific causal 

stressor(s) within the large number of possibilities, continues to drive the debate among some 

scientists as to the reliability of FA as a measure of developmental stability (Klingenberg, 2003; 

Symanski & Redak, 2021; Zverev et al., 2018). The challenge of stressor determination is 

exacerbated further within populations largely managed by man, whereby the mate selection is 

dictated by breeding programmes and phenotypic requirements rather than natural mate choice. 

The full impact that an absence of mate choice has on the physiology, or mental welfare of mares 

and stallions is not fully understood. However, evidence indicates negative reproductive behaviours 

(e.g. reduced libido) (McDonnell, 2000) and reduced reproductive success (Morris & Allen, 2002) in 

the managed breeding of horses.  

In addition to the impact of external stressors on bilateral trait development, those individuals with 

a higher growth rate have been identified to display greater degrees of FA  during growth periods 

than slower growing individuals (Møller, Sanotra, et al., 1995), indicating the difficulty for an 

individual to develop bilateral traits which are both symmetrical, and large in size (Dongen, 2006; 

Manning, 1995). Where such asymmetries are not rectified within subsequent growth periods, they 

would likely remain permanent following closure of the epiphyseal plates (Bramlage & Auer, 2006).  

Therefore, when investigating asymmetries, it is important to carefully consider the age of the 

individuals within the study population, especially where the aims of the research are to consider 

more permanent, rather than developmental stage asymmetries. For example, growth plates of the 

equine distal limb close between 8 and 14 months of age, depending on the specific bone, the 

breed, and individual variation (Fretz et al., 1984; Myers & Emmerson, 1966; Yoshida et al., 1982); 

as such permanent asymmetries of this structure will not be clear until after this time period.    

 

1.1.4 Hypotheses of symmetry heritability  

Whilst much debated in scientific literature, the two main theories discussed regarding 

evolutionary preference for symmetry in mate choice, are the good genes hypothesis and the 

receiver bias hypothesis. The good genes hypothesis suggests that an individual actively chooses a 

more symmetrical mate due to their phenotypic display of fitness and potential offspring viability 

(Cárdenas & Harris, 2007; Jones et al., 2001; Kirkpatrick, 1996). Through this hypothesis, mate 
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choice would be purely directed towards the selection of genetic quality rather than a conscious 

visual preference for symmetry observed as part of the, alternative, receiver bias hypothesis 

(Cárdenas & Harris, 2007; Enquist & Johnstone, 1997; Kirkpatrick, 1996). The receiver bias 

hypothesis suggests that the preference for symmetry was not evolved to enhance reproductive 

success but was instead a by-product of the recognition system that prefers symmetry in any part 

of the environment.  Through this hypothesis, the preference for symmetry has more to do with 

the efficiency of the signal and preference for those visual signals that can be cognitively 

determined, recognised and interpreted more easily (Jansson et al., 2002; Swaddle et al., 2004). 

The less symmetric the form, the more variation the brain has to interpret; this combined with even 

the smallest of head or eye movements altering the position of the object projection on the retina, 

results in a preference of the more predictable and stable symmetrical objects (Jansson et al., 

2002). Preference for symmetry within the receiver bias hypothesis is therefore regardless of sex 

or species, and the choice of a healthier mate, who has the ability to produce viable offspring, would 

be a by-product of a preference for more easily interpretable visual information, but would still 

incorporate the Darwinian theory of the survival of the fittest (Cárdenas & Harris, 2007; Enquist & 

Johnstone, 1997; Kirkpatrick, 1996).  

The degree to which an individual can defend themselves against developmental stressors is found 

to have a genetic, and therefore possibly a heritable component (Johnson et al., 2008; Livshits & 

Kobyliansky, 1989; Randy Thornhill & Sauer, 1992). Heritability of developmental stability has 

previously been determined through estimations based on regression analysis of bilateral  trait 

asymmetry data from either both the parents and their offspring (Livshits & Kobyliansky, 1989), or 

siblings (Townsend & Brown, 1980), or from the results of selection experiments (Leamy, 1986). A 

highly debated meta-analysis by Møller and Thornhill (1997) identified overall heritability of FA as 

0.27 for 14 species (minimum heritability 0.017 in meristic bilateral traits of rainbow trout); 

indicating a trend towards the good genes hypothesis (Thornhill & Gangestad, 1994). Following its 

release, Markow and Clarke (1997) and Palmer and Strobeck (1997) raised concerns over Møller 

and Thornhill’s meta-analysis, querying the appropriateness of a meta-analysis methodology for 

the investigation of heritability when using data from both varied bilateral traits and taxa. 

Furthermore, they raised concerns over the handling of the information extracted from the 

literature sources used by Moller and Thornhill (1997). These concerns included that a number of 

unpublished studies were used, preventing external scrutiny of the data, not all data used would 

be considered FA as some DA data were also incorporated, some data were excluded altogether 

from the meta-analysis, and concerns over the internal validity of the studies used. Whilst agreeing 

that meta-analysis results need to be interpreted with caution due to potential biases within the 

literature being reported, Thornhill et al. (1999) provided a detailed response to support both their 
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methodology and their findings, which reduced the subsequent debate (Thornhill et al., 1999). Their 

response included explanations for the data included in, and excluded from, the meta-analysis. An 

example provided was the exclusion of data where a population had been exposed to a predatory 

stressor as part of the research protocol; this altered both intrinsic and extrinsic responses by the 

females in the population and as such they were not an appropriate, comparative, population to 

use. Thornhill et al. (1999) also acknowledges some errors in their calculations due to the use of 

unweighted rather than weighted values of sample size. Following reanalysis, the authors 

confirmed that their previous analysis had overestimated heritability predictions and that data 

were no longer significant for effect size at a species level. Despite this, other areas of their analysis 

were defended, including the significant effect of the size of males in male success in sexual 

competition.  Following on from Thornhill et al. (1999), the overriding current perception remains 

that there is some degree of genetic, and potentially heritable, influence on developmental stability 

and subsequently FA; although the strength of this relationship still remains unclear. Suggestions 

for the lack of a conclusive heritability estimate of FA in current literature include the low sample 

sizes being used (Cadée, 2000) (though an ideal sample size has yet to be defined), the use of false 

populations, the differing measurement techniques used between studies and the number (Trivers 

et al., 1999) and the types (Livshits & Kobyliansky, 1989) of biological trait being measured, as the 

degree of FA is often dependant on the functionality of that specific trait.  

 

1.1.5 Symmetry and mate choice 

Greater symmetry is manifested in the visual attractiveness of an individual’s secondary sexual 

traits as a result of the increased symmetry of form (Jones et al., 2001) and even texture (Jones & 

Jaeger, 2019). Not only are the more symmetrical traits easier for a potential mate to visually 

process, in accordance with the receiver bias hypothesis (Bradbury & Vehrencamp, 2011; Enquist 

& Arak, 1998), but they have also been recognised as honest indicators of quality, with the more 

symmetric individuals better able to resist disease (Gangestad et al., 2010; Natekar & Desouza, 

2006; Thornhill & Gangestad, 2006). Regardless of the underlying mechanism, both the good genes 

hypothesis, and the receiver bias hypothesis assert that an individual is drawn towards the visual 

aesthetics of the more symmetrical mate. In most species that have been observed, the male strives 

to achieve symmetry of secondary sexual traits in terms of both size and decoration, using these 

markers as an advantage over other males when competing for females; it is the female who uses 

these trait expressions to then choose a mate to pair with (Farmer & Barnard, 2000; Møller, 1988; 

Scheib et al., 1999; Swaddle & Cuthill, 1994).   
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Much of the literature surrounding the good genes hypotheses and the association between mate 

choice and facial attractiveness, seems predominantly to consider human populations 

(Cunningham, 1986; Gangestad et al., 1994; Hume & Montgomerie, 2001; Jones & Jaeger, 2019; 

Jones et al., 2001; Perrett et al., 1999). Within human society, so many complex factors other than 

facial attractiveness, play a role in mate choice (e.g. economic status, employment status, 

geographical accessibility, character attributes) (Miller & Todd, 1998) that unlike most other 

species, human mate pairings rarely result just from this primitive intrinsic attraction. Further 

exceptions to this are obviously those species whereby mate pairings are strategically determined 

by man, such as livestock (cattle, sheep, pigs, poultry etc), companion animals (dogs, cats, caged 

birds, domesticated rodents), and horses. The impact of restricted mate choice on symmetry of 

form has received far more attention in wild animals, particularly those in novel or compromised 

environments (Badyaev et al., 2000; Janssens et al., 2016; Räikkönen et al., 2009), or farmed 

livestock species under intensive management strategies (Muggli et al., 2011; Parés-Casanova, 

Castel-Mas, et al., 2020) than in horses, or other domesticated species whose pairings are 

strategically determined by humans. This is both surprising and concerning. Many competitive 

horses are considered as economic commodities, and as such are a valuable asset to the rider, 

trainer or owner. Managed breeding involves the selection of mates with specific trait combinations 

in order to produce offspring with desired characteristics. An example of this being the breeding of 

Thoroughbred racehorses, where performance attributes, such as speed, are often the determining 

criteria for mate pairings, thereby aiming to produce a faster offspring (Bower et al., 2012; Tolley 

et al., 1983). However, strategic breeding specifically for a narrow range of performance attributes, 

has resulted in a reduced genetic pool within a number of breeds (Barcaccia et al., 2013; Binns et 

al., 2012; McGivney et al., 2020). A reduction in genetic variance, or reduced heterozygosity, is 

reported as a contributor to reduced developmental stability and, subsequently, increased FA 

(Gomendio et al., 2000; Loy et al., 2021; Özener, 2010). Breeding with a focus primarily on limited 

performance characteristics may therefore, result in production of offspring with attributes such as 

a large heart size (a known contributor to racing speed [Young et al., 2005]). However, without 

considering other phenotypic traits such as limb and hoof conformation or hoof horn quality, or 

behavioural traits such as temperament and trainability, the offspring has the potential to present 

with higher asymmetry, potentially hindering the ability to perform as expected, or increasing its 

propensity for injury. As such, studies of FA would offer an opportunity to evaluate the impact of 

current selective breeding strategies on more subtle phenotypic characteristics, such as bilateral 

trait asymmetry, and provide alternative methods by which to assess welfare implications of these 

mate selection practices.  
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1.2 APPLICATIONS OF SYMMETRY DETERMINATION 

1.2.1 Symmetry as an indicator of animal welfare 

The physiological mechanisms involved in the symmetrical development of bilateral traits is 

affected not only by the growth rate of the individual, but also the circumstances and environment 

within which it is born and reared.  As such, the degree of FA has been used to indicate welfare 

levels in production or intensively farmed animals, with the overriding consensus indicating that 

increased levels of fluctuating asymmetry are reported in populations living in lower standards of 

welfare (Knierim et al., 2007; Tuyttens, 2003; Tuyttens et al., 2005, 2008; Van Nuffel et al., 2007).  

Due to individual variation, it is expected that a degree of fluctuating asymmetry would be observed 

within a population, however, for most bilateral traits, the optimum is generally considered to be 

symmetry (Zakharov et al., 2020). Management practices such as increased competition for space, 

resources or mates where stocking density is high (Buijs et al., 2012; Chirichella et al., 2020), or the 

use of artificially manipulated day lengths (Brown et al., 2019; Fredriksen et al., 2006), may provide 

sufficient adverse stimulus as a stressor to compromise the welfare of the individual, or group. 

Where the affected individuals are still developing, this negative stimulus can result in a disruption 

to the coordinated growth patterns of a bilateral trait and present as an asymmetry of that trait. 

Such asymmetries can therefore act as an indicator of the environment within which the individual 

is being / has been reared. Such variations are irreversible as they generally involve alterations to 

bone dimensions, which are not able to change once the bone has ceased growing (Auer & Von 

Rechenberg, 2006). Asymmetry of regenerative traits such as feathers (Swaddle & Witter, 1994) 

and antlers (Ciuti & Apollonio, 2011; Markusson & Folstad, 1997) may provide an indication of 

short-term environmental changes in fully developed individuals, however, such traits are primarily 

limited to birds, and only a few species of mammal. Assessing the effect of short-term 

environmental changes in species such as the horse is far more difficult. Whilst the hooves may be 

considered, factors such as their interaction with the ground, routine hoof care interventions, and 

their smart structure ability to respond to loading stimuli, result in too many influential components 

to be able to easily identify the impact of specific stressors occurring over short periods of time.  

Research into the rearing of broiler chickens has identified relationships between increasing FA 

measures, and increases in stocking density (and consequently restricted activity levels), duration 

of light exposure (Møller, Sanotra, et al., 1995; Stub & Vestergaard, 2001) as well as similar 

relationships between higher FA values and increased cannibalistic tendencies or cannibalism 

victims (Greszkiewicz & Fey, 2020; Yngvesson & Keeling, 2001).  Higher FA of tarsometatarsal length 

and width at population level has been reported in broiler chickens compared to organically reared 

chickens (Tuyttens et al., 2008), and ‘welfare-friendly’ housing has been linked to lower FA of femur 
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length in fattening rabbits (Tuyttens et al., 2005) Furthermore, increased FA of tibial length 

(Karaarslan & Nazlıgül, 2018) and of tarsometatarsal length and width (Møller et al., 1999) has been 

described in broiler chickens subjected to continuous light regimes.  However, Karaarslan and 

Nazlıgül (2018) reported no effect of increased light exposure or stocking density on tarsal width of 

broiler chickens, indicating a lack of consistency within results. Therefore, whilst the results from 

the studies on some intensively reared species do support FA as an indicator of welfare; the findings 

do appear depend on the specific traits measured, the species investigated, the population sizes, 

and the type and intensity of the stressor.  

Whilst a few intensively farmed species, such as chickens (Campo et al., 2007; Karaarslan et al., 

2021; Solmaz Karaarslan & Nazlıgül, 2018; Møller et al., 1999; Møller, Sanotra, et al., 1995; Stub & 

Vestergaard, 2001; Tuyttens et al., 2008; Van Nuffel et al., 2007) and fish (Fajardo et al., 2016; 

Fessehaye et al., 2007; Greszkiewicz & Fey, 2020; Kotegov, 2021; Romanov, 2019) have been the 

focus of research associating their welfare levels to the presence of FA, this is currently under 

researched in all other domesticated animals including, cattle, pigs, sheep, dogs and horses. 

Research is needed within a broader range of species which are intensively managed by humans, 

to determine associations between FA, and both the welfare and the changing phenotype of these 

animals. Research focussed on food livestock, such as cattle, could help determine the impact of 

intensive rearing systems on welfare and potentially on food quality. However, the intensity of the 

impact of human interference on the equine genetic pool (Boerma et al., 2012; Patterson, 2000; 

Squires, 2009) emphasises the need for special attention to be paid to this species, particularly as 

equids, unlike any other domesticated species are used by humans for physically demanding 

activities such as ridden or driven work. Therefore, the demands on their physiology is, therefore, 

greater than for most other domesticated animals.   

 

1.2.2 Symmetry as a phenotypic indicator of genotypic quality 

Facial symmetry is considered directly related to body symmetry (Grammer & Thornhill, 1994), 

which has been suggested to reflect the potential health status of the individual (Gangestad et al., 

1994; Thornhill & Gangestad, 2006). Facial attractiveness is associated with facial symmetry and 

many of the bilateral features of the face are considered as secondary sexual traits (Brown et al., 

2008; Jones et al., 2001). Such secondary sexual traits in humans include broad jaws in males 

(Grammer & Thornhill, 1994) and prominent cheek bones in females (Scheib et al., 1999). Despite 

being present on both sexes, the assessment of secondary sexual trait symmetry to determine 

health status, seems to be more important, or more predominantly associated with, the assessment 

of the male face by the female, as opposed to the other way around (Jones et al., 2001). Obvious 
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examples of such secondary sexual traits are the ornamentations expressed by a number of animal 

species, such as the symmetry of tail or wing ornamentation of birds (Aparicio & Bonal, 2002; 

Møller, 1988), wing size or patterning in moths and butterflies  (Aparicio & Bonal, 2002; Iwata et 

al., 2015) and the size or geometry of deer antlers (Ciuti & Apollonio, 2011; Jennings & Gammell, 

2017).   

The development of secondary sexual traits in both males and females, requires an increase in the 

respective sex hormones; testosterone and oestrogen (Richmond & Rogol, 2007; Taketomi et al., 

1996). However, these hormones also trigger a reduction in immunocompetence of the individual 

thereby putting them at an increased risk of infection, or disease contraction (López-Rull et al., 

2011; Owen-Ashley et al., 2004). Symmetrical, and in particular, large and symmetrical secondary 

sexual traits, are only afforded by fit individuals (Fink et al., 2004; Grammer & Thornhill, 1994). Trait 

presentation that is both large and symmetrical may act as a reliable advert for 

immunocompetence (Grammer & Thornhill, 1994; Rantala et al., 2000; Scheib et al., 1999), such as 

the ability to resist parasitic infestation (Bize et al., 2004; Grammer & Thornhill, 1994; Møller, 2006; 

Polak, 1997); also referred to as the ‘handicap principle’ (Johnstone & Grafen, 1993). Greater 

respective levels of asymmetry have also been implicated with the occurrence of cleft lip and palate 

(Ceuninck & Starbuck, 2019; Neiswanger et al., 2017; Woolf & Gianas, 1976), Down’s syndrome 

(Barden, 1980; Richtsmeier et al., 2005; Rodríguez et al., 2017; Townsend, 1983), mental 

retardation (Bates, 2007; Furlow et al., 1997; Malina & Buschang, 1984), cancer (Hong et al., 2013; 

Manning, Scutt, et al., 1997; Natekar & Desouza, 2006; Scutt et al., 1997), attention-deficit 

hyperactivity disorder (Burton et al., 2003; Stevenson et al., 2006) and Schizophrenia (Markow & 

Wandler, 1986; Mellor, 1992; Reilly et al., 2001; Stephan-Otto et al., 2020). As such, the associations 

between higher FA levels, and a wide range of both physiological and psychological conditions, 

offers strength to the good genes hypothesis, whereby bilateral trait symmetry is a phenotypic 

indicator of genotypic quality.  

The capacity to proportion greater amounts of energy budget to the growth of more symmetric 

bilateral traits, has been associated with individuals with a lower resting metabolic rate (RMR) in 

comparison to those who require a higher RMR just to maintain their body mass (Manning, 

Koukourakis, et al., 1997), such as adolescents during pre-pubertal hormonal fluxes (Fink et al., 

2004; Wilson & Manning, 1996). There does, however, appear to be a sex-dependant association, 

whereby the relationship has been reported in males, but not in females. Again, this may reflect 

the theme in many species, that females chose the mate, and therefore low FA in males is more 

important than in females (Manning, Koukourakis, et al., 1997). Within domesticated species such 

as cats, dogs and horses, neutering, or gonadectomy, is a procedure often undertaken on the 
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animal, at the request of the owner. The removal of the gonads during this surgery results in a 

cessation of androgen production by these organs, with an aim often being to influence the 

behaviour of the animal (Hart & Eckstein, 1997; Karlsson et al., 2015). In both sexes of cat, 

gonadectomy reportedly results in an increased weight gain, potentially through reduced activity 

levels (Fettman et al., 1997; Martin et al., 2001; Mitsuhashi et al., 2011). However, only the 

metabolic rate of female cats is reported to decrease following neutering (Fettman et al., 1997). 

Therefore, it is likely that hormones other than, or in addition to, androgens, are responsible for 

the stabilisation of RMR males, and consequentially, stabilisation of FA variations. Unfortunately, 

similar research in other domesticated species is limited, either because of the lack of concern the 

associated weight gain has, or as with horses, only the male is generally neutered. With androgens 

having an influence on the developmental stability, and therefore the FA within an individual, 

attention ought to be paid to determining a ‘normal’ pattern of developmental fluctuations in 

asymmetry for the growing horse. Interestingly, some evidence points towards a sex bias for 

laterality preference, with males demonstrating a significantly stronger left bias compared to a right 

bias in females (Murphy et al., 2005; Murphy & Arkins, 2008); although where both stallions and 

gelding were present in the same study, differences between the two were not identified within 

the analysis (Murphy & Arkins, 2008). A better understanding is needed in to both the general 

impact of a gonadectomy on FA of the developing horse, and subsequently, whether this is 

influenced by the timing of the procedure in order to better understand the long-term impact on 

phenotypic characteristics, such as FA, and on the performance potential of the neutered animal.  

 

1.3 SYMMETRY AND ATHLETIC PERFORMANCE  

If a more symmetric form does indeed indicate greater genetic quality of the individual, including a 

more robust ability to defend against mental and physical diseases, then the ability to utilise their 

physical form should also be more developed, manifesting as the potential for superior athletic 

performance.   

 

1.3.1 Hormonal influences on bilateral trait symmetry and athletic performance 

To-date, most human studies of athletic performance and bilateral trait symmetry have involved 

predominantly male study populations. Extrapolating the findings to broader athletic populations 

is therefore difficult without first considering the female athlete, and whether hormonal and body 

composition differences may produce differing asymmetry models within the female form. 

Hormonal fluctuations may be responsible for transient soft tissue asymmetries within both male 
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and female athletes during the progression of a training programme (Baylor & Hackney, 2003; 

Cadegiani & Kater, 2019; Uusitalo et al., 1998). Changes in fitness and physical stress responses can 

trigger hormonal fluctuations (Hakkinen & Pakarinen, 1993; Hansen et al., 2001; Kraemer et al., 

1998; Maïmoun et al., 2003; Nargund, 2015), which in turn result in short-term variations in the 

asymmetries of soft tissue (Cárdenas & Harris, 2007; Manning et al., 1996; Manning & Wood, 1998; 

Scutt & Manning, 1996). Manning and Pickup (1998) suggested that monitoring these fluctuations 

may provide insight into the efficacy of a training programme, or indeed, the individuals ability to 

cope with increased athletic demands. If these suppositions could be confirmed in the human 

athlete, they would also be worthy of further investigation in non-human athletes, such as the 

horse. Many training methods, some conflicting, are implemented by equestrian riders and 

trainers, both within and across disciplines, with few opportunities to assess their success outside 

of final performance results and career soundness (A. Jansson et al., 2014; Webb et al., 2020; 

Younes et al., 2015). If such training derived, short-term variations within the symmetry of a specific 

trait also exists within the equine athlete, identification of such traits (e.g. circumference of the 

antebrachial limb) could offer an additional means by which to monitor horses’ training progress 

alongside more conventional parameters, such maximal oxygen uptake (Betros et al., 2002; 

Ohmura et al., 2017). Ultimately, such measures would also provide an additional means to monitor 

equine welfare as well as performance. Fluctuations in soft tissue dimensions of certain traits may 

have the potential to indicate overtraining, increase stress reactions or even identification of the 

presence of pain, with, or without the presence of an unlevel, or unsound gait.    

 

1.3.2 Symmetry of non-functional bilateral traits and athletic performance 

The hypothesis of a positive correlation between anatomical symmetry and performance level in 

human athletes was initially reported by Manning and Pickup (1998) who explored an association 

between these factors within 50 male middle distance runners. The bilateral traits examined were 

pinna length, nostril width, wrist width, and lengths of the 2nd, 3rd 4th and 5th digits. The emphasis 

on non-functional traits within the study (i.e., those traits not directly linked to limb locomotion), 

enabled the elimination of traits with a direct mechanical advantage and facilitated a more holistic 

review of the symmetry of the individuals under examination. Overall, Manning and Pickup’s data 

indicated that the more symmetric athletes produced faster running times than their asymmetric 

counterparts, with pinna length and nostril width offering the best predictions of speed (Figure 4). 

Pinna asymmetries are theorised to reflect defects in perception and decoding of auditory 

stimulation (Manning et al., 1997; Manning & Chamberlain, 1991; Pau et al., 2005). If the 

association between pinna asymmetry and stimulatory deficiencies holds true, auditory defects 
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may consequentially give rise to deficiencies in an individual’s aptitude for proprioception and 

balance. Such reductions in sensorimotor abilities would affect the individual’s capability to develop 

and co-ordinate dynamic movements during athletic disciplines offering a viable explanation for 

the link to running performance. 

The impact of the asymmetry of individual body segments on equine performance potential was 

first reported by Manning and Ockenden (1994). Bilateral traits considered within their population 

of 73 flat-racing thoroughbreds included: the lengths between elbow and knee, and knee and ergot, 

knee thickness, coronet band, teeth height, teeth width, nostril width, cheekbone-ear and 

cheekbone-mouth. The authors reported significant correlations between performance rankings 

and two functional (knee thickness, coronet band), and two non-functional bilateral traits (teeth 

height and distance from cheekbone to mouth). Higher performance ratings were achieved by 

those racehorses with lower levels of FA, particularly with regards to the non-functional traits of 

the head. The more prominent asymmetry of non-functional traits, relative to the asymmetry of 

the functional traits, reflects the findings within human performance studies (Longman et al., 2011; 

Manning & Pickup, 1998; Trivers et al., 1999). FA of non-functional, facial traits has been an 

indication of better performance capability in both humans (800m and 1500m middle distance 

runners (Manning & Pickup, 1998)) and horses (horse racing (Manning & Ockenden, 1994) and 

eventing (Leśniak, 2020) (Figure 4)). As these bilateral traits have no direct locomotory advantage, 

their symmetry must be indicative of other, not yet determined, performance attributes. Findings 

by Manning and Pickup (1998) and Manning and Ockenden (1994) indicate these facial traits are 

good predictors of speed due to the disciplines studies. The sport of eventing, as investigated within 

Leśniak (2020), is a discipline that requires the horse and rider combination to undertake three 

separate tests of performance and skill; akin to an equine triathlon. The dressage phase is aimed at 

demonstrating perfect harmony and communication between the horse and the rider whilst 

exhibiting agility, power, suppleness and enthusiasm (British Eventing, 2009; St. George et al., 

2021). The horse must use the power created from its hindquarters to lighten the forehand and 

accept the bit in a keen and attentive manner (British Dressage, 2020; St. George et al., 2021). The 

showjumping element requires the horse to exhibit balance, rhythm, agility and obedience through 

a demanding course of show jumps incorporating changes in direction and fence distances (British 

Eventing, 2009). Within the endurance, or cross-country phase, the horse is asked to negotiate, at 

speed, an undulating course of demanding fences over natural and sculpted terrain within an 

allocated time (British Eventing, 2009). As such, eventing is a discipline where the requirements of 

‘performance’ constitute far more than speed alone.  
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Figure 4: Mean asymmetry scores for the bilateral, non-functional traits of the head for the 

advanced (AdE)  and the novice/ intermediate (NIE) study groups (Leśniak, 2020c). 

 

Outside of athletic performance, pinna symmetry has been positively associated with the  cradling 

of babies with their head in the crook of the holder’s left arm within both juvenile and adult females 

(Manning, 1991; Manning et al., 1997), and appears to be irrespective of handedness (Saling & 

Tyson, 1981) or culture (Manning et al., 1997). Similar correlations have not however, been 

identified in boys (Manning & Chamberlain, 1991). The association between pinna symmetry and 

left-sided cradling in females is, however, suggested to be linked to lateralisation of the right 

cerebral hemisphere (Manning & Chamberlain, 1990; Manning & Denman, 1994), a region involved 

in emotional decoding (Stirnimann et al., 2018). High fluctuating asymmetry of the pinna, and the 

associated inferior lateralisation of the cerebral hemispheres, has been linked to developmental 

instability (Manning et al., 1997; Yeo et al., 1997). A consequence of this is thought to be the 

presence of auditory perception defects due to a disturbance in the transmission of information 

from the left visual and auditory sensors to the emotional decoders in the right hemisphere of the 

brain (Gainotti, 2018). Such disturbances could cause proprioception and balance defects due to 

the effect on auditory perception (Stevens et al., 2016); factors which could have considerable 

effects on performance, and which would explain the significantly lower asymmetry levels within 

this trait in both human and equine elite athletes. 

Asymmetry of the external nares of the nostril is suggested to be reflective of asymmetry within 

the internal structures of the nasal cavity and thus have the potential to negatively influence airflow 

to the lungs, and subsequently ventilatory capacity (Johnson et al., 2007; Manning & Ockenden, 
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1994). The positive relationship between nostril symmetry and performance in human middle-

distance runners (Manning & Pickup, 1998) potentially reflects developmental stability and may 

therefore reflect symmetry of the internal nares and the subsequent influence on air flow 

resistance into and out of the lungs. Within their discussion, Manning and Pickup (1998) suggested 

a link between symmetry of the nostrils and the functional ability of the myocardium, or the 

number of mitochondria in the muscles. Whilst this is still yet to be determined, if this association 

were to be recognised, symmetry could therefore have a greater effect on performance than 

previously theorised as internal differences in muscle metabolism and function would be influential, 

as well as the external factors affecting the individuals’ biomechanics. Furthermore, and in-line with 

the previous discussion on pinna symmetry, nostril symmetry also has the potential to be linked to 

brain lateralisation.  Lateralised nostril use has been identified in species such as the domestic 

chicken (Gauuls domesticus) where the young respond to imprinting odours through head shaking 

after using their right nostril (Vallortigara & Andrew, 1994). McGreevy and Rogers (2005) 

demonstrated a right nostril preference within a mixed sex study group during an olfactory stimulus 

test of equine laterality using stallion faeces. The authors deduced that there was no sex or age bias 

within the group studied for nostril preference although the males were deemed more strongly 

lateralised than the females.  Their findings suggest that nostril use can be an indicator of sensory 

lateralisation to novel stimuli and therefore right cerebral dominance, as the right cerebral 

hemisphere is involved with dealing with novel stimuli. Presently there is no information as to 

whether nostril asymmetry reflects this neurological process but given similar findings for other 

sensory organs and motor structures, a link between nostril asymmetry, nostril laterality and right-

side cerebral dominance may be suggested.  Further research would need to be undertaken to 

investigate whether the smaller right-hand nostril, as observed in Leśniak (2013), is linked to nostril 

lateralisation and concurrent right-hemispheric lateralisation.   

 

1.3.3 Symmetry of functional bilateral traits and athletic performance 

Most research studies investigating associations between (a)symmetry and performance in humans 

have focused on asymmetries of parameters such as muscle activation, power output and strength 

in human athletes; collectively referred to by Maloney (2019) as ‘sporting asymmetries’. The 

research has focussed on asymmetry of form (i.e., the underlying skeletal framework) however, 

remains limited to a few studies published in the 1990’s and early 2000’s. Furthermore, many 

studies investigate the limb as a whole, rather than considering the morphometry of individual 

bones and therefore the contribution that they, and the associated soft tissue have, individually or 

cumulatively, on overall limb length (Hreljac, 1995; Maloney, 2019) (Table 1).  The largest study 
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undertaken to-date on human asymmetry and the association with performance (among other 

aspects), is the Jamaican Symmetry Project (Trivers et al., 1999). Within the initial results, Trivers 

et al. (1999) reported that upper body traits exhibited higher FA’s than those of the lower body. 

This bias suggest asymmetries of non-functional traits are more prevalent than those of functional 

traits which may have serious, negative biomechanical significance during the mechanical stresses 

of running. Longman et al. (2011) support this theory, reporting a significant negative correlation 

in both male and female rowers between limb asymmetry and performance assessed via ergometer 

over 2000m. Whilst there is little to no research directly looking at the impact of FA of limbs on limb 

kinematics, Trivers et al. (2013) confirmed a significant association between knee symmetry and 

greater running speed over distances of 90m and 180m. Furthermore, their results indicated that 

both knee symmetry and the potential running speed as an adult were predictable through 

symmetry of this functional trait by the age of 8-years old. Further investigation into knee 

symmetry, comparing elite Jamaican track and field athletes with an expanded matched control 

group, confirmed this finding and highlighted ankle width as an additional bilateral trait whose 

symmetry could reflect greater performance potential (Trivers et al., 2014). In addition, the findings 

by Trivers et al. (2014) also recognised lower levels of asymmetry in the longer distance runners 

where the tracks incorporated turns (200m, 400m and 800m), compared with the straight-line 

sprinters (100m). The relationship between carpal joint symmetry and performance warrants 

further investigation within non-human athletic species especially given that broad and symmetric 

‘knees’ (carpal joints) have long been anecdotally considered a key attribute to athletic potential 

and soundness in the performance horse (Anon, n.d., 2017; Pilliner & Davies, 2004; West, 2012). 

However, even when considering associations purely with speed, as in horse racing, the different 

distances and sub-disciplines within racing (e.g., steeplechasing and hurdling within National Hunt 

racing) require future investigation to recognise these differences and incorporate comparisons 

within the study design. Furthermore, when considering bilateral trait symmetry, variations 

exhibited through the phases of growth and development have, currently, only been researched in 

the human, and is a consideration therefore lacking within all other species, including the horse.  

Whilst further research into functional limb traits in human athletes would be beneficial, this would 

need to ensure that repeatable landmarks are used to measure singular structures. Traits such as 

limb circumference have been incorporated in previous studies (Frutuoso et al., 2016; Tomkinson 

et al., 2003); however, these measures incorporate muscular and adipose tissue in addition to bone, 

both these soft tissues are subject to fluctuations in water composition and therefore volume (Berg 

et al., 1993; Willwacher et al., 2020). Tomkinson et al. (2003) reported a lack of differences in limb 

and limb segment asymmetries within their investigation of elite and sub-elite soccer and 

basketball athletes. Whilst their study did not entirely support those findings by Manning and 
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Pickup (1998), unlike Manning and Pickup’s (ibid.) study the bilateral anthropometric traits under 

investigation by Tomkinson et al. (2003) were primarily those influenced by soft tissue (eight limb/ 

joint girths and nine skinfold traits) or were functional traits, some incorporating more than one 

individual structure (e.g. trochanterion height to the ground). These methodological differences 

mean it is not possible to draw direct comparisons between the two sets of findings.  

An athlete’s somatotype, or ‘physical form’ influences their resultant ability to perform within 

specific sports (Çinarli & Kafkas, 2019; Giannopoulos et al., 2017; Gutnik et al., 2015).  Within 

equestrianism, specific conformational features, such as broad intermandibular width and a 

relatively short third metacarpal (MCIII) (Delahunty and Webb, 1991; Mostert and Householder, 

2000), indicates greater athletic performance capabilities. Broad intermandibular width implies a 

greater tracheal diameter (Cook, 1988; Delahunty et al., 1991; Weller et al., 2006), and shorter 

MCIII’s are subject to less bending on loading and are therefore less likely to injure (Davies & 

Watson, 2005; Delahunty et al., 1991). Much less research has been conducted into the influence 

of symmetry of such bilateral features on the performance capabilities of the horse. One of the 

earliest relationships between symmetry of form and performance in horses was published by Dalin 

et al. (1985) who positively associated asymmetry in the hindquarters of Standardbred Trotters 

with reduced racing performance. However, the protocol for determining limb length was to 

measure the limb height from the point of the tuber sacrale to the ground, on either side of the 

horse. Whilst it stated that horses were made to stand squarely on all four limbs, the report did not 

identify how the authors mitigated for limb length discrepancies resulting from joint angulation 

differences, postural stance or disproportionate weight bearing through the limbs, such as that 

described by Manning and Ockenden (Manning & Ockenden, 1994). Hindlimbs were excluded from 

Manning and Ockenden’s study as they determined that movements resulting from subtle, 

alternating hindlimb loading reduced the repeatability of results obtained, even when the horse 

was standing square (Manning and Ockenden, 1994). The primary function of the horse’s hindlimb 

is to generate propulsive power; in contrast the forelimb is conformed as a spring mechanism and 

whilst weight bearing occurs equally on both hindlimbs, the large joints within the hindlimb cannot 

be locked (Frandson et al., 2009; Schuurman et al., 2003). As such, even when standing squarely, 

subtle weight shifts can be magnified at the joints. Furthermore, discrepancies in the length of 

specific bony components of the limb could also be compensated for by alterations in the joint 

angulations within the limb. 

Dalin et al. (1985) listed sacroiliac strain, joint lesions or skeletal asymmetry as possible origins of 

the asymmetries reported within their mixed sex population of Standardbred Trotters. However, 

the study did not take into consideration compartmental measurements of skeletal asymmetries 
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and as such these cannot really be considered as the most likely cause of poor performance 

demonstrated by the horses in this study.  Therefore, without taking both limb segment 

dimensions, and joint angulations into account, the height of the tuber sacrale does not provide a 

true representation of the asymmetry of the hindlimbs.  

The results of Manning and Ockenden's (1994) research suggested future performance levels of 

young (2-4 year old) equine athletes could potentially be predicted from the FA scores within 

specific bilateral traits. However, some of the traits used within their study, specifically the ergot 

and the teeth, ought to be considered with caution and their reliability, and the repeatability of the 

results questioned. Equine teeth, including the upper incisors used within this study, are classified 

as hypsodont (Dixon, 2005). By their definition, hypsodont teeth undergo a continual and 

concurrent cycle of wear of the arcade surface and dental eruption from within the jaws (Baker, 

2005; Staszyk et al., 2015). Wear and shape of the incisors occlusal surface is influenced by many 

factors, including age (Lowder & Mueller, 1998), the presence of certain stereotypic behaviours 

(Daniels et al., 2019; Furr & Reed, 2015) and most notably, dietary feedstuff (Bonin et al., 2007; 

Collins & Dixon, 2005; Dixon, 2000). Similarly, the ergot is an area of calloused skin under which lies 

a dense fibrous cushion, closely connected by fascia to the annular ligament of the 

metacarpophalangeal joint (Lusi & Davies, 2017). Described as being variable in size both within 

and between individuals (Lusi & Davies, 2017), the ergot would also not be considered a strongly 

reliable anatomical marker for research measurements due to individual variability in placement in 

relation to the underlying bony structures. As such the morphometry of these traits would not be 

representative of the developmental stability, or lack of, that is considered as reflected by other, 

less changeable traits. 
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 Table 1: Studies of structural asymmetries in human athletes. 

 

Comp = compartmental; ST = soft tissue; SkT = skeletal tissue. Inclusion criteria for those studies within Table 1 were: a) human sport b) elite level c) structural asymmetries. No locomotor asymmetries were 

considered. Studies found a mixture of result outcomes (significant, non-significant, null), many of which were dependant on the specific bilateral trait measured, rather than sport or study methodology. 

Bilateral traits measured (listed as described in the studies methods sections) N= Sport 
Measurement 
method 

Asymmetry Reference  

Pinna length; nostril width; 2nd, 3rd, 4th & 5th digit; wrist width  50 Running Direct  Comp; ST Manning & Pickup (1998) 

Knees; ankles; feet 189 Running (n=73; 
control, n=116) 

Direct  Comp Trivers et al. (2014) 

Girths: upper and lower arm, writs, thigh, calf; ankle 
Lengths and breadths: Acromiale-radiale, radiale-stylion, midstylion-dactylion, Iliospinale 
height, trochanterion height, trochanterion-tibiale laterale, tibiale laterale to floor, tibiale 
mediale-sphyrion tibiale, foot length, humerus; femur 

52 Basketball (n=26)  
Soccer (n=26) 

Direct Comp; ST Tomkinson et al. (2003) 

Pelvis district; upper leg district; lower leg district 19 Running MRI & 3D imaging Comp 
 

Seminati et al. (2013) 

Knee; ankle; feet 163 Running Direct Comp 
 

Trivers et al. (2013) 

Lower limb length 
 

3 Cycling Radiography Comp 
 

Millour et al. (2020) 

Anterior superior iliac spine to the ipsilateral lateral malleolus 12 Running Direct Comp 
 

Bloedel & Hauger (1995) 

Length of the 3rd, 4th & 5th digit; pinna length; elbow width; wrist diameter; hand width; knee 
width; ankle width; foot length 

285 Running Direct Comp 
 

Trivers et al. (1999) 

Osseous area; bone mineral content 22 Tennis (n=10; 
control, n=12) 

Dual-energy X-ray 
absorptiometer 

SkT Sanchis-Moysi et al. 
(2004) 

Muscle volumes: vastus lateralis; vastus medialis; vastus intermedius; rectus femoris; 
semimembranosus; semitendinosus; biceps femoris–long head; biceps femoris–short head; 
gracilis; sartorius; medial gastrocnemius; lateral gastrocnemius; tensor fasciae latae. 

10 Athletes of various 
disciplines 

MRI and 3D imaging ST Barrance & Buchanan 
(2006) 

Tibial measures: trabecular density; trabecular area; cortical density; cortical area; cortical 
thickness; periosteal area;  endocortical area; marrow density; marrow area; muscle density; 
muscle area; total density; total area; tibial mass; stress–strain index; fracture loads; relative 
fracture load; resultant fracture load ratio 

60 Football Dual-energy X-ray 
absorptiometer 

SkT Hart et al. (2016) 

Girth: thigh & lower leg; diameter of femur; cross-sectional area of thigh 11 Gymnastics Anthopometric 
measurements 

Comb Frutuoso et al. (2016) 
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Further research into equine asymmetry has largely remained focussed on the racehorse given the 

financial investment and public facing welfare concerns surrounding the discipline. Whilst 

symmetry was suggested by Manning and Ockenden (1994) to be reflective of better performance, 

a high incidence of left-right asymmetry of the MCIII in racehorses has been reported in literature.  

Both the length (Davies & Watson, 2005; Watson et al., 2003) and dorsal cortex thickness (Davies 

& Watson, 2005) of the right MCIII has been reported as greater than that of the contralateral left 

limb through radiographic studies in Thoroughbred racehorses. Similar findings of greater 

metacarpal bone density in the left limb have also been reported in racing greyhounds, who 

likewise run on predominantly left-handed tracks (Johnson et al., 2000; Johnson et al., 2001). 

Furthermore, Pearce et al. (2005) reported statistically significant asymmetries in five distinct 

femoral regions of the racehorses within their cadaveric investigation. All five regions were larger 

on the left femur and anatomically associated to points of muscular or ligamentous attachment. 

The presentation of asymmetries in the skeletal structure of racehorses has been theorised as 

associated with the asymmetric demands of the discipline. Whilst both left and right-handed 

racetracks are found internationally, the tendency is for tracks to be run left-handed; reflected by 

65% of the UK’s racecourses having one or more left-handed tracks (Mullington, 2020).  The 

asymmetries of the femur are likely to be related to the directional demands of the discipline 

undertaken by the individual. Furthermore, with a high proportion of competitive tracks being left-

handed, training tracks are also likely to be run left-handed, thereby potentiating this asymmetrical 

loading further.  

On a left-hand track, the left hind limb would be considered as the hindlimb generating the most 

propulsive force (Takahashi et al., 2018; Williams et al., 2014) and therefore the attachment points 

of the associated ligaments and musculotendinous units would be under greater strain (Pearce et 

al., 2005). Increasing the cross-sectional area of attachment supports an increase in the potential 

power generated by the associated muscle mass, which is also likely to be larger than its 

contralateral counterpart (Ducher et al., 2005; Kasashima et al., 2002; Pearce et al., 2005; Sanchis-

Moysi et al., 2010; Wilczak, 1998). The adaptation in the bony attachment points within such 

regions reflects similar changes reported in the forearms of tennis players, whereby the dimensions 

and density of the bone in their racket arms are increased through repeated demands when 

compared to the players’ non-racket arm (Ducher et al., 2005; Sanchis-Moysi et al., 2010). 

Interestingly, despite the left forelimb being the more heavily loaded due to the nature of both the 

gait and the direction of the tracks, it is the longer right MCIII that increases in bone density in the 

racehorse (Davies & Watson, 2005) as opposed to the shorter left MCIII. The longer MCIII of the 

right limb is, however, subject to greater bending forces, and it is these bending forces that are 

theorised to trigger the increase in thickness of the respective dorsal cortex. The shorter and wider, 
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but more heavily loaded left MCIII is, however, more susceptible to fracture (Jalim et al., 2010; 

Parkin et al., 2006a, 2006b). If the differences in left-right symmetry of the MCIII’s were primarily a 

result of the demands of the discipline, further adaptive responses, of some form, would also be 

expected of the left MCIII to counteract this increased risk of structural failure. The lack of such 

adaptations to the left limb implies that the left-right asymmetries are not primarily associated with 

the demands of racing as a discipline.  

Unlike the changes to femoral morphometry reported by Pearce et al. (2005), the prevalence of a 

shorter left MCIII in the studied populations is less likely to be directly associated to the directional 

demands of the discipline, and is more likely a beneficial coincidence given the frequency of its 

incidence in non-racing populations also (Leśniak, 2013, 2020c). In general, asymmetric mechanical 

adaptations would predispose the athlete to poor performance (Drevemo et al., 1987), 

biomechanical injuries or, early structural or systemic breakdown (Vagenas & Hoshizaki, 1992); the 

degree of which would depend on the severity of the asymmetry. A clear historical reasoning for 

the predominance of left-handed racetracks in the UK is lacking, however, despite this limb being 

injured more (Parkin et al., 2006b), the directionality of the track supports the potential 

biomechanical advantage of having a slightly shorter inside limb. It could therefore be that this 

bilateral trait characteristic has emerged as a long-term consequence of selective breeding for 

performance traits which are historic in racing, or may actually, have inadvertently been the driver 

for the increased prevalence of left-handed tracks due to horses running better in this direction. 

The counter argument to this, however, is that similar asymmetries have been reported in polo 

ponies (McDonald et al., 2011), event horses (Leśniak, 2020) and non-competitive horses and 

ponies (Leśniak, 2013, 2018; Leśniak & Williams, 2020; Wilson et al., 2009) whereby the left MCIII 

is shorter, yet wider than the right MCIII.  Furthermore, as with handedness in humans, horses have 

been reported to demonstrate motor laterality preferences.  

Currently, little evidence is available to support an association between equine laterality and the 

symmetry of bilateral traits; nonetheless, what is available does seem to support an association 

(Leśniak et al., 2012). Equine laterality has, however, been investigated with regards to symmetry 

and has been associated with the direction of trichoglyphs, or facial hair whorls (Murphy & Arkins, 

2005; Murphy & Arkins, 2008; Randle & Elworthy, 2006; Shivley et al., 2016) which are themselves 

considered a form of asymmetry as they can present in either a clockwise, or anticlockwise 

presentation, or radially where the direction of the hair extends symmetrically from the centre of 

the whorl (Murphy & Arkins, 2008).  

The theory that bilateral trait asymmetry has evolved as a selection or discipline demand pressure 

related to the racing discipline is therefore fundamentally disputed and with a far wider range of 
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breed types affected, a more species level driver for this asymmetry should be considered. In 

addition to asymmetries of MCIII, asymmetries of the equine form have been identified within 

other key areas of their structural framework including the two residual metacarpals (May-Davis et 

al., 2018) and the skull (Parés-Casanova, 2020; Parés-Casanova et al., 2020). Interestingly, whilst 

the second metacarpal (MCII) presented as longer than the forth (MCIV) in both breed categories, 

May-Davis et al. (2018) reported that symmetry of MCII and MCIV is greater in domesticated breeds 

than in the Dutch Konik, the most genetically primitive equid breed type. Whilst the lengths of MCII 

and MCIV do not have a direct impact on performance, such findings would again suggest a more 

primitive drive for asymmetry which is being counteracted by domestic selection pressures. Further 

research, looking at either historical specimens, or breed types that have had minimal human 

interference, such as the Shetland pony, would help to expound this further.  

 

1.3.4 Limb loading and functional asymmetries  

Physical, structural asymmetry has been suggested to result in increased eccentric loading and 

subjects the shorter limb to disproportionate structural strain through resultant amassing stresses, 

and can result in compensatory adaptations elsewhere within the body (Auerbach & Ruff, 2006; 

Kanchan et al., 2008; Masters, 2001; Seminati et al., 2013; Vagenas & Hoshizaki, 1992). There is 

currently little empirical evidence to support this hypothesis: successful American distance runner 

Bill Rodgers attributes his asymmetric arm action to a leg length discrepancy, whereby the right leg 

is half an inch longer than the left leg (Anon, 1980; Douglas, 2006). Leg length discrepancies of 

under 2cm within humans have also been suggested to be less likely to result in overt compensatory 

mechanisms through the limb (Perttunen et al., 2004; Walsh et al., 2000) or significant pathological 

implications such as osteoarthritis (Gordon & Davis, 2019; Subotnick, 1975). Whilst other studies 

have indicated that discrepancies purportedly as small as 0.5cm have the potential to result in 

pathological changes (Harvey et al., 2010; Murray & Azari, 2015; Subotnick, 1976), it is generally 

more widely acknowledged that in humans, discrepancies above 2cm are significantly more likely 

to lead to a combination of pain and physical dysfunction and therefore reduced performance 

(Perttunen et al., 2004; Subotnick, 1975; Walsh et al., 2000). Compensatory postures that manifest 

because of appendicular length asymmetries may have visceral as well as musculoskeletal impacts. 

Asymmetric mechanical loading results in the application of stress within inappropriate regions of 

the articular surface of joints, or as excessive loading of soft tissues, leading to damage of the 

skeletal structures and their surrounding tissues (Chateau et al., 2002; Mills et al., 2013; Vagenas & 

Hoshizaki, 1992). Furthermore, in bipedal stance, where postural equilibrium relies on the 

symmetric, vertical alignment of the torso, a loss of postural symmetry can result in abnormal 
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internal pressures, particularly on the cardiorespiratory organs of the thoracic cavity (Massery, 

2006; Saki et al., 2017).  The effect of musculoskeletal imbalance includes impaired cardiovascular 

and respiratory function with the potential to further result in neurological compensations 

(Bruyneel et al., 2008; Saki et al., 2017). The association between the neurological and 

cardiorespiratory impairments, and the presence of structural asymmetries could help to explain 

the reduced limb co-ordination and markedly reduced athletic performance capabilities observed 

in neurologically impaired individuals. Whilst the horse is a quadruped, not a biped, associations 

between forelimb loading and cardiorespiratory health has previously been linked to the 

aetiopathogenesis of the condition exercise induced pulmonary haemorrhage (Schroter et al., 

1998; Thorpe et al., 2009) during the biomechanically asymmetrical gaits of canter and gallop. 

Whether asymmetries in the morphometry of the forelimbs has a role to play in either increasing 

or decreasing these forces, has yet to be determined.  

 

1.3.5 Asymmetries of the equine hoof 

Whilst various literature supports the presence of asymmetries within the equine distal limb, there 

is still very little definitive understanding of the driving forces behind these asymmetries, or the 

implications they may have on the health and soundness of the horse. Unlike almost all other 

species, the distal portion of the equid limb, the hoof, encompasses a structure whose dynamic 

conformation makes it a potential compensatory mechanism for limb deviations that might be 

present. The hooved single digit of the equid is the interface between the ground surface and the 

rest of the animal; the skeletal frame of the individual literally being suspended within the hoof 

capsule by the lamellar junction (Thomason et al., 2005). The shape of the hoof capsules changes 

through the course of the horse’s life. An example of this being the changes a foal’s hoof undergoes 

in the first year of life. Young foals present with hooves shaped like inverted cones (Figure 5). As 

the animal grows and increases the loading on the hooves through both increasing mass and 

increased usage, the wall angulations reverse so that the circumference of the hoof capsule at the 

ground surface is greater than that at the coronet band (Curtis, 2017; O’Grady, 2020).  

The ability to respond dynamically to the forces that are placed on it, enable the hoof to act as a 

visual representation of the loads it is experiencing (Decurnex et al., 2009). The presence of 

asymmetry of the feet has also been associated with shortened competitive careers in both elite 

showjumping and dressage horses (Ducro, Gorissen, et al., 2009). Load discrepancies such as a 

mediolateral or dorsopalmar/-plantar imbalance, or unequal weight distribution between 

contralateral limbs, lead to changes in both the growth and the wear patterns of the hoof horn, 
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altering the hoof’s morphometry (Dyson et al., 2011; van Heel et al., 2010). Where a 

disproportionate amount of loading is placed on a specific region of the hoof, the increased force 

is transmitted to the coronet band, resulting in a retardation of growth in this excessively loaded 

region. Furthermore, the resultant gait pattern is likely to increase the wear of this region at the 

interface with the ground (Wilson et al., 1998). Skeletal asymmetries can therefore impact the 

equivalent of the forces faced by a contralateral limb pair of hooves.  

The coexistence of these respective asymmetries was initially reported by Wilson et al. (2009). 

Within their study population the longer right MCIII was presented with a more boxy, upright foot, 

compared to the shorter left MCIII which presented with a more spread hoof. These findings were 

despite the population being composed of a wide diversity of breed types as certain breeds are 

synonymous with particular hoof conformation. The Warmblood, commonly used for dressage, is 

renowned for its more upright, or ‘boxy’, hoof conformation (Ducro, Bovenhuis, et al., 2009). The 

Thoroughbred, synonymous with racing, is has a strong reputation for a low heel conformation 

(Cust et al., 2013). The differences between the two are however, beneficial for the specific 

biomechanical requirements of the disciplines.  Wilson et al.'s (2009) finding of a more acutely 

angled left forelimb, and a more upright right forelimb, is repeated as an incidental finding in a 

number of studies looking at various aspects of distal limb function and morphometry (Kummer et 

al., 2006; Vogel et al., 2018; White et al., 2008). However, the placement of the more acutely angled 

hoof with the shorter limb, contradicts the theory that the hoof is compensating for the limb length 

discrepancies by adding length to the shorter limb.  

Instead, the longer limb appears to be lengthened further, compared to the contralateral limb, by 

the addition of the more upright hoof. As such, the reported asymmetries in hoof morphometry 

are unlikely to be attempts to compensate for limb length discrepancies. Alternatively, it is more 

likely that the shape of the hoof capsule reflects, and is exacerbated by, the forces being placed 

through the limb, of which the skeletally driven, limb length discrepancy could be a significant 

contributing factor.  

A number of studies have attributed a more acutely angled hoof wall to the limb with the greater 

degree of loading on the palmar structures of the foot (Eliashar et al., 2004; Moleman et al., 2006; 

Van Heel et al., 2005). Moleman et al. (2006) reported higher loading forces in hooves with a more 

acutely angled dorsal hoof wall than in those with more upright hooves. Unfortunately, within their 

study methodology there was a deliberate decision not to look at the directional distribution. 

Therefore, whether the more acutely angled hoof was more frequently presented on the left limb 

within this study, is unknown. 
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Figure 5: a) Hoof of a six week old foal demonstrating greater width at the coronet band than at 

the interface with the ground (Included with permission from O’Grady [2020])  b) of an adult 

horse presenting with relatively larger hoof base dimensions than those of the coronet band  

 

Stance preference has also been shown to influence the symmetry of hoof conformation, in 

particular, the angulation of the DHW. Due to their small head, short necked and long-legged 

conformation, young foals generally adopt a grazing posture whereby the forelimbs are spread 

within the sagittal plane. By increasing the protraction of one limb and the retracting the 

contralateral limb, the distance between the ground and the withers is reduced making it easier to 

reach the ground to graze (van Heel et al., 2006). van Heel et al. (2006) reported that foals with a 

preferential lateralised grazing stance developed uneven foot conformation, with the foot of the 

protracted limb, presenting with the more acutely angled heels. Whilst more foals preferentially 

protracted the left forelimb, the sub-group size of those presenting with a favoured stance, was not 

large enough to determine a statistically significant directionality bias. When the same horses were 

reviewed as mature 3-year olds, those with a strong laterality bias as a foal continued to present 

both with a wider forelimb stance, and with a more acutely angled DHW in the more protracted 

limb (van Heel et al., 2010).  Whilst again, the small group size prevented the confirmation of a 

directional bias within this study, a left sided preference for forelimb stance has been commonly 

noted in reports of motor laterality behaviour of horses (Cully et al., 2018; McGreevy & Rogers, 

2005; McGreevy & Thomson, 2006; Murphy & Arkins, 2008; Warren-Smith & McGreevy, 2010).  
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Whilst angular limb deformities that result from mediolateral imbalance within the limb of the foal 

have been well documented (Bramlage & Auer, 2006; Greet, 2015; Greet & Curtis, 2003), to date, 

there is a paucity of research into skeletal asymmetries, or limb length discrepancies in foals, as a 

result of the spread of the forelimbs within the sagittal plane. Ducro, Bovenhuis, et al. (2009) 

reported that the warmblood horses with conformation more suited towards a career as a 

competitive sports horse, were taller but also had shorter necks; similar conformational 

characteristics to that of a foal. These horses also presented with higher heel length and greater 

hoof asymmetry of their feet, further indicating a potential association between the grazing posture 

adopted due to distance between the lowered head and the ground, and hoof conformation. A 

longitudinal investigation into the development and manifestation of skeletal and hoof 

asymmetries in juvenile equids would provide significant insight into the presence of such 

asymmetries in the skeletally mature horse.  

Currently the field of equine asymmetry is still very much in its infancy with many unknowns that 

require investigation, or even identification. The papers submitted as part of this thesis have 

determined that an inherent DA exists within the general equine population and have helped 

illustrate that the more elite equestrian athletes exhibit greater symmetry within the majority of 

bilateral traits investigated. Despite these findings, disciplines with a strong element of 

directionality, have previously presented with asymmetries of cortical thickness and soft tissue 

attachment points, indicating training related adaptations exist to cope with increased loading 

requirements. As yet, differences between disciplines in terms of both the direction and magnitude 

of bilateral trait asymmetries has not been fully investigated and warrants attention in order to 

progress the concept of asymmetry as a potential tool to determine genetic quality, developmental 

stability or performance potential within horses. Furthermore, a longitudinal investigation into the 

manifestation and progression of both skeletal and hoof asymmetries through the phases of early 

growth and development (0-4 years) is needed to address many of the questions surrounding the 

factors contributing to skeletal and hoof asymmetry in the adult horse.  
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CHAPTER 2 

Extended abstracts of contributing published research papers. 

 

Paper A: The Incidence of, and Relationship Between, Distal Limb and Facial Asymmetry, and 

Performance in the Event Horse (2020) K. Leśniak Comparative Exercise Physiology 16(1): 

pp47-53 

Author contributions:  

K. Leśniak: Conceptualisation, methodology, investigation, formal analysis, project 

administration, visualisation, writing – original draft, writing – review and editing. 

Rationale1: 

Despite being one of only a few non-human species used for their ‘performance’ capabilities, 

equine related asymmetry has received less attention. Identification of influential conformational 

traits is considered important when choosing an appropriate horse for a specific discipline; both 

with regards to performance potential and career longevity. Dalin et al. (1985) was the first peer 

reviewed research to refer to an association between asymmetry and performance in horses. 

Dalin’s paper considered the asymmetries as a left-right difference in height from the ground of the 

tuber sacrale prominences; little consideration was given to the origin of this asymmetry from 

within the complex anatomical structure of the equine hindlimb. Manning and Ockenden's (1994) 

publication in Nature on racehorse asymmetry was the first to take into consideration the 

asymmetry of individual anatomical structures, and despite some variables being of questionable 

suitability, other more reliable variables did evidence a relationship to performance capabilities in 

the racehorse. However, racing is just one in a large array of disciplines that horses are used for 

within equestrian sports.  

 

Aim: 

The aims of the research in Paper A were: 

• to determine the presence of asymmetry in the functional and non-functional traits of 

event horses; and;   

• to determine whether a difference in bilateral trait symmetry exists between event horses 

of differing performance capabilities.   

 
1 Although the data collection and initial analysis was undertaken earlier within the timescale of the work 
being presented in this thesis, concurrent commitments resulted in it not being published at that time. 
Therefore, the publication was later than the initial project undertaking, but this enabled further analysis on 
the data.   

https://www.ingentaconnect.com/content/wagac/cep/2020/00000016/00000001/art00006
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Methodology: 

Invicta metric callipers and a tape measure were used to obtain direct measurements of 15 bilateral 

traits, including both functional (limb) and non-functional (facial) traits. Some of the variables were 

based on those used in Manning and Ockenden (1994), however variables involving the teeth and 

the hooves were not considered for inclusion as these are well known to be influenced by routine 

equine management practices. Data were collected from 18 event horses that had competed and 

gained points at advanced level during the previous two-years (AdE), and 15 event horses who had 

been bred to event but who had proven incapable of progressing further than novice or 

intermediate level (NIE).  

Asymmetry was considered as the difference between the means of the left and the right sides, not 

taking into consideration the resultant sign.  

 

Discussion of results and concluding remarks.  

The results of this study reflected the findings from Manning and Ockenden (1994) in that horses 

with a higher performance standing, presented with lower levels of asymmetry within both 

functional and non-functional traits.  Whilst not all traits presented with a significant difference 

between the two groups, almost all traits demonstrated a trend for lower asymmetry in the AdE 

group. As the three phases of the eventing discipline require the horse to work equally on both 

reins, as opposed to the more unidirectional demands in racing, it is unlikely that the asymmetries 

identified are a result of repeated discipline demands.  

The asymmetries presented within the results of this study were at the level of millimetres or less, 

and reflect those found in human athletes (Manning & Pickup, 1998; Trivers et al., 2014). Whilst 

there is some evidence to suggest that leg-length asymmetries (functional asymmetries) as low as 

5mm can alter limb biomechanics in the human (Khamis & Carmeli, 2018) it is unlikely that the 

performance differences between the two groups was purely due to differences in limb 

biomechanics brought about by these small-scale magnitudes. Furthermore, the MTA, considered 

to be a more accurate expression of an individual’s genotype than the symmetry of single traits, 

was significantly lower in the AdE group than the NIE group (P≤0.001). The asymmetries identified 

may therefore be indicative of more intricate, internal biological disruptions, such as neurological 

development. Further research is needed to support such theories of association, in both the 

equine and human athlete.  
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Contribution to the aims of the thesis: 

This study was the first to consider the performance horse within a discipline other than racing. If 

the asymmetries reported in racehorses were predominantly due to the unidirectional demands of 

the discipline and associated bloodstock selection pressures, similar asymmetries should not have 

been present in eventing, where a key aspect of performance is the ability to work equally off both 

reins. The findings of this research therefore put in to question previous suggestions that such 

asymmetries were discipline linked and suggests a link to performance capabilities, regardless of 

the discipline. The comparative nature of the asymmetries between the two disciplines, indicates 

the potential for a ‘normal’ level of asymmetry within the distal limb to be determined for those 

with higher performance capabilities. However, to be able to fully determine these potential 

parameters, confirmation of asymmetry within a non-competitive population needed to be 

determined to ascertain whether similar asymmetries, in terms of both direction and magnitude, 

are present within these populations also.   
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Paper B: Directional Asymmetry of Facial and Limb Traits in Horses and Ponies (2013) K. Leśniak The 

Veterinary Journal 198: pp e46-51 

Author contributions:  

K. Leśniak: Conceptualisation, methodology, investigation, formal analysis, project 

administration, visualisation, writing – original draft and writing – review and editing. 

Rationale: 

In Paper A, it was shown that event horses present with asymmetries of functional and non-

functional bilateral traits. This raised the question as to whether similar directional asymmetries 

also present within a non-competitive population. Whilst the preliminary event horse data for 

Paper A had been collected and analysed, the only peer reviewed published data on directional 

asymmetry (DA) in horses referred to racing Thoroughbreds.  

Similar to the results within Paper A (Leśniak, 2020), the small collection of published works within 

racing populations reported significant asymmetries in the morphometry of the third metacarpal 

(Davies & Watson, 2005; Manning & Ockenden, 1994; Watson et al., 2003). In addition to width 

and length differences, associations had also been drawn between the longer right third metacarpal 

and both a greater dorsal cortex thickness (Davies & Watson, 2005) and a predetermined limb 

dominance (Meij & Meij, 1980; Watson et al., 2003). Suggestions for the causation of the 

asymmetries were however, largely founded around the management, training and breeding 

practices of horses within the racing industry; particularly with regards to breeding stock selection 

pressures and soundness of horses running on an anticlockwise track. Whilst such theories were 

seeming logical, the absence of appropriate longitudinal research with randomly allocated study 

populations, reflects the speculative nature of these causation theories.  

 

Aim: 

The main aims of Paper B were: 

• to determine the presence and directionality of asymmetry in the functional and non-

functional traits of a population of non-competitive horses; and;   

• to determine whether a difference in incidence and the directionality of bilateral trait 

symmetry exists between horses and ponies. 

 

Methodology: 

Using Invicta metric callipers eleven functional (limb) and four non-functional (facial) bilateral traits 

were measured on both sides in a cohort of 100 horses and ponies of mixed breed, age and sex. 

https://www.sciencedirect.com/science/article/pii/S1090023313004607?casa_token=w7VBg5Dr4f0AAAAA:vQo-DPZ959ovK9C2v3tyvB54ICtQVkI6wy1Qw6X6X6m_3wC26tOTkj6dh_P3Qyyn_gjZSg3Irkj_
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The population was sourced through convenience sampling with the following inclusion criteria 

applied: over five years of age, no obvious injury related asymmetries of the limb (i.e. scar tissue or 

swelling) and not be either used in competition or have been bred to compete. 

Most of the bilateral trait variables used were based on those employed within the then 

unpublished eventing study within Paper A and the racehorse findings by Manning and Ockenden 

(1994).  Two trait measurements were modified slightly from Paper A’s methodology; the 

circumference measurements of the carpal and tarsal joints were replaced by carpal depth and 

tarsal width. Despite their high repeatability scores, it was felt that circumferential measures could 

be influenced by minor joint effusion, unlike carpal depth and tarsal width which were more reliant 

on bony landmarks. Asymmetry was considered as the difference between the means of the left 

and the right sides. The resultant sign was then considered to determine the directionality of the 

asymmetry. A positive directional asymmetry (PDA) denoted a larger left-side trait, whereas a 

negative directional asymmetry (NDA) denoted the trait was larger on the right side. The hypothesis 

was set that if no directional bias exists, the distribution frequency between the left and right sides 

for each trait should be equal within the population studied.  

 

Discussion of results and concluding remarks: 

The results of this study provide persuasive evidence that as a functional bilateral trait the third 

metacarpal and metatarsal are generally longer on the right, while the left-side is, in general, wider, 

regardless of whether the horse has or has not been bred and used for competition.  Within each 

of this study’s three groups (pooled, horse and pony), the left fore proximal phalanges were longer 

and wider while in the hind limb the left remained wider, but the length of the hind proximal 

phalanx was greater to the right.  The traits of the carpal and tarsal joints were also greater to the 

right for each of the three main groupings.  The only exception to this pattern was where the pony 

group presented with marginally greater left side bias for the width of the third metacarpal; 

however, they also presented with a much higher percentage of individuals demonstrating 

symmetry of this trait than the horse group.  

Non-functional traits were generally greater on the left in both length and width. Exceptions to this 

were nostril length in the pony group and the pinna length of the horse group which were both 

marginally greater on the right.  

Despite this being a non-competitive population, the functional trait asymmetries reflect those 

previously identified in the competition horse, such as those in Paper A (Davies & Watson, 2005; 

Leśniak, 2020; Manning & Ockenden, 1994; Watson et al., 2003). As some warmblood types 

(warmblood x cold blood) were included within the study population, a few of the horses included 
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may have had, at some point through their lineage, links back to racing thoroughbred bloodstock. 

However, the vast majority included were cold blooded (i.e., native, draught breeding) or of mixed, 

unknown breeding. Some hotblooded horses (e.g., Arabian and thoroughbred), were included; 

however, as per the criteria, these were excluded if they had either competed themselves, or been 

bred to compete. As such, while the population cannot be truly defined as ‘outbred’, the impact 

from any ‘racing bloodlines’, if present at all, would have been minimal. 

The results of this study indicate that the horse/pony should be considered as having a naturally 

occurring degree of directional asymmetry and that further stress-related asymmetry may occur in 

addition to, but not instead of, this. Directional asymmetry within horses and ponies is therefore 

more likely to be a species trait rather than one linked to discipline specific pressures. Regardless 

of the cause or the potential underlying characteristics, the findings from the current study suggest 

that, for horses and ponies, directional asymmetry may be the optimum for certain traits, rather 

than the presumed optimum of bilateral symmetry. As such, previous suggestions that 

directionality within Thoroughbred racing populations is linked to selective breeding strategies and 

training pressures is brought into question. 

 

Contribution to the aims of the thesis: 

Paper A had provided evidence that asymmetries of bilateral facial and distal limb traits were not 

only present and indicative of performance aptitude in the event horse, but also that they reflected 

asymmetries previously associated with the directionally biased sport of horse racing. Extending 

the principles of Paper A in to the non-comparative population, Paper B demonstrated that the 

same directional asymmetry of bilateral traits is present in the non-competitive horse and pony. 

Previous studies which presented theories based around breeding stock selection pressures and 

discipline demands had therefore overemphasised the associations within their results. The 

findings from this research indicated that bilateral asymmetry of distal limb traits needs to be 

considered on a species level rather than just at a discipline level. Whilst a pattern was now 

emerging in terms of the incidence and direction of the asymmetries being presented, it was still 

unclear as to the size, or magnitude of these asymmetries. As such, further analysis of these data 

were needed to determine whether those traits with a distinct directional bias also exhibited 

greater asymmetry magnitudes on that side.  
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Paper C: Relationship Between Magnitude and Direction of Asymmetries in Facial and Limb Traits 

in Horses and Ponies (2020) K. Leśniak & J. Williams Journal of Equine Veterinary Science 

93: pp103195  

Author contributions:  

K. Leśniak: Conceptualisation, methodology, investigation, formal analysis, project 

administration, visualisation, writing – original draft and writing – review and editing. 

J. Williams: Writing – original draft and writing – review and editing 

Rationale: 

Paper A identified associations between the presence of symmetry in bilateral facial and limb traits 

and athletic performance, adding to the existing body of research from racehorses (Manning & 

Ockenden, 1994) and human athletes (Berri et al., 2011; Manning & Pickup, 1998; Trivers et al., 

2013, 2014). Limited research has examined directional asymmetry (DA) outside of Thoroughbred 

or competitive populations. However, the presence of directional asymmetries similar to those in 

race and event horses was determined within a non-competitive population through Paper B. 

Consequentially, this brought into question the association with discipline demands and proposed 

a potential species level link to the incidence and expression of bilateral trait asymmetries. In 

addition to performance potential, the directionality and magnitude symmetry of bilateral traits 

has been associated, within other species, to physiological attributes such as health (Manning & 

Bundred, 2000; Milne et al., 2003; Scutt et al., 1997), attractiveness (Berri et al., 2011; Gangestad 

et al., 2010) and reproductive status (Manning et al., 1998; Møller, Soler, et al., 1995; Scutt & 

Manning, 1996). While DAs had been identified within equine populations, to be able to better 

understand the potential impact of such asymmetries on the functional capability of individuals, 

the magnitude of the asymmetries should also be established.  

 

Aims: 

The aims of Paper C were to: 

• compare asymmetry magnitudes of functional and non-functional traits in a non-competitive 

equine population; and; 

• determine whether asymmetry magnitude is lower within the side previously presenting with 

a greater DA frequency, as determined by Paper B. 

 

 

 

https://doi.org/10.1016/j.jevs.2020.103195
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Methodology: 

This study used the same data set as analysed for directionality within Paper B, where Invicta metric 

callipers had been used to measure eleven functional (limb) and four non-functional (facial) 

bilateral traits in a cohort of 100 horses and ponies of mixed breed, age and sex.  The difference 

between the means of the left and the right sides was used to determine the absolute asymmetry 

(AA) and the asymmetry as a percentage of trait size (TA%). DA was recalculated as, due to the 

nature of the analysis, outliers were identified and removed; this had not been necessary for Paper 

B, where frequency data were being considered. Removal of outliers did not alter the DA bias of 

any of the traits investigated. As per Paper B, the population was investigated as pooled data, and 

as horse (withers height >148 cm) and pony (withers height 6148 cm) sub-groups. Each of the three 

groups was then further subdivided for each trait, into individuals presenting with larger left or 

larger right sides (Figure 6). Asymmetries were compared as mean asymmetries and as percentages 

of the trait size at each grouping level.  

 

Figure 6: Divisions of the sample population into groups (pooled, horse, and pony) and into LL 

(left-larger) and RL (right-larger) subgroups at trait level. 

 

Discussion of results and concluding remarks: 

Contrary to the initial hypothesis, the findings from Paper C suggest that where directional bias 

exists, the asymmetry magnitude is larger within the side exhibiting greater DA bias. This expands 

on Papers A and B by evidencing that asymmetry magnitudes largely reflect the directional 

asymmetries presented. Whilst there is currently no clear explanation as to why the directionality 

and magnitude biases align, it is likely due to the underlying genetic factors influencing the growth 
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and development of that side, given that DA’s result from genetic rather than environmental 

causes. These findings add to the argument that a ‘normal’ level of asymmetry exists, but also that 

directionality and magnitude of this ‘normal’ depends on individual bilateral traits. Reported 

asymmetry ranges were reflective of those in human studies. However, their biomechanical 

significance and any resultant potential for injury predisposition remains undetermined.  

Both the horse and pony groups presented with significantly longer right third metacarpal and 

metatarsal bones; both traits being of higher DA frequency in Paper B. The patterns of asymmetry 

further implied a biomechanical preference for left-lead canter; an asymmetry previously only 

observed in racehorses. As this population was specifically not competitive, factors other than 

bloodstock selection pressures and unilateral discipline demands need to be identified to explain 

the presenting asymmetries.  

Differences in magnitude data between horse and pony groupings were unexpected; an example 

being that the identified ‘normal’ range varied depending on whether it was with reference to a 

horse, or to a pony.  For several traits (e.g., carpal width, HPP length, and MT3 width), the difference 

in asymmetry magnitudes expressed by the horse group was enough to influence the pooled data. 

Although some similarities were presented, the significant differences between horses and ponies 

reinforces the existence of more diverse phenotypical differences than height alone. Whether this 

disparity is exacerbated through differences in breeding strategies, or is inherent to the informal 

“horse” and “pony” divisions in the Equus Caballus taxonomy, remains to be investigated. Breeding 

of horses is managed more intensively than that of ponies, with many horses having Thoroughbred 

lineages within their bloodlines, such as the Irish Sports Horse and the European Warmbloods 

(Hector, 2010; Ireland, n.d.). Reduced heterozygosity has, in other species, been linked to 

developmental instability and increased asymmetry within bilateral traits (Babbitt, 2006; Fessehaye 

et al., 2007; Møller & Swaddle, 1997; Polak & Trivers, 1994). Within Paper C, reduced heterozygosity 

of the horse population may help to explain the reported differences between horses and ponies, 

particularly regarding the facial traits. However, phenotypic consequences of breeding strategies, 

as opposed to heterozygosity, may better explain the propensity for horses to present with greater 

bone length symmetry, compared to ponies who present with greater width symmetry of the same 

structure.  

 

Contribution to the aims of the thesis: 

While Paper A corroborated the presence of skeletal asymmetries within competitive horses, 

Papers B and C confirmed their presence in a non-competitive population. Papers A and B mainly 

focussed on the DA and/or the association with performance. Paper C progressed this by 
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determining that asymmetry magnitudes reflect the DA. Contrary to the hypothesis, the side with 

a DA bias showed a higher level of asymmetry. As such, the larger deviations were seen in the 

majority, rather than the minority of the population for a specific trait. Based on these findings in 

conjunction with those from Paper A and the racing publications (Davies & Watson, 2005; Manning 

& Ockenden, 1994; Watson et al., 2003), it could be theorised that while a species level DA exists, 

individuals with lower levels of asymmetry within the general population, are potentially those with 

better athletic capabilities.  

Papers A – C depicted a pattern in terms of asymmetry incidence, magnitude and direction, 

however, the limbs compensation mechanisms for such frequently occurring asymmetries 

remained to be determined. It was, therefore, essential to look at the morphometry of the equine 

hoof given that this is the only part of the limb capable of changing in dimension post skeletal 

maturity. As such, the variables incorporated into Paper D were expanded to include coronet band 

width, hoof base width and limb segment heights in relation to the ground to try to identify 

compensation mechanisms within the region of the distal limb. 
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Paper D: Skeletal Forelimb Measurements and Hoof Spread in Relation to Asymmetry in the Bilateral 

Forelimb of Horses (2009)  G. H. Wilson, K. McDonald, and M. J. O’Connell Equine 

Veterinary Journal 41(3): pp238-241 

Author contributions:  

G. H. Wilson: Investigation, formal analysis and writing – original draft. 

K. McDonald2: Conceptualisation, methodology, investigation, formal analysis, project 

administration, visualisation, writing – original draft and writing – review and editing. 

M. J. O’Connell: Formal analysis and writing – original draft. 

Rationale: 

Papers A, B and C added to the limited quantity of published literature by highlighting a high 

frequency of skeletal asymmetries in horses, and a number of bilateral traits with a distinct 

directional bias (Davies & Watson, 2005; Leśniak, 2020; Manning & Ockenden, 1994; Pearce et al., 

2005; Watson et al., 2003). Whilst some physiological asymmetries commonly associated with poor 

performance can be linked to muscle asymmetry or discrepancies in left-right joint angulation (Dalin 

et al., 1985), the impact of millimetre differences in bone length has yet to be explained; despite 

evidence that it presents concurrently with lower performance capabilities (Leśniak, 2020; Manning 

& Ockenden, 1994). Asymmetry of the length and width dimensions of the forelimb have raised 

significant interest. Within human research, discrepancies of less than 2cm are suggested to rarely 

lead to pathological problems, however there are a few reports of hip, knee and lower back pain 

with as little as 0.5cm difference (Gordon & Davis, 2019). The full implications of limb-length 

discrepancies in humans remains to be fully understood.  

With regard to the horse, limb length is known to not only have a bearing on the conformation of 

the horse, but also on the leverage of the limb during locomotion (Clayton, 2004).  Horses also have 

the additional dynamic, when compared to the human, of being quadrupedal. As such, they may 

be better able to biomechanically compensate for minor discrepancies in limb length. In addition 

to this, the horse also has a segment of their limb composed of material able to adapt and change 

in geometrical form in relation to the loads placed on it; the hoof. Research into hoof asymmetries 

has shown that within a bilateral pair, the hoof with the smaller angle is often the one subjected to 

greater loading. Whether the increased loading is a result of the more acute angulation, or whether 

the acute hoof wall angulation is a result of the higher loading, remains to be determined. Limited 

attention has been paid to understanding compensatory mechanisms for skeletal asymmetries in 

 
2 McDonald is K. Leśniak’s maiden name.  

https://beva.onlinelibrary.wiley.com/doi/abs/10.2746/042516409X395561
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the horse; the dynamic structure of the hoof could, therefore, be acting in a compensatory capacity 

to protect internal structures from excess concussive forces.  

 

Aims: 

The aims of Paper D were to: 

• determine the incidence of hoof and limb segment asymmetries within the study population; 

and; 

• investigate a relationship between the morphometry the hoof and limb segments of the 

forelimb 

 

Methodology: 

A cohort of 34 leisure horses and ponies of mixed breed, age and sex was sourced through 

convenience sampling. Length of the third metacarpal was the only bilateral trait measurement 

within this study that was consistent with the traits reviewed in Papers A, B and C. To investigate 

the relationships between segment lengths, heights from the ground were measured for the 

metacarpophalangeal and carpal joints, point of elbow, point of shoulder and scapular height. 

Measurements of the hoof consisted of the width at the top and the bottom of the hoof, which 

were used to determine hoof spread (HS), and the dorsal wall and heel heights.  

 

Discussion of results and concluding remarks: 

In support of Papers A, B and C, the findings of Paper D demonstrated considerable asymmetry in 

left-right morphometry of the equine limb, with only 11 instances of symmetry within the 358 pairs 

of trait measurements collected. Third metacarpal length again presented with a right-side bias, 

which was also demonstrated by point of shoulder height and heel height.  

Through existing knowledge of the hoof’s response to loading and forces placed upon it (Hood et 

al., 2001; Kroekenstoel et al., 2006), asymmetry in HS measurements can be postulated to reflect 

unequal limb loading, which in turn may contribute to injuries and reduced performance (Holroyd 

et al., 2013; O’Grady & Poupard, 2001). Within the findings from Paper D, it was reported that as 

left HS increased, so too did the length of the right third metacarpal, and the height of both the 

right fetlock and right elbow from the ground. Right HS had a significant negative relationship with 

left elbow height and a significant positive relationship with the right measurements of fetlock 

height and point of shoulder. The significant associations between HS and limb segment 

measurements indicates an interaction likely exists between these variables. In line with previous 
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studies which have reported that the shorter limb takes the greater concussive load (Moleman et 

al., 2006), these findings evidence that the shorter limb also presents with the greater HS. Hoof 

angle was not measured in this study as hoof spread was used as the main parameter, however, 

the geometry associated with an increase in hoof spread would also result in an increase angulation 

of the dorsal hoof wall. Visual observations taken during data collection support that those with 

greater HS had more acute dorsal hoof wall angles, whereas a lower HS presented with a more 

upright and ‘boxy’ appearance.   

 

Contribution to the aims of the thesis: 

The presence and magnitude of skeletal asymmetries within horses and ponies, regardless of 

competitive status, was confirmed by Papers A, B and C.  The mechanisms by which the horse is 

able to compensate for such frequently occurring asymmetries needed to be investigated. As such, 

Paper D expanded on the previous work by incorporating limb segment and hoof capsule variables 

to determine that as the right limb increased in length, specifically the length of the third 

metacarpal, the spread of the left hoof increased. Due to the geometry illustrated by hoof spread, 

an increase in hoof spread would be concurrent with a reduction in the angle of the dorsal hoof 

wall. Previous studies have also shown the hoof with the lower angle is the hoof subjected to the 

highest load (Moleman et al., 2006).  

Loading forces can be influenced by several factors, but one of the primary influences is the size of 

the individual horse. Paper E developed this further concept by taking into consideration both the 

mass and the height of the horse, to determine their influence on hoof morphometry. In addition 

to measurements of the width of at coronet band and at the base of the hoof as used in Paper D, 

Paper E also incorporated analysis of the angle of the dorsal hoof wall to provide confirmation of 

the involvement of the angulation at this region of the hoof.  
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Paper E: The Influence of Body Mass and Height on Equine Hoof Conformation and Symmetry 

(2019) Leśniak, K., Whittington, L., Mapletoft, S., Mitchell, J., Hancox, K., Draper, S. and 

Williams, J. Journal of Equine Veterinary Science 77: pp43-49 

Author contributions: 

K. Leśniak: Conceptualisation, methodology, formal analysis, project administration, 

supervision, visualisation, writing – original draft and writing – review and editing 

L. Whittington, S. Mapletoft, J. Mitchell and K. Hancox: Investigation 

S. Draper: Writing – original draft and writing – review and editing 

J. Williams: Formal analysis, writing – original draft and writing – review and editing 

Rationale: 

Paper D determined that hoof asymmetries, hoof spread in particular, are associated with the 

presence of limb asymmetries. Rather than act as a mechanism to compensate for limb 

asymmetries, hoof asymmetries may in fact reflect, and be exacerbated by, the permanent 

asymmetries of the limb. The morphometry of the equine hoof determines its interaction with the 

ground the subsequent forces entering the limb (Eliashar et al., 2004). As such, this ‘smart structure’ 

(Thomason, 2007) has evolved to provide leverage, support and shock absorption (Gill, 2007) and 

the morphometric asymmetries exhibited by the hooves may still act as a mechanism to counteract 

the impact of the inherent skeletal asymmetries (Wilson et al., 2009) in order to facilitate 

locomotion and maintain soundness. The angle of the dorsal hoof wall is related to the forces the 

limb is subjected to, with lower angles presenting in the limb subjected to the highest load within 

a pair (Moleman et al., 2006). The hooves in Paper D presenting with greater hoof spread were 

therefore likely to be subject to greater loading forces.  

Loading forces can be influenced by a number of factors, but one of the primary causes is the size 

of the individual horse. Anecdotally, larger horses have been suggested to have more upright feet; 

however, the larger the horse, the greater the loading force and therefore potentially the greater 

spread. The horse has a high ratio of body mass to weight-bearing surface of the hoof which results 

in significant repetitive impact stresses during locomotion (MacDonald et al., 2006; Warner et al., 

2013). Despite this, there is a lack of empirical evidence connecting a horse’s mass to specific hoof 

morphometry characteristics. A clearer understanding of factors influencing hoof shape could 

enable prevention, or better treatment, of foot-based disorders; which are common causes of 

equine lameness (Dijkstra et al., 2016; Holroyd et al., 2013). 

 

 

https://www.sciencedirect.com/science/article/abs/pii/S0737080618305306
https://www.sciencedirect.com/science/article/abs/pii/S0737080618305306
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Aims: 

Following on from Paper D, the aims of Paper E were to: 

• investigate the relationship between horse body size (mass and height) and fore hoof 

dimensions; and; 

• determine changes in the occurrence of hoof asymmetry as body size increases. 

 

Methodology:  

A mixed cohort of 63 riding school horses, all subject to comparable work and management 

routines, were used for this study. The horses were required to be in a 4-6 week farriery 

intervention routine (Leśniak et al., 2017) and to have been shod within the two weeks before data 

collection. The horses’ heights and weights were recorded, and their dorsal hoof wall angulation 

determined through 2D analysis of digital images. As per the protocol in Paper D, direct 

measurements of coronet band width (CBW) and hoof base width (HBW) were obtained to 

determine hoof spread for both the left and right hooves; the hoof spread ratio (HSR = HBW / CBW) 

was also calculated.  Horses were grouped according to mass and height independently to 

determine individual influences on hoof conformation. Individuals within each height category 

were grouped according to mass for comparison to determine a combined influence.  

 

Discussion of results and concluding remarks: 

When considered across the study group, an increase in body mass was related to an increase of 

both CBW and HBW in the left and right hooves indicating that as the size of the horse increased, 

so too did the size of the hoof. However, Paper E identified that the impact of body mass on hoof 

geometry, was significantly greater for the larger horses than their height; specifically, in the 

development of more upright “boxy” forefeet when compared to smaller horses.  As the DHWA of 

the right foot increased in horses over 16hh, so did the right CBW. Conversely, as the DHWA of the 

left foot increased a concurrent, but non-significant decrease in left HS was recorded. As such, as 

both height and body mass increased, both the left and right hooves tended toward a more upright 

conformation. This was more pronounced in horses over 16hh who presented with a lower hoof 

spread than those under 16hh. However, while the left and right DHWA positively correlated, the 

asymmetries observed suggested the increase in vertical orientation was more pronounced in the 

right hoof, particularly as the mass increased in horses over 16hh.  Therefore, as the horse increases 

in size, so does the left-right asymmetry of the forefeet, particularly with regards to the DHWA. 

These findings support those of Wilson et al. (2009) in that as leg-length increases, hoof spread 

decreases. Moreover, as the leg length asymmetry increases, the hoof spread of the left forefoot 
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becomes more pronounced compared to the hoof of the right limb. This puts into question the way 

in which the hoof might play a role in compensating for discrepancies in limb length as it indicated 

that the more upright hoof  is part of the limb with the longer third metacarpal, as opposed to 

acting as extra length on the limb with the shorter long bone length.   

The morphological adjustments required to facilitate a more vertically inclined, or boxy 

conformation, result from the development of a more upright hoof wall angulation. 

Consequentially, the horn tubule orientation would become more vertically aligned. Such 

adaptations within the morphometry of the hoof conformation would indicate a ‘smart-structure’ 

response to structural loading forces, particularly when amplified by a larger body mass. The 

differences in both the morphometry and symmetry reported within Paper E would form important 

considerations for farriers, trimmers and veterinarians when undertaking both maintenance and 

remedial care of equine feet, especially within the larger horse. Furthermore, the contribution of 

body mass to changes in hoof morphology warrants further investigation to determine any 

implications of obesity, as an equine welfare concern (Owers & Chubbock, 2013), on the 

compensatory mechanism of the hoof, as well as the degeneration of orthopaedic structures.  

 

Contribution to the aims of the thesis: 

Whilst the body of literature remains relatively small, skeletal asymmetries have been documented 

in both competitive (racing (Manning & Ockenden, 1994; Watson et al., 2003) and eventing (Paper 

A)) and in non-competitive equine cohorts (Papers B, C & D) and a link has been drawn to the 

capacity of the hoof as a smart structure to compensate in some way for these asymmetries (Papers 

C & E). A number of studies pertaining to the hoof have noted left-right asymmetries, but not 

explored their incidence, causation or impact further. The association between hoof asymmetries 

and bilateral, skeletal limb asymmetries has only really been previously broached by Paper D. Paper 

E was able to provide further insight into factors affecting the morphometry and symmetry of the 

equine hoof; with particular focus on the mass and the height of the horse. Whilst skeletal 

asymmetries were not investigated within this paper, the findings in relation to the morphometry 

of the hoof and the horse’s size, aligned with those within Paper D; however, the mechanism by 

which it acts to compensate for these asymmetries is put in to question due to the more upright 

hoof being found with the long, rather than the shorter limb.  

As a smart structure the geometry of the hoof is not constant and fluctuates through growth and 

routine farriery or trimming interventions. Consequently, the DHW angulation, which provides the 

structural support and would likely play a significant role in any identified compensation 

mechanism, may vary within this time period. It was therefore important to determine the change 
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in hoof morphometry, particularly with regards to the angulation of the DHW at different points 

within the intervention cycle; this therefore forms the basis for Paper F.  
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Paper F: Does a 4–6 Week Shoeing Interval Promote Optimal Foot Balance in the Working Equine? 

(2017)    

K. Leśniak, J. Williams, K. Kuznik and P. Douglas Animals 7(4): 29 

Author contributions: 

K. Leśniak: Conceptualisation, methodology, formal analysis, project administration, 

supervision, visualisation, writing – original draft and writing – review and editing 

J. Williams: Formal analysis, writing – original draft and writing – review and editing 

K. Kuznik: Methodology and investigation 

P. Douglas: Writing – original draft 

Rationale: 

The identification and confirmation of limb asymmetries by Papers A, B and C led to the questions 

of whether these limb length discrepancies were being compensated for by the hooves. Papers D 

and E were able to determine that asymmetries exist within the hooves, however the results 

contradicted the logical assumption that the more upright hoof would be on the side with the 

shorter limb (the left leg). Instead, the results from both Papers D and E indicate that the right foot 

is more upright and ‘boxy’, whereas the left foot was more acutely angled, with a wider hoof spread. 

The concurrent asymmetries in hoof conformation and limb length may therefore have more 

associations with asymmetric loading forces, as opposed to compensations for overall limb length.  

In addition to loading forces, the other factor that could influence hoof geometry is routine hoof 

care interventions from farriers or trimmers. The aim of farriery/ trimming is to restore the balance 

of the hoof, correct conformational defects, and optimise distal limb biomechanics, then the ideal 

shoeing/trimming interval should facilitate consistency in the loading of the foot, and by default, 

the associated structures of the distal limb (Kummer et al., 2006; Thomason, 2007).  There have 

been a few references within peer-reviewed literature for the durations between interventions to 

be no longer than four to six weeks (Moleman et al., 2006; Taylor et al., 2002).  However, with a 

lack of knowledge as to if and how the hoof capsule distorts over this time period, interval lengths 

of up to eight to ten weeks can be seen in practice. Despite associations with distal limb injuries 

(Holroyd et al., 2013; Kane et al., 1998; O’Grady, 2003) and the potential to influence research 

findings on studies pertaining to hoof conformation, there is currently a paucity of evidence-based 

knowledge concerning the linear and angular changes that occur within the hoof associated with 

shoeing/trimming intervals. 

 

 

https://www.mdpi.com/2076-2615/7/4/29
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Aims: 

The aims of Paper F were to: 

• determine linear and angular hoof variations pre- and post-farriery within a four- to six-

week shoeing/trimming interval. 

• Determine changes in the symmetry of the hoof capsule pre- and post-farriery within a 

four- to six-week shoeing/trimming interval 

 

Methodology:  

A mixed cohort of 26 riding school horses, all subject to comparable work and management 

routines, were used for this study. The horses were required to be in a four to six-week farriery 

intervention routine and to have been shod within the two weeks before data collection. Lateral 

and anterior digital images were taken of each horse’s left forelimb and hoof, to enable a 

comparison of 17 hoof and distal limb morphometric measurements and angles pre- and post-

farriery treatment (Dyson et al., 2011; Moleman et al., 2006; White et al., 2008). Pre-intervention 

images were taken in the four days prior to the farriery intervention (trim and shoe placement) and 

post-intervention images were taken in the four days following the intervention. The shift in the 

Centre of Pressure (CoP) from the toe was predicted using the following equation proposed by Van 

Heel et al. (2005):  

∆d = aold.cosαold − anew.cosαnew 

where, in Paper F, anew was the length of the dorsal hoof wall post-farriery, αnew was the hoof angle 

post-farriery, aold was the length of the dorsal hoof wall pre-farriery (after four to six weeks), and 

αold was the hoof angle pre-farriery. d is the predicted location of CoP at midstance, relative to the 

point of rotation at the toe.  

 

Discussion of results and concluding remarks: 

Paper F showed significant differences between pre- and post- intervention hoof dimensions for 

the majority of the lateral view, anterior view, and HPA measurements. Changes from the anterior 

view highlighted significant mediolateral variation between the linear and angular measurements 

of the two time points. The lateral aspect of the DHW was 4% longer than the medial aspect prior 

to intervention but this increased to a post-intervention difference of 7%. The angle of the medial 

aspect of the DHW also increased in asymmetry from 7% pre-intervention to 10% post-intervention. 

Asymmetries of the mediolateral variables add weight to the argument that the asymmetry of the 
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individual hoof, with a slightly longer and more acutely inclined lateral wall, suit the lateral hoof 

landing and unrollment pattern of the foot during landing.  

Most lateral view variables changed significantly post intervention. Reductions of the dorsal wall, 

and weight bearing, and coronary band lengths resulted in an increased vertical orientation of the 

hoof. The mean DHWA pre- and post-intervention fall within ‘normal’ ranges: 48.6° to 58.4° (Dyson 

et al., 2011a; Thomason et al., 1992). The decrease in DHWA associated with a four to six-week 

interval (2.26° decrease, approximately 0.94° per two weeks) is analogous to the 3.3° decrease 

reported by Moleman et al. (2006) across an eight-week shoeing interval.  The concurrent increases 

in dorsal hoof wall angle, heel angle, and heel height illustrated an improved dorsopalmar 

alignment post-intervention. Mediolateral measurements of coronary band and weight bearing 

lengths reduced, whilst medial and lateral wall lengths from the 2D images increased, indicating an 

increased vertical hoof alignment.  

Paper F demonstrated that a four to six-week interval is sufficient for a palmer shift in the CoP. The 

change in force distribution would increase the load on the more acutely inclined pre-intervention 

heels. These changes would result in an altered distal interphalangeal joint angulation, and an 

increased load on susceptible structures such as the deep digital flexor tendon. The findings from 

Paper F therefore support previous literature advocating four- to six-week (five-week optimal) 

intervention intervals for the optimal prevention of excess palmar loading and maintenance of 

appropriate mediolateral balance. The combined effects work towards reducing long-term injury 

risks through cumulative, excessive and incorrectly orientated loading.  

 

Contribution to the aims of the thesis: 

Whilst Paper D found an association between limb and hoof asymmetries, similar patterns of hoof 

asymmetry were also highlighted to have a relationship with body size within Papers D and E. As 

such, whilst a relationship appears to exist between limb and hoof asymmetries, these associations 

look to be more complex than initially anticipated. Furthermore, as a dynamic and ‘smart’ structure, 

the hoof constantly changes its geometry through continuous growth. Due to modern management 

and husbandry strategies, hoof wear and hoof growth do not occur at an equal rate, therefore 

regular interventions are needed by a farrier/trimmer to mitigate for this.  

Hoof growth results in a gradual shift in hoof capsule geometry across the duration of an interval 

and a rapid shift between hoof morphometry immediately prior, to immediately following an 

intervention due to removal of excess growth from the distal region of the hoof wall.  

Paper F provided evidence that across the duration of an interval, the CoP shifts palmarly as the 

length of the DHW increases. As a result, the hoof takes on a more acutely angled, and broken-back 
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posture which is reflective of the acutely angled left hoof conformation reported in Papers D and 

E. The intervention supports the hoof in regaining a more vertical orientation, increasing the 

columns of support as discussed in Paper E. The symmetry of the hoof capsule was however 

highlighted in Paper F to improve across the duration of the interval, as opposed to an improvement 

following the intervention. Despite the role of the hoof featuring in various aspects of research 

including kinematic studies, this variance in regions that forms the base of support, lacks research, 

or acknowledgement. Further work is needed to determine whether both hoof capsules respond in 

a similar manner, and therefore whether symmetry of the pair increases or decreases across an 

intervention interval.   
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CHAPTER 3 

Conclusions and future research 

3.1 Conclusions  

The key aims of this thesis were to: 

a) establish the existence of, and difference between the magnitude and direction of distal 

limb asymmetry within competitive and non-competitive equine populations; 

b) verify the role of the equine hoof as a smart structure in compensating for asymmetries of 

the limb; and; 

c) determine whether a ‘normal’ level of directional asymmetry exists within the distal limb 

and hoof of the horse, irrespective of competitive standing.  

The papers have been arranged within this thesis in an order that supports a progressive narrative, 

but the chronological order of publication was dictated by other forces, not least a realisation of 

the importance of some of the earlier work undertaken. Paper A exemplifies this by being the first 

data set collected, and initially presented at conference (McDonald & Dumbell, 2008). Only 

following the construction of Papers B and C, was the potential importance of this work made clear, 

and the decision made to publish as a standalone data set.  

Asymmetry patterns of the non-competitive horse, established in papers B and C, have brought 

question on previously theorised links between asymmetries and both breeding selection pressures 

and training practices, and have indicated the potential for a species level asymmetry. Discipline 

linked laterality preferences, such as racehorses better performing on a left-hand track, could 

therefore, be consequential of a bilateral trait asymmetry, rather than being derived from a training 

influenced structural directionality. The naturally occurring directional asymmetry of bilateral 

skeletal traits identified within the contributory papers, may help to explain why many horses are 

reported to have an asymmetry of movement, or a preferred sidedness; points also suggested 

within industry periodicals (Barakat & McCluskey, 2014; Green, 2020).  

From papers A, B and C, and the existing body of racehorse symmetry data, it is hypothesised that 

a species level DA exists within certain bilateral traits, and which could be considered the ‘normal’ 

for the general equine population. Whether this ‘normal’ is also ‘optimal’ remains to be 

determined, it is however, the majority situation presented within the species. Furthermore, hoof 

morphometry reported in Paper D does not support the initial suppositions that conformation of 

the equine hoof, as a dynamic structure, was acting as a compensatory mechanism for limb 

asymmetries. The combined findings establish that hoof asymmetries do not assume a role to 

equalise limb length, rather they reflect the skeletal asymmetries being presented; the hoof of the 
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shorter limb having a more acutely angled hoof wall and being subject to greater loading forces. 

The initial trigger for these asymmetries, and whether they manifest in the limb or hoof first, 

remains to be determined. However, simultaneous development of these asymmetries, as a side-

effect of an early age, stance laterality preference, could be theorised. Research into equine 

movement and limb preference laterality has yielded varying results depending (Cully et al., 2018; 

Murphy et al., 2005). Murphy et al. (2005) noted no difference in laterality preference at a 

population level, but when considered separately, males presented a left laterality whereas females 

were right lateralised. Some studies have, however, reported stronger left laterality preference, 

particularly with regards to forelimb protraction within stance, or the onset of movement (Lucidi et 

al., 2013; McGreevy & Rogers, 2005; McGreevy & Thomson, 2006; Warren-Smith & McGreevy, 

2010).  

Due to their proportionally longer legs and shorter neck, the forelimb stance position assumed by 

foals is wider than that of adult horses (van Heel et al., 2006). The limited studies available in foals 

do suggest a marginal left lateralisation for forelimb protraction (van Heel et al., 2006) or movement 

preference (Lucidi et al., 2013) and that this laterality is reflected in hoof symmetry which can 

persist into adulthood (van Heel et al., 2010). The widespread stance exhibited by foals would 

distribute more of the stance load on the palmar aspect of the protracted limb and the dorsal aspect 

of the retracted limb. Excess loading on a specific region of the hoof wall results in a retardation of 

the growth in that area (Pleasant et al., 2012; Redden, 2003), therefore it is likely that the 

asymmetry exhibited within foals hooves results as a consequence of this uneven loading. The 

presence and development of skeletal asymmetry from foals to adulthood has yet to be 

investigated, however, this might be partially instigated by the foal’s broad stance and 

subsequently unequal load on the developing skeletal frame. If this is the case, then a self-

perpetuating cycle may also develop, whereby the more acutely angled hoof is subjected to higher 

loading, resulting in increased concussion within the limbs and retarded growth at the epiphyseal 

plates, leading to a shorter limb, which increases the loading forces further on the palmer aspect 

of the limb, retarding the growth at the heels and so on.  

These loading forces are exacerbated as either the hoof angle decreases, or the size of the horse 

increases. However, as the horse increases in size, both factors occur, indicating that as horse size 

increases (height and mass), hoof asymmetry within the forelimb increases, reflecting greater 

asymmetries in the bilateral skeletal traits of the horse. Whist there is some evidence that the 

centre of pressure sits slightly more palmarly in the unshod limb than (Colahan et al., 1991), 

whether there is any difference in hoof capsule morphometry dependant on the size of the horse, 

or in terms of left-right asymmetry presentation, remains to be determined. Based on the 
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asymmetry findings from Papers B, C and D, which were obtained from a mixture of shod and 

unshod horses, it could be hypothesised that presentation and angulation of the DHWA in unshod 

horses would reflect those currently reported in the shod foot. The magnitude of the angles might, 

however, differ between the two practices, due to the lower concussive loading experienced by 

horses managed barefoot (Dyhre‐Poulsen et al., 1994; Roepstorff et al., 1999).  

The greater symmetry reported for better performing racehorses and event horses does, however, 

indicate that bilateral trait symmetry of higher performing athletes sits more towards a mean FA of 

zero, or perfect symmetry than those individuals of lesser athletic ability (Figure 7). This does 

deviate from the trends of the general population, however, the underlying physiology reflected by 

this preference for symmetry may be contributory to their greater athletic potential, either through 

heightened performance attributes or a reduced likelihood of injury. The differences in asymmetry 

presentation between elite and non-elite performance populations identified through the 

submitted papers, contributes significantly to the existing, but limited, body of structural 

asymmetry research within the equine field.  

 

 

Figure 7: Representation of the difference in symmetry between the general equine population, 

and those considered as elite athletes.  

 

Whereas the application to industry of the skeletal asymmetry results is currently not as 

translatable, the hoof conformation papers contributing to this thesis have received industry 

attention (Leśniak, 2018b, 2020a, 2020b, 2020d, 2021; Leste-Lasserre, 2017).  Some of the 

immediate findings can be directly applied to the industry such as the difference in vertical 

orientation of the hoof wall between different sizes of horse, the propensity for a more acute 
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DHWA on the left (Leśniak, 2020b, 2020d) and the need to maintain a shoeing interval of four to six 

weeks (Leśniak, 2018b, 2021). Greater awareness of these subtle features can help hoof care 

practitioners better understand, and work with, the hooves and horses within their care. Whilst 

some of the findings within the current research suggest an increase in hoof asymmetry post 

farriery intervention, neither the wider conformation nor the skeletal asymmetry were considered 

for the horses within that particular study (Paper F). Therefore, without data relating to skeletal 

morphometry or the positioning of the solar plane of the foot, inferring that the interventions 

recorded were of detriment to the horses within the population, would be unsubstantiated. There 

are still, however, a significant number of unknowns in relation to hoof conformation and its 

relationship to both internal and external variables. As such, the relationship between hoof and 

limb asymmetry, laterality, movement and injury potential still needs significant attention before 

the impact of the findings from the hoof asymmetry studies really becomes useful to industry.  

 

3.2 Future research direction 

Future research directions raised as a consequence of the consolidated findings in this thesis 

include the need for a greater understanding of the prevalence, directionality and magnitude, of 

asymmetry in different equine populations. Such populations should include a broad range of 

disciplines to determine whether they also conform to currently reported asymmetry 

presentations. Once an understanding of discipline differences has been ascertained, the specific 

bilateral traits, individual or combined, appropriate for an asymmetry assessment method can be 

determined. Within this, upper and lower parameter levels would need to be defined and are likely 

to be, as previously mentioned, discipline specific in order to function effectively as a comparison 

or selection tool for potential athletes in these individual equestrian sports. Fundamentally, for 

bilateral trait asymmetry to be taken forward as an industry wide assessment tool, potentially 

within pre-purchase examinations, the most appropriate and easily repeatable external anatomical 

landmarks need to be confirmed to support use by multiple practitioners. The development of 

specific measuring equipment to improve the speed and accuracy of measurements should also be 

considered. Furthermore, the various methodologies used in literature (diagnostic imaging, post-

mortem direct measures, live external marker direct measures) need to be validated against one 

another to ensure the landmarks used provide an accurate representation of the internal 

asymmetries using non-invasive measures.  

Breeding plays an important part of both the equine industry and the UK economy overall; in 2017 

the Thoroughbred breeding industry alone contributed over £427 million to the UK economy  (The 
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Thoroughbred Breeders Association, 2018). Despite this, over 66% of Thoroughbred breeders in 

Britain are running at a loss (The Thoroughbred Breeders Association, 2021). As such, research 

supporting the reduction of financial loss in this industry is valuable. Asymmetry research in humans 

(Manning et al., 1998), gazelles (Gomendio et al., 2000; Roldan et al., 1998) and some species of 

insect (Farmer & Barnard, 2000) has identified fluctuating asymmetry as a useful biomarker for 

male reproductive stress, with symmetry being positively associated with parameters including 

ejaculate size, concentration and motility of sperm. There is far less research into female 

reproductive stress and asymmetry, however, environmental stressors during pregnancy have been 

associated with negative impacts on the offspring, including, reduced litter size in rats (Sciulli et al., 

1979), increased facial asymmetry in humans (Koziel & Anzeiger, 2013) and increased dental 

asymmetry in rats.  Expanding on these concepts may enable fertility of the stallion (and potentially 

the mare also) to be predicted from their bilateral trait symmetry to improve conception rates 

within the industry. Furthermore, determination and reduction of environmental stressors that 

impact the symmetry, and possibly even the viability, of the offspring, would further aid in 

improving the welfare of both the mare and the live foal.   

A considerable welfare issue currently facing the equine population is obesity (Giles et al., 2014; 

Owers & Chubbock, 2013). Whilst some of the concepts from human research transfer to the 

orthopaedic impact of equine obesity, it is not possible to speculate on the involvement of the hoof 

without further investigation. Findings suggest that as a horse’s mass increase, the asymmetry of 

its front hooves would also increase. Whether one foot currently proports to a more ‘ideal’ shape 

for the size of the horse, whist the other increases, or indeed decreases in DHWA remains to be 

determined, however exaggerations of either would have welfare implication on musculoskeletal 

soundness, in addition to the obesity associated  factors.   

Whilst the papers presented as part of this thesis have contributed to, and significantly widened 

the current understanding of distal limb asymmetries in the horse, they have, as illustrated, 

provoked and exposed areas that need investigation and as such, the study of equine structural 

asymmetry is still currently in its infancy compared to other areas of equine research, or indeed 

asymmetry research in other species. As a collective, the presented body of work represents a 

foundation for further enquiry. The ultimate aim of future research should be to determine whether 

structural asymmetries could be employed to help explain, and predict, both performance 

capability, and susceptibility to injury ultimately supporting positive equine welfare. 
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Abstract:  

Identification of influential conformational traits is an important aspect in choosing the most 

appropriate horse for a specific discipline with regards to both performance potential and career 

longevity.  Symmetry of bilateral traits, both functional and non-functional, demonstrates the 

ability of an individual to display their genotypic quality through their phenotype. External trait 

symmetry has been linked to effective functioning and health of a number of internal organ 

systems.  The identification of a relationship between bilateral trait symmetry and performance in 

the equine athlete could highlight important conformational indicators of potential future 

performance.  

Using Invicta metric callipers and a tape measure, direct measurements of 15 bilateral traits, 

functional (limb) and non-functional, (facial) were obtained from 18 advanced event horses (AdE) 

and 15 event horses proven incapable of reaching advanced level (NIE). Tests of difference were 

performed to determine differences in asymmetry between the two populations for individual 

traits and for identification of the mean total asymmetry (MTA) of the two populations.  

The AdE group demonstrated statistically lower asymmetry for a number of functional (metacarpal 

length and width, p≤ 0.05; fore proximal phalanx length, p≤ 0.05) and nonfunctional (nostril length, 

p≤ 0.001; pinna length, p≤ 0.05) traits. Furthermore, the AdE group demonstrated significantly 

lower MTA ( p≤ 0.001) than the NIE. Where significance was not identified, all but one functional 

trait still demonstrated a trend for lower asymmetry in the AdE group. From the results, it is 

suggested that asymmetry levels have future potential to be used as an indicator of performance 
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potential. The size of the mean asymmetry values being considered, further imply that the 

differences between the performance of the two groups cannot be as a result of limb biomechanics 

alone and that other more intricate biological disruptions, for example neurological development, 

may also be reflected by the trait asymmetries.  

Key words: equine, symmetry, conformation, eventing.  
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Introduction  

Symmetry of biological bilateral traits is the optimal condition aimed for during growth and 

development of an organism (Thornhill & Gangestad 1994).  Small, random, left to right deviations 

in the symmetry of bilateral traits indicates an inability for bilateral development. Such deviations 

are referred to as fluctuating asymmetries (FA) (Møller 1993; Manning and Pickup 1998; Trivers et 

al. 1999).  FAs across a population have a propensity to cancel out, giving a mean FA of zero 

between the left and right sides and a near-normal distribution (Van Valen 1962).   

The importance of biological trait symmetry in nature has been illustrated by a wide range of 

species with traits linked to survival. Morphological traits such as ear size, nostril width and finger 

length have been shown to exhibit bilateral symmetry in humans (Manning & Pickup 1998) as have 

characteristics in other species, such as wing and tail length in birds (Møller 1988).  Sexual selection 

has resulted in the development of secondary sexual traits (Cunningham 1986) which act as 

indicators of phenotypic quality (Cunningham 1986; Manning et al. 1996). Such traits include tail 

ornamentation in birds, enlarged jaw bones in human males and prominent cheek bones in human 

females (Cunningham 1986; Møller 1988; Gangestad et al. 1994).  These symmetrical features are 

theorised to indicate wider body symmetry and have been further linked to superior athletic 

function in both humans (Manning and Pickup 1998) and racehorses (Manning and Ockenden 
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1994).  The use of such phenotypic displays of genotype quality could be a potential tool in the early 

identification of superior equine athletes, thus having the potential to ultimately reduce economic 

wastage in equine sporting disciplines.   

The aims of the current investigation were therefore to a) determine whether differences in 

bilateral trait symmetry exists between event horses of different athletic ability and b) identify 

specific functional and/or non-functional bilateral traits which were more inclined to asymmetrical 

development.    

 

Materials and methods  

Study groups  

The advanced study (AdE) group consisted of 18 event horses of mixed age (5-16 years) and sex 

that had both competed and gained British Eventing (BE) points at advanced level during the 

previous two years. Measurements were taken at the competitor’s yards at various locations across 

the UK at the end of the eventing season (October). Horses were excluded which presented with 

any indication of limb pathologies from competition related injury. The comparative study group 

consisted of 15 horses of mixed age (5-16 years) and sex that had been selected and trained with 

the primary purpose of eventing. However, these horses had proven incapable of progressing 

further than BE novice or BE intermediate level (NIE), either through lack of ability or through 

discipline related injuries. Hindimb measurements of one NIE horse were excluded due to injury, as 

were the pinna measurements of another NIE horse due to it being head shy.   

  

Bilateral trait measurements  

Direct measurements of fifteen bilateral traits were taken from both groups; four facial traits 

(nostril and pinna length [L] and width [W]) and 11 distal limb traits (fore and hind proximal phalanx, 

third metacarpal [MCIII] and third metatarsal [MTIII] L and W, carpal W and carpal and tarsal 

circumference [C], Table 1). Coefficient of variation (CoV) analysis determined the anatomical 

landmarks used as repeatable. Trait lengths and widths were measured using Invicta metric 

callipers to the nearest 1 mm. Trait circumferences were measured using a standard tape measure 

to the nearest 1 mm. Each trait was measured directly three times by the same researcher (KL) and 

a mean calculated. Where overt discrepancies in the three measurements were identified during 

data collection, the horse was repositioned, and the measurements repeated. Horses were 

required to stand square on a level concrete surface while the limb measurements were taken.   
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Table 1: Bilateral traits measured including description.  

Trait  Description  

Third metacarpal (MCIII) and third 

metatarsal length (MTIII)  

Measured laterally from the ‘V’ formed by the overlap of 

the annular ligament over the superficial digital flexor 

tendon at the distal portion of the limb, to the protrusion 

of the fourth metacarpal/ metatarsal at the proximal 

region of the distal limb  

Third metacarpal (MCIII) and third 

metatarsal (MTIII) width  

Measured on the horizontal axis halfway between the 

carpometacarpal /tarsometatarsal joint and the 

metacarpophalangeal /metatarsophalangeal joints  

Fore proximal phalanx (FPP) and 

hind proximal phalanx (HPP) length  

Measured laterally from the protuberance of the lateral 

cartilage of the distal phalanx to the lateral protrusion 

made by the proximal condyle of the proximal phalanx  

Fore proximal phalanx (FPP) and 

hind proximal phalanx (HPP) width  

Measured horizontally at the narrowest point of the 

phalanx  

Carpal joint width  Measured horizontally from the medial to the lateral 

aspects of the intercarpal joint   

Carpal joint circumference  Measured around the circumference of the intercarpal 

joint  

Tarsal joint circumference  Measured horizontally around the point of the calcaneal 

tuber and the aligned distal portion of the tibia.  

Pinna length  Measured from the point at the summit of the pinna to the 

inverted point at the base of the pinna  

Pinna width  Measured from the medial to the lateral aspect of the 

pinna at the midpoint of its length.  

Nostril length  Measured from the top of the fold on the medial aspect of 

the nostril to the lowest point of the nostril  

Nostril width  The width of the nostrils was measured horizontally from 

the alar fold on the medial aspect to reduce the impact of 

nasal flaring, to the lateral border of the nostril  
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Data processing and analysis  

Asymmetry values were calculated by subtracting the mean of the left trait from the mean of the 

right trait (Manning & Pickup 1998); directionality was not considered within the current 

investigation, therefore, the resultant sign was ignored. The mean total asymmetry score (MTA) 

was calculated using the equation:  

MTA =  

 

Mann Whitney U test analysis was employed to determine differences between the two 

populations for each trait measured. Differences between the MTA of the two groups was 

identified using the independent samples t-test. All statistical analyses were performed using the 

SPSS (IBM SPSS version 21; 2012) software package with the significance level set at P<0.05. To take 

into consideration the varying heights of the horses within the study population, relative 

asymmetries for each trait were also considered as a percentage of the   mean trait size using the 

equation:   

 

 

Results  

Bilateral facial traits  

Asymmetry of the mean nostril length of the AdE group was significantly lower (p=0.001) than that 

expressed by the NIE group, by approximately 50% (Table 2). No significant difference (P>0.05) in 

nostril width asymmetry was identified between the two populations. Mean pinna length 

asymmetry was almost 50% lower in the AdE group resulting in a significant difference (p<0.05) 

between the two populations for this trait. Despite the mean asymmetry of the AdE group being 

65% of that of the NIE group for pinna width, a significant difference was not identified between 

the mean asymmetry of the two groups (p>0.05).  
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Table 2: Asymmetry of the 15 bilateral traits (expressed as mean asymmetry for the trait and as 

percentage of the mean trait size) and the Coefficient of Variation (CoV) of the measurement for 

the respective traits. (AdE: Advanced study group; NIE: BE novice or intermediate study group; 

MCIII: third metacarpal; PP: proximal phalanx; Circ: circumference)  

 

Bilateral Trait AdE NIE 
CoV 

 % trait �̅�(mm) % trait �̅�(mm) 

Nostril Length  2.23  0.14  4.56  0.29  0.48  

Nostril Width  3.63  0.13  6.48  0.21  3.69  

Pinna Length  0.68  0.11  1.37  0.21  0.33  

Pinna Width  2.65  0.16  4.05  0.25  1.74  

MCIII Length  0.65  0.12  1.37  0.26  0.72  

MCIII Width  1.79  0.09  3.58  0.17  0.00  

MTIII Length  0.60  0.16  1.11  0.27  0.47  

MTIII Width  1.79  0.08  2.65  0.12  0.65  

Fore PP Length  2.41  0.19  5.18  0.39  1.19  

Fore PP Width  2.00  0.11  1.75  0.09  1.08  

Hind PP Length  2.12  0.16  3.09  0.21  1.65  

Hind PP Width  2.95  0.18  2.82  0.16  1.62  

Carpal Width  1.01  0.11  1.39  0.15  0.55  

Carpal Circ.  0.47  0.16  0.72  0.24  0.54  

Tarsal Circ.  0.47  0.20  0.75  0.32  0.29  

Mean Total Asymmetry  -  0.14  -  0.21  -  

 

 

Bilateral distal limb traits  

The data demonstrated that, for all but the hind PPW (AdE = 0.178mm, NIE= 0.161mm), the AdE 

group displayed a 5% lower mean asymmetry than the NIE group for the traits of the proximal 

phalanx. This trend was, however, only significant between the two study groups for the fore PP 

length (p<0.05). MCIII length was significantly lower (p=0.05) for the AdE group; being only 47% of 

that calculated for the NIE group. Similarly, MCIII width of the AdE group was 50% (p<0.05) smaller 

than that of the NIE group. No statistically significant differences were calculated for either of the 

traits of MTIII (p>0.05). No significant differences were observed between the two study groups for 
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the mean asymmetry of the carpal width (p>0.05), carpal circumference (p>0.05) and tarsal 

circumference (p>0.05).  The MTA scores for the two study groups demonstrated a very highly 

significant difference (p<0.001) with the MTA of the AdE group being only 66% that of the NIE 

group.  

  

Discussion  

The identification of significant differences in facial trait asymmetry with performance level 

supports previous findings in both humans (Manning & Pickup 1998) and racehorses (Manning & 

Ockenden 1994); where non-functional traits have been shown to present greater symmetry in the 

more elite athlete. Manning and Okenden (1998) identified differences between their elite and 

non-elite racehorse populations for nostril width; this was not supported by the current study, 

although a significant difference was confirmed for nostril length. Despite best efforts made during 

data collection to minimise the occurrence of nostril flare, through familiarisation to the callipers 

and through choice of specific anatomical landmarks chosen to reduce the impact of nostril flare, 

nostril flare was thought to have an impact on the results obtained in the current study for this 

trait.   

Differences in nostril width measurements between the current study and data reported by 

Manning and Okenden (1998) might have eventuated from nostril flare, differences in sample size 

or anatomical landmark used; Manning and Ockenden (1998) do not state the exact anatomical 

markers used within their study.  Finally, the larger study population (n=70) in Manning and 

Ockenden’s investigation may have had the potential to reduce the effect of the variance through 

flare observed for smaller group used in this study. Manning and Pickup (1998) proposed that the 

level of nostril symmetry in the more elite human athlete could be related to either myocardial 

function or the number of mitochondria in the muscles.  No evidence was given by the authors to 

support this theory but if there is a relationship between these factors, it might be relevant across 

species and therefore applicable to the horse.   Lower levels of pinna length and width asymmetries 

were identified within the AdE group of the current study. Manning et al. (1997) suggests pinna 

asymmetry may indicate developmental disruption of the cerebral hemispheric lateralisation of the 

brain; the left cerebral hemispheres being involved in the process of emotional decoding of audio 

and visual signals from left-side receptors. Previously an association has also been made between 

auditory canal defects and conductive deafness (Manning et al. 1997); indicative of developmental 

irregularities of the external auditory meatus and the middle ear. Frequency of pinna length 

asymmetries alongside an inferior athletic performance, within the current study, may raise further 
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questions as to whether pinna asymmetries, reflective inner ear and right hemispheric 

abnormalities, are associated with the highest form of mental activities and the co-ordination of 

voluntary and involuntary activities. Therefore, although pinna asymmetry itself has little functional 

consequence, the combination of inadequate function of the right cerebral hemisphere and 

dysfunction of the inner ear, important for aptitude of balance, may be sufficient for the individual 

to lack apposite balance and function for athletic performance.   

No statistically significant differences were found between the two study groups for either the 

length or width of the hind PP, and only for the length of the fore PP. Despite the ease with which 

the PP width was measured, slight adjustments in the equal weight bearing of the limbs often 

resulted in marked, non-repeatable discrepancies in bilateral trait length measurements through 

changes in angulation of the metacarpophalangeal joint. Where these discrepancies were overt, 

the horse was repositioned and the measurements repeated. Although the results of these traits 

were included within the current study, further investigation using alternative landmarks for the 

measurement of this trait is recommended to increase the validity of these measurement 

parameters. The lack of a significant difference between width measurements of the two groups 

may be associated with the demanding work required of the event horse. Eventing discipline 

demands result in fatigue stress of the suspensory apparatus; such cyclic loading fatigue is likely to 

lead to thickening of the associated soft tissue structures.  The thickening of structures such as the 

branches of the suspensory ligament may lead to an increase in the FA of the bilateral traits. Both 

the cross-country and the show jumping phases place high concussive forces on the distal forelimb. 

The power and impulsion that may lead to degenerative changes in the distal hind limbs, is required 

in all three phases of the eventing discipline. Horses who reach advanced level would be subject to 

significantly greater loading forces; potentially accounting for the higher levels of asymmetry in the 

width of the AdE hind PP.  

The significantly lower asymmetry of MCIII length in the AdE group supports previous findings by 

Manning and Ockenden (1994) who established a significant negative correlation between knee-

ergot measurements of racehorses and their respective ranked ability; those of higher ability 

exhibiting lower FA. Directional asymmetry studies have identified MCIII length and width 

asymmetries in racehorses (Davies & Watson 2005; Watson et al. 2010) and in non-competitive 

horses and ponies (Leśniak 2013; Wilson et al. 2009) but no previous associations have been made 

with performance levels in equestrian disciplines. Despite evidence in human symmetry research, 

lower limb measurements in humans are more difficult to establish due to the muscle mass within 

this area, which is not present in the horse. This soft tissue is impacted by cyclical FA therefore, 

little interspecies comparisons can be made between horse and human.   
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Asymmetries of functional bilateral traits manifesting as discrepancies in limb length, would result 

in biomechanical implications through leverage discrepancies leading to injury through locomotion. 

The effect of limb length discrepancies on gait has been investigated much more in human than 

equine research. Magnitude of the discrepancy is suggested to have a strong bearing on the 

resultant effects.  Discrepancies less than ½ inch (12.7 mm) are not thought to result in pathological 

implications, whereas dysfunction and pain can result from discrepancies greater than ½ inch 

(Subotnick 1976). Dutto (2004) suggests that the length of the horse’s limb not only has a bearing 

on its conformation, but also on the leverage of the limb during locomotion. A symmetric and 

therefore more economic gait can only be achieved under symmetric body conditions (Vagenas & 

Hoshizaki 1992). The greater symmetry observed in a number of the functional traits within this 

study demonstrates a greater ability of these individuals to tolerate the immense physiological 

stresses endured during advanced level eventing.  Horses that achieve and remain at this standard 

must have an innate ability to remain sound when excluding environmental factors such as 

nutrition, training and terrain. The results suggest that this ability is partially derived from the lack 

of asymmetry and consequentially, reduced biomechanical instability that could lead to damage to 

either skeletal or connective tissue. The horses in the NIE group were all bred to compete in the 

eventing discipline, but proved incapable of reaching further than intermediate or novice levels.  

Some horses failed due to their lack of capability whereas others failed due to injury from trying to 

reach levels that they were incapable of.    

Unlike the results for MCIII, MTIII results did not exhibit significant differences between the two 

groups for either length or width. Hindlimb measurements were omitted during Manning and 

Ockenden’s (1994) study due to reduced repeatability through movement of the associated joints. 

The same measurement problem was identified within the current study for PP length 

measurements; however, similar problems were not identified for MTIII length. Although no 

significant difference was observed between the two groups for this trait, the data continued to 

exhibit the trend for a lower level of asymmetry in the AdE group compared to the NIE group.   

Manning and Ockenden’s (1994) research identified a positive correlation between low FA of carpal 

thickness and reduced athletic performance in racehorses. It is unclear what anatomical geometry 

‘carpal thickness’ actually refers to, however, carpal results from the current investigation do not 

support Manning and Ockenden’s findings (1994) for this particular bilateral structure. ‘Broad 

knees’ are anecdotally desirable in sport horses as they are thought to indicate strength of the 

carpal joint. Although this investigation looked at asymmetries rather than comparisons and 

relationships between the length and width of the trait, the results suggest that symmetry of the 

carpal joint may not be a trait presented by those with a greater performance ability. Similarly to 
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the results of the PP, this might be influenced by the wear on this structure due to the discipline 

demands and the possible resultant joint effusion.   Results for the tarsal joint did not demonstrate 

significant differences in asymmetry between the two study groups. The variances observed for this 

trait reflect large asymmetry ranges in both populations; this could be attributable to accuracy in 

measurement of this trait. As for the trait of PP length, reduced measurement repeatability through 

alteration of weight bearing stance and therefore joint angulations, may have affected the validity 

of the results. Because the difficulty in obtaining measurements from this joint stem from the 

structural design of the joint, measurements of the width of the joint or the depth of the long bones 

just proximal and /or distal to the joint may be more conclusive than measurement of the joint 

itself within future research.   

The mean total asymmetry (MTA) score of the AdE group demonstrated a very highly significant 

difference from that of the NIE group; thus, the hypothesis that AdE event horses demonstrate a 

lower asymmetry than NIE horses can be accepted. Physical, and therefore, phenotypic symmetry, 

has been associated with genotypic quality in a number of species (Møller, 1988; Møller, 1993). 

Manning and Ockenden (1994) and Manning (1995) suggested MTA score more accurately 

expresses an individual’s genotype than the symmetry of single traits. This theory is therefore 

proposed as applicable to the current investigation. The physiological demands of developing 

symmetrical bilateral traits are high and therefore only achievable by those individuals with a more 

competent genotype (Møller, 1988; Møller, 1993). In addition to athletic ability, the benefits of this 

superior genotype are reflected by a number of biological parameters, including, but not limited to 

fertility. Males with a greater level of phenotypic symmetry have been identified to produce more 

concentrated ejaculate and more motile sperm, with fewer abnormalities, than less symmetric 

males (Roldan et al., 1998; Manning et al., 2003).  As such, there may be more complex influences 

on the performance capabilities of these horses than purely the potential biomechanical impact.  

Although from these static results, the movement and style of the individuals cannot be analysed, 

it can be proposed that low levels of asymmetry in the distal limb result in better performance both 

on the flat and over fences. Superior neurological influences, including coordination and balance, 

may also be purported as a consequence of the overall low levels of asymmetry.  To establish which 

phase of the eventing discipline is most enhanced by low asymmetry values within specific bilateral 

traits, further investigation of the pure disciplines of show jumping and dressage should be 

undertaken. Furthermore, the current investigation could be expanded to incorporate dynamic 

analysis within each study group. With the use of dynamic analysis, the biomechanical effects of 

specific trait asymmetry could be established.   
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Abstract 

Current published data referring to directional asymmetry (DA) of horses refer to racing 

Thoroughbreds. The aim of this study was to identify whether horses and ponies exhibit 

directionality of trait asymmetries. Eleven functional (limb) and four non-functional (facial) bilateral 

traits were measured on left and right sides in a cohort of 100 horses and ponies using callipers. 

The population was investigated as pooled data and as horse (withers height > 148 cm) and pony 

(withers height ≤ 148 cm) sub-groups. Within the pooled data, functional traits were longer on the 

right for the third metacarpal (MCIII, 73%) and metatarsal (MTIII, 65%) bones and wider on the left 

for the forelimb proximal phalanx (54%), MCIII (40%), MTIII (51%) and hind limb proximal phalanx 

(55%). Dimensions of the intercarpal and tarsocrural joints were larger on the right side. Differences 

in DA were present between horses and ponies within non-functional traits, but not functional 

traits. The results suggest that DA within horses and ponies is more likely to be a species trait rather 

than one exclusive to racing as a result of pressures from directionally orientated training or from 

selective breeding strategies. 

Keywords: Equine; Conformation; Asymmetry; Skeletal; Laterality 

 

Introduction 

Symmetry within nature is thought to reflect the ability to defend against environmental or genetic 

stressors (Moller, 1990, 1993; Hosken, 2001). The ability of an individual’s genotype to defend 

against these stressors is depicted through the symmetry of their phenotype (Tuyttens, 2003). 

Within bilaterally paired traits, fluctuations from the ideal symmetrical state, with no directional 

bias, are known as fluctuating asymmetries (FA) or phenodeviants (Van Valen, 1962; Moller 1993; 
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Wilson and Manning, 1996). FA has been used to measure the level of developmental stability 

within populations and within individuals (Thornhill and Gangestad, 1994). Although the optimum 

state for an individual is unknown, it is generally assumed that this should be perfect symmetry 

(Houle, 2000). 

Within a population, a mean of zero and a normal distribution around this mean should be observed 

for differences between left and right sides (Van Valen, 1962). FA in the region of 1-2% of character 

size is usually exhibited by a population (Gangestad and Thornhill, 1999). A further indicator of 

imbalanced development is the measure of directional asymmetry (DA), which identifies a skewed 

distribution of asymmetry to the left or right side. DA has not been linked to developmental 

stability, but has been suggested to depict an adaptive or functional asymmetry (Tuyttens, 2003). 

The athletic phenotype affects performance, with influential features including intermandibular 

width and length of the third metacarpal bones (Delahunty and Webb, 1991; Mostert and 

Householder, 2000). Symmetry of bilateral traits influences performance capabilities, especially for 

Thoroughbred racehorses. Dalin et al. (1985) correlated performance and asymmetries of sacral 

tuber height in racehorses and demonstrated that greater asymmetry was associated with 

decreased performance. However, the study by Dalin et al. (1985) did not consider the origin of 

asymmetry. The relationship between asymmetry of skeletal dimensions and performance in 

horses has not been studied. 

Traits of lesser functional importance often display greater asymmetry than functional traits 

(Markow and Clarke, 1997; Moller, 1993). In a sample of 285 children in the Jamaican Symmetry 

Project, upper body bilateral traits exhibited greater asymmetry than lower body bilateral traits 

(Trivers et al., 1999). Lower ranking Thoroughbred racehorses exhibit greater asymmetry of non-

functional facial traits than the functional limb traits (Manning and Ockenden, 1994). 

The effects of limb length discrepancies on gait have been investigated more extensively in humans 

than horses; the magnitude of the discrepancy has a strong bearing on gait kinematics and kinetics 

(Bloedel and Hauger, 1995). Limb length discrepancies < 15 mm rarely have clinical implications, 

whereas discrepancies of greater magnitude lead to dysfunction and pain (Subotnick, 1976). Limb 

length affects leverage during locomotion; therefore an economical and symmetrical gait is 

achieved only with symmetrical body traits (Vagenas and Hoshizaki, 1992). 

Watson et al. (2003) reported longer right third metacarpal (MCIII) lengths than left, in 76% of 

racing Thoroughbreds. This was considered to be a consequence of human selection rather than 

imbalances induced by training stresses, since growth of the MCIII bone ceases by 7 months of age 

(Thompson, 1995) and therefore should not be affected by subsequent training. Femoral 
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epicondylar dimensions in Thoroughbred racehorses run on a clockwise track are greater for the 

left than the right limb (Pearce et al., 2005). Runners on an anticlockwise track are presumed to 

have a mechanical advantage if their outside (right) limb is longer (Watson et al., 2003). This finding 

might help explain why horses successful on an anticlockwise track may not be as successful on a 

clockwise track (Williams and Norris, 2003). As a dynamic structure, bone responds to the forces 

placed upon it and alternative theories suggest that repeated directionality could also be causal in 

the development of equine asymmetries (Drevemo et al., 1980; Scutt and Manning, 1996). 

Currently the only data that exists regarding directional asymmetry of horses are based on 

populations of racing Thoroughbreds. The aim of this study was to compare the magnitude and 

direction of asymmetry within functional and non-functional traits of non-racing horses and ponies. 

 

Materials and methods 

The study population consisted of male and female horses and ponies of a variety of breeds at two 

equestrian centres and two livery yards in Gloucestershire, UK. None of the horses or ponies had 

an elite competitive record and all were > 5 years of age to eliminate age related changes in 

symmetry (Trivers et al., 1999). One-hundred horses and ponies were selected via a convenience 

sampling technique and were investigated both as pooled data and following separation into horses 

(withers height > 148 cm; n = 57) and ponies (withers height ≤ 148 cm; n = 43). The data were 

reviewed as pooled data, as well as separately for horses and ponies. 

Direct measurements of 11 functional and four non-functional bilateral traits (Table 1) were 

determined using Invicta metric callipers (1 mm accuracy), similar to previous studies (Manning and 

Ockenden, 1994; Manning and Pickup, 1998). The horses and ponies were made to stand squarely 

on level concrete while being measured; three measurements were taken at each site by one 

assessor and a repeated measures one-way analysis of variance (ANOVA) was used to determined 

intra-observer variability. Two observers repeated the measurements for selected horses following 

the same protocol and inter-observer repeatability (r) was calculated using the following equation 

(Lessells et al., 1987):  

r = s2
A / (s2 + s2

A) 

where s2
A is the between-group variance and s2 is the within-group variance 

Absolute (directional) asymmetries (A) were calculated by subtracting the mean of the left trait (L) 

from the mean of the right trait (R) (A = L-R) (Manning and Pickup, 1998). Positive values indicated 

a larger left sided trait and negative values indicated a larger right sided trait. Thus, the study 



126 
 

determined the directionality of the data rather than the magnitude of the asymmetry in terms of 

frequencies; outliers were not removed. The directionality of the data was examined using two-

way classification χ2 analysis with significance declared at P < 0.05 to test the assumption that, if no 

directional bias exists, the distribution frequency of left and right for each trait should be equal. 

Table 1: Bilateral traits measured including description. 

Trait Description 

Third metacarpal length (MCIII) and 

third metatarsal length (MTIII) 

Measured laterally from the ‘V’ formed by the overlap of the 

annular ligament over the superficial digital flexor tendon at the 

distal portion of the limb, to the protrusion of the fourth 

metacarpal/ metatarsal at the proximal region of the distal limb 

Third metacarpal width (MCIII) and 

third metatarsal width (MTIII) 

Measured on the horizontal axis half way between the 

carpometacarpal /tarsometatarsal joint and the 

metacarpophalangeal /metatarsophalangeal joints 

Fore proximal phalanx length (FPP) 

and hind proximal phalanx length 

(HPP) 

Measured laterally from the protuberance of the lateral cartilage 

of the distal phalanx to the lateral protrusion made by the 

proximal condyle of the proximal phalanx 

Fore proximal phalanx width (FPP) 

and hind proximal phalanx width 

(HPP) 

Measured horizontally at the narrowest point of the phalanx 

Carpal joint width Measured horizontally from the medial to the lateral aspects of 

the intercarpal joint  

Carpal joint depth Measured laterally from the dorsal aspect of the intermediate 

carpal bone to the palmer aspect of the accessory carpal bone 

Tarsal joint width Measured horizontally from the medial to the lateral aspects of 

the tarsocrural joint  

Pinna length Measured from the point at the summit of the pinna to the 

inverted point at the base of the pinna 

Pinna width Measured from the medial to the lateral aspect of the pinna at the 

midpoint of its length. 

Nostril length Measured from the top of the fold on the medial aspect of the 

nostril to the lowest point of the nostril 

Nostril widths The width of the nostrils was measured horizontally from the alar 

fold on the medial aspect to reduce the impact of nasal flaring, to 

the lateral border of the nostril 
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Results 

On repeated measures one-way ANOVA, there were significant variances between the three 

repeated measures for the length of the hind limb proximal phalanx (HPP; P ≤ 0.05). However, 

repeatability calculations were 0.99-1.00 for all traits. 

There were significant differences between the observed and expected values for the frequency of 

directionality of asymmetry within the pooled group data (2 = 39.8, degrees of freedom, df = 14, P 

≤ 0.05) and the pony sub-group (2 = 31.3, df = 14, P ≤ 0.05), but not for the horse sub-group (2 = 

18.5, df = 14, P ≥ 0.05). 

Higher frequencies within bilateral facial traits were recorded for greater length and width on the 

left (PDA) (Table 2; Fig. 1). Mean trait values tended to be greater for the left traits within those 

exhibiting PDA and greater on the right for those exhibiting NDA (Table 2); however, this was not 

seen for pinna length in the pony sub-group, where those exhibiting PDA had a greater mean value 

right sided trait, indicating that, although there were fewer individuals with PDA of this trait, the 

magnitude of the asymmetries was greater. 

 

  

 

 

 

 

 

 

 

 

 

Fig. 1. Asymmetry means including standard deviations for the non-functional (facial) traits of the 

pooled, horse and pony groupings for both the positive and negative directional asymmetry 

categories. 
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Table 2: Distribution of facial trait directional asymmetries as absolute numbers and percentage 

values; the larger values and therefore the directional asymmetry is highlighted in bold with P 

values to illustrate levels of significance.  

 
Ponies (%) Horses (%) Pooled (%) 

 

Left large
r 

R
igh

t larger 

N
o

 

asym
m

etry 

Left large
r 

R
igh

t larger 

N
o

 

asym
m

etry 

Left large
r 

R
igh

t larger 

N
o

        

asym
m

etry 

Pinna 

length 
53 33 15 45 49 6 48 42 10 

Pinna width 65* 28 8 51 37 12 57* 33 10 

Nostril 

length 
45 48 8 55 36 9 51 41 8 

Nostril 

width 
51 39 10 50 38 13 51 38 11 

FPP length 26 16 1 70*** 23 7 66*** 29 5 

FPP width 22 14 7 53 33 14 52* 33 15 

MCIII length 10 30*** 3 25 68*** 7 24 69*** 7 

MCIII width 15 12 16 40 42 18 38 36 26 

Carpal 

width 
7 27*** 9 39 47 14 29 54** 17 

Carpal 

depth 
17 21 5 46 49 6 43 49 8 

HPP length 18 23 2 48 50 2 45 52 3 

HPP width 23 14 6 47 40 13 50 37 13 

MTIII length 12 31** 0 41 57 2 35 64** 1 

MTIII width 20 10 13 49 33 18 48* 29 23 

Tarsal 

width 
8 30*** 5 42 46 13 31 55** 12 

One-way χ2 analysis using Yates correction (df. 1) 

FPP, fore proximal phalanx; HPP, hind proximal phalanx; MCIII, metacarpal III; MTIII, metatarsal III. 

*P≤0.05; ** P ≤0.01; *** P ≤0.001 
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Left forelimb proximal phalanx (FPP) length and width dimensions were frequently larger than 

observed for the right for the pooled group and the two sub-groups (Table 2). Tendency for a longer 

right MCIII was greater in all three groups; however the pony sub-group displayed more individuals 

with greater width on the left whilst the horse sub-group exhibited more individuals with greater 

width on the right. For all groups the carpal width and depth dimensions were more frequently 

larger in the right limb. The mean trait values tended to be greater for the left trait within those 

exhibiting PDA, and greater on the right for those exhibiting NDA; however this was not seen for 

MCIII length in the pooled data set where those exhibiting PDA had a greater mean value right sided 

trait or for the carpal depth in the horse data set where those exhibiting NDA had a greater mean 

value left side, again indicating a lower frequency of incidence but greater individual magnitude of 

asymmetries. 

Hind limb traits displayed high frequencies of directional asymmetry (Fig. 2). More individuals 

within all three groups demonstrated greater right HPP length but greater left HPP width. Similarly 

to the MCIII and to the HPP, a longer third metatarsal (MTIII) bone was more frequently observed 

on the right, whilst the greater width of the same trait was more frequently observed in the left 

limb for all three groups. Tarsal joint width also demonstrated directionality with the right side 

being larger. As with some of the previous traits, although NDA was observed the mean value for 

the left side was larger. 
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Fig. 2. Asymmetry means including standard deviation for the functional (limb) traits of the pooled, horse and pony groupings for both the positive and negative 

directional asymmetry categories. FPP, fore proximal phalanx; HPP, hind proximal phalanx; MCIII, metacarpal III; MTIII, metatarsal III. 
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Discussion 

Asymmetries of non-functional traits may be more common and of greater magnitude than those 

found within functional traits (Trivers et al., 1999). Low facial trait FA has been correlated with elite 

performance in humans (Manning and Pickup, 1998) and horses (Manning and Ockenden, 1994; 

McDonald and Dumbell, 2008). Although pinna asymmetries have no direct functional significance, 

they potentially reflect factors negatively affecting auditory perception, such as external auditory 

meatus and middle ear structure malformations. Pinna asymmetries in humans have been linked 

to auditory canal defects and conductive deafness (Manning et al., 1997). Such developmental 

defects may negatively affect decoding of audio signals by influencing the passage of sensory 

information to the cerebral hemispheres and co-ordination of voluntary and involuntary activities. 

The combination of inadequately functioning cerebral hemispheres and inner ear dysfunction, 

important for aptitude of balance, may be sufficient enough for the individual to lack optimal 

balance and co-ordination for high performance potential.  

Pinna length exhibited NDA in both the horse sub-group and the pooled group but not the pony 

sub-group. PDA of pinna length in female human beings has been linked to increased symmetry of 

offspring (Manning et al., 1997). However, NDA has been reported in a group of elite male athletes, 

although the possible implications of this finding have not been discussed (Manning and Pickup, 

1998). Composed of soft tissue and cartilage, asymmetry of soft tissues in the human pinna is 

affected by hormonal fluctuations (Scutt and Manning, 1996) unlike the more cartilaginous pinna 

of horses. Human findings suggest a link to both sex and performance; these factors were not 

considered in our study. However, sex differences have been associated with equine laterality 

previously (McGreevy and Rogers, 2004; Murphy and Arkins, 2004); lateralisation of the horse is 

linked to cerebral hemispheric lateralisation and therefore a link could exist between motor 

laterality, pinna symmetry and brain lateralisation. 

An almost equal split of PDA and NDA was demonstrated for nostril width within all three groups. 

Although the anatomical markers used to measure this trait were chosen to reduce the influence 

of flare, this physiological response to novel stimuli was considered to have an impact on the results 

for this trait, as was indicated by the standard deviation values in comparison with the means. PDA 

was observed at a greater frequency for nostril length and width within the pooled and the horse 

sub-group, but only for nostril width in the pony sub-group. Lateralised nostril use has been 

identified in species such as the domestic fowl where the young respond to imprinting odours 

through head shaking after using their right nostril (Vallortigara and Andrew, 1994; Olka and 

Turkewitz, 2001); a lateralisation link may also exist within the current study. Mixed sex populations 

of horses have previously demonstrated right nostril preferences during olfactory stimulus tests to 
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novel objects (McGreevy and Rogers, 2004); no sex or age bias for nostril preference was reported, 

although males were deemed to be more strongly lateralised than the females. Nostril use may be 

an indicator of sensory lateralisation to novel stimuli (McGreevy and Rogers, 2004), and dominance 

of the right cerebral hemisphere, involved with processing novel stimuli. The link between nostril 

asymmetry and the neurological processing of novel stimuli has yet to be confirmed but given 

similar findings for other sensory organs and motor structures, a link between nostril asymmetry, 

nostril laterality and right-side cerebral dominance is proposed for the current results. 

A higher frequency of PDA was demonstrated for length and width of the FPP within all three 

groups. For all three groups, the right MCIII was more frequently greater in length whilst the left 

MCIII was greater in width. The NDA of MCIII length reflects previous findings, including the results 

of Watson et al. (2003), where the right MCIII was longer than the left for 76% of Thoroughbred 

racehorses studied. The longer right limbs were suggested to provide a locomotory advantage over 

PDA due to the mechanical requirements involved in running in an anti-clockwise direction; as seen 

on most racecourses. The tendency for the right limb to be longer was present regardless of the 

direction in which the horses raced. This supports the findings of the current investigation, further 

intimating that DA is a species trait rather than one developed through selective breeding of 

racehorses. The difference between the measurement techniques and the individual observers 

used in the current study and the study by Watson et al. (2003) study potentially mean the 

magnitude of the data would differ; however, the directionality should not, enabling the 

directionality of the two sets of data to be compared. 

The dimensions of the femoral epicondyle in Thoroughbred racehorses run on a clockwise track are 

greater on the left than the right (Pearce et al., 2005). Although this potentially indicates bone 

adaptation due to increased loading of the outside limb during clockwise racing, similar PDA of bone 

widths were found in the current study and could demonstrate a normal DA within the species 

rather than the adaptive response to exercise suggested previously (Pearce et al., 2005). 

Predisposition for injury is greater in the shorter left limb due to potential compensatory gait 

mechanisms, whereby the horse shortens the stance phase and lengthens the break over-phase of 

the longer limb to prevent excess bending of the longer left bone; consequentially landing is heavier 

on the shorter limb (Davies and Watson, 2005; Perttunen et al., 2004). 

McGreevy and Rogers (2004) investigated motor and sensor laterality in Thoroughbreds and 

identified a preference for advanced left limb placement during grazing; this trend strengthened 

with age. They suggested that the non-advanced limb bore more weight; however, this could be 

argued, depending on the individual’s stance. The non-advanced limb is often stretched under the 

body, with weight borne through the dorsal aspect, but the advanced limb often carries the 
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majority of the horse’s bodyweight and is therefore under greater compressive forces. As an 

alternative theory, horses may naturally advance the shorter limb and angle the longer limb under 

the body to attain the grazing position. This differing hypothesis would support the finding of the 

longer right limb in the current study. The additional compressive strain on the shorter left limb 

would result in thickening of the bone over time due to remodelling of this dynamic structure, again 

reflecting the wider bone dimensions seen within the current study. Lateralisation may be 

determined in utero (Murphy and Arkins, 2004) and has been suggested, alongside gait habits, to 

influence bone thickness; however, this appears to be in spite of limb asymmetries rather than as 

a synergistic effect of the asymmetry (Davies and Watson, 2005) 

NDA of carpal joint traits was demonstrated by all three groups. Although structurally dissimilar, 

the human knee joint would have the most similar role within locomotion to the equine carpal joint. 

A similar NDA of the human knee joint width was identified by Trivers et al. (1999). Auerbach and 

Ruff (2006) reported NDA of the mediolateral breadth of the femoral epicondyle in the adult 

human; a principal structure within the human knee. Although no hypotheses for these findings 

were given, they may reflect the increase in stability needed to compensate for the longer humeral 

length observed for the same limb, similar to the longer right MCIII observed in the current study. 

HPP width demonstrated a tendency for PDA, as also seen in the FPP; however HPP length 

demonstrated greater predisposition for NDA. This supports the forelimbs results where the trait is 

wider on the shorter, left limb as well as previous research findings where a greater propensity for 

NDA has been reported for length (Watson et al., 2003). However, the measurement of this trait 

demonstrated significant variance (P ≤ 0.05) and therefore the results for the length of the HPP 

could be questioned without further analysis using a more repeatable measurement technique. 

DA tendencies of the MTIII reflect those observed for the MCIII and HPP, where the right limb is 

longer, but the left limb is greater in width. A high percentage of individuals displayed zero 

asymmetry for MTIII width (pony 26%, horse 19%, pooled group 22%) compared to the other traits. 

McGreevy and Rogers (2004) suggest that hind limbs demonstrate a more ambidextrous nature 

than the forelimbs; however Meij and Meij (1980) previously reported a strong left hind limb 

preference within the majority (83%) of their study group. 

The propensity for NDA of the tarsal width did not follow the same PDA trend observed for the 

widths of the previous limb traits. In humans suffering from limb length discrepancies, 

compensation mechanisms are observed within the knee and the ankle joints of the longer limb 

(Walsh et al., 2000). Whether similar compensation mechanisms exist within the tarsal and carpal 

joint of the horse, resulting in osteophytic changes within the joints of the longer limb, is an area 
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devoid of research; future investigation could give insight into the effect of limb length 

discrepancies on the degeneration of the equine tarsal joint. 

In other species, reduced heterozygosity has been linked to developmental instability and an 

increase in bilateral trait asymmetry (Babbitt, 2006; Fessehaye et al., 2007). A reduction in the 

heterozygosity of the Thoroughbred population exists as a result of modern breeding strategies; 

thus symmetry of this breed should be reduced, as has been demonstrated in previous equine 

asymmetry research (Watson et al, 2003; Davies and Watson, 2005; Pearce et al, 2005). These 

studies have been undertaken mainly in racing Thoroughbreds, where authors have concluded that 

asymmetry results from adaptive stresses or as a consequence of breeding strategies (Watson et 

al, 2003; Pearce et al, 2005); as such, they are brought in to question by the current results which 

are from a population with higher heterozygosity and which should therefore, in theory, show 

lower asymmetry across the population. 

 

Conclusions 

The current findings suggest that the horse is naturally subject to a degree of DA. Further stress 

related asymmetry may occur in addition to, but not instead of, this naturally occurring asymmetry. 

It is not possible from this investigation to identify whether this asymmetry is genetically influenced, 

but these results support the suggestion that lateralisation is determined in utero. The bilateral 

traits within this study demonstrated persuasive evidence that the right side traits are generally 

longer, while left side traits are wider. The naturally occurring DA in this study may help to explain 

why many horses are reported to have an asymmetry of movement, or functional asymmetry. 

Regardless of the cause or the potential underlying characteristics, the findings from the current 

study suggest that, for horses and ponies, DA may be the optimum for certain traits, rather than 

the presumed optimum of symmetry. A laterality preference, rather than a training influenced 

directionality could be influential in physical asymmetry. 
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Paper B: Corrigengum 

Corrigendum to: “Directional asymmetry of facial and limb traits in horses and ponies”  

K. Leśniak 

The   authors  regret  that  there  was   an   error  in  Table  2  of  the   above  published   paper.  

Table  2  is  now   reproduced  correctly  below. 

Table 2: Distribution  of  facial  trait  directional  asymmetries  as  percentage  values;  the  larger  

values  and  therefore  the  directional  asymmetry  is  highlighted  in  bold  with  P  values  to  

illustrate  levels  of  significance. 

 

 Left 
larger  

Right 
larger  

No 
asymmetry  

 Left 
larger  

Right 
larger  

No 
asymmetry  

Left 
larger  

Right 
larger  

No 
asymmetry 

Pinna 
length  

53  33  15   45  49  6  48  42  10 

Pinna 
width  

65*  28  8   51  37  12  57*  33  10 

Nostril 
length  

45  48  8   55  36  9  51  41  8 

Nostril 
width  

51  39  10   50  38  13  51  38  11 

FPP length  60  37  2   70***  23  7  66***  29  5 

FPP width  51  33  16   53  33  14  52*  33  15 

MCIII 
length  

23  70***  7   25  68***  7  24  69***  7 

MCIII 
width  

35  28  37   40  42  18  38  36  26 

Carpal 
width  

16  63***  21   39  47  14  29  54**  17 

Carpal 
depth  

40  49  12   46  49  6  43  49  8 

HPP length  42  53  5   48  50  2  45  52  3 

HPP width  53  33  14   47  40  13  50  37  13 

MTIII 
length  

28  72**  0   41  57  2  35  64**  1 

MTIII 
width  

47  23  30   49  33  18  48*  29  23 

Tarsal 
width  

19  70***  12   42  46  13  31  55**  12 

One-way  x2  analysis  using  Yates  correction  (df. 1) 

FPP,  fore  proximal  phalanx;  HPP,  hind  proximal  phalanx;  MCIII,  metacarpal  III;  MTIII, metatarsal  III.  

*P  0.05;  ** P 0.01;  *** P 0.001  

 

 

 

 

 
     

 
       

 
   

https://www.sciencedirect.com/science/article/pii/S1090023317302447?via%3Dihub
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Abstract   

Directionality of limb and facial asymmetries in non-elite equine populations has been previously 

reported with results indicating strong similarities to those reported in racehorses.  This 

investigation aimed to consider the relationship between the magnitude of the asymmetries 

presented within the general equine population, and their previously reported directionality. Direct 

measurements of 15 bilateral traits (four facial and 11 limb) were captured from a mixed population 

of 100 horses and ponies. The pooled (whole) population was considered further as horse (withers 

height  

>148cm) and pony (withers height ≤148cm) groupings. Each of the three groups were further sub-

divided for each trait, into individuals presenting with larger left or larger right sides.  Asymmetries 

were compared as mean asymmetries and as percentages of the trait size at each grouping level. 

Asymmetry magnitudes were largely reflective of the directional asymmetries previously recorded. 

Both the horse and pony groups presented with significantly longer right side third metacarpal  

(P≤0.001) and third metatarsal (P≤0.05 and P≤0.001) bones, whilst in the horse group, the left fore 

proximal phalanx was both longer and wider compared to the right  

(P≤0.001 and P≤0.05). This pattern is reflective of the biomechanical preference for left lead 

anticlockwise) canter, previously only observed in racehorses. The proximal phalanx of the forelimb 

potentially compensates for the higher loading forces associated with the lead forelimb. When 

scaled as percentages of trait size, the asymmetry magnitudes largely reflected those reported in 
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humans, suggesting similar criteria could be applied when considering stock selection and 

controlling for injury predisposition in horses.   

Key words: Equine, Asymmetry, Conformation, Laterality, Distal limb  

 

1.0 Introduction  

The symmetry of an individual is suggested to be a reflection of their ability to resist environmental 

or genetic stressors during growth and development [1–3]. As symmetry is portrayed physically 

through phenotypic expression, the degree of lateral asymmetry within functional and non-

functional traits is commonly used to obtain measures of asymmetry [4]. Directional and fluctuating 

asymmetry are the two most important measures of asymmetry [5]. Directional asymmetry (DA), 

either at an individual or population level, is reflective of the mean of a specific trait being 

significantly larger on one side compared to the other, creating an anatomical directional bias [4] 

with a potential influence on physiological laterality. A positive directional asymmetry value depicts 

the left side being larger whereas a negative directional asymmetry value indicates a larger right 

side [6]. Fluctuating asymmetry (FA) is a population level measure of the random deviations across 

individuals resulting from bilateral trait symmetry, indicated by a lack of directional bias between 

the left and right sides. FA is considered a measure of developmental homeostasis at both an 

individual and population level [5,7,8]. The presence of inherent symmetry across a species 

indicates the presence of a superior genotype, potentially enhanced brain development, higher 

levels of physiological health, and has been linked with superior cognitive capacity; representing an 

evolutionary advantage for the individual [9–11]. In contrast, a high degree of functional asymmetry 

can be detrimental and is thought to increase the potential for poor performance and injury 

acquisition in humans through unequal loading and movement instability   [11,12].  

Asymmetry in the adult Equid has the potential to be related to inherent cognitive, motor or 

developmental lateralisation, or it can be acquired as a result of injury or training demands and 

management practices [13–15]. Symmetry has been linked with superior performance in 

Thoroughbred racehorses [16] and event horses [17]. For example, poor performing racehorses 

demonstrate greater asymmetry in Tuber sacrale height [18], whilst lower ranking Thoroughbred 

racehorses exhibit greater asymmetry of non-functional facial traits and functional limb traits than 

their high performing counterparts [16]. Limited research has examined DA outside of 

Thoroughbred racehorse populations. Leśniak [15],  established the presence of DA’s within the 

same population of non-racing horses and ponies used within this current study and reported that 

those DA’s were exhibited in similar bilateral traits to those previously reported in Thoroughbred 
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racehorses [14,16]. However, whilst DA’s were identified, to be able to establish the potential 

impact of these asymmetries on the functional capacity of individuals, the magnitude of the DA 

should also be established. This study aimed to compare asymmetry magnitudes of functional and 

non-functional traits in a non-racing population of horses.  We hypothesised that, for each trait, the 

side with the greater frequency of DA, as determined by Leśniak [15], would present with the lower 

asymmetry magnitudes.   

  

2.0 Methods  

2.1 Study population  

The study population consisted of 100 horses and ponies of mixed age, breed and sex from two 

equestrian establishments in Gloucestershire, UK. None of the population had an elite3 competitive 

record and all were over five years of age to eliminate age related developmental symmetry 

fluctuations [19]. The population was selected via convenience sampling and analysed as three 

groups: pooled data (n=100), horses  

(withers height >148cm4; n=57) and ponies (withers height ≤148cm; n=43).   

  

2.2 Measurement method   

Direct measurements of 11 functional and four non-functional bilateral traits  

(Table 1) were determined using Invicta metric calipers (1 mm accuracy) (Invicta Education, 

Bicester, UK). The measurement methodology is described in detail within the previous directional 

asymmetry analysis of these data [15]. Two observers repeated the measurements for selected 

horses following the same protocol and interobserver repeatability (r) was calculated using the 

following equation [20]:  

r = s2A / (s2 + s2A) 

Where s2A is the between-group variance and s2 is the within-group variance 

  

 
3 elite was defined as not having competed within any discipline above a National Governing Body 

affiliated novice level  

4 The Fédération É questre Internationale define a pony as being ‘up to 148cm at the withers’  
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Table 1. Bilateral traits measured including description and abbreviations 

Abbrev. Trait Description 

MC3L 

MT3L 

Third metacarpal length 

&  third metatarsal 

length  

Measured laterally from the ‘V’ formed by the overlap of the 

annular ligament over the superficial digital flexor tendon at the 

distal portion of the limb, to the protrusion of the fourth 

metacarpal/ metatarsal at the proximal region of the distal limb 

MC3W 

MT3W 

Third metacarpal width 

& third metatarsal width 

Measured on the horizontal axis half way between the 

carpometacarpal / tarsometatarsal joint and the 

metacarpophalangeal /metatarsophalangeal joints 

FPPL 

HPPL 

Fore proximal phalanx 

length & hind proximal 

phalanx length 

Measured laterally from the protuberance of the lateral 

cartilage of the distal phalanx to the lateral protrusion made by 

the proximal condyle of the proximal phalanx 

FPPW 

HPPW 

Fore proximal phalanx 

width & hind proximal 

phalanx width 

Measured horizontally at the narrowest point of the phalanx 

CW Carpal joint width Measured horizontally from the medial to the lateral aspects of 

the inter-carpal joint  

CD Carpal joint depth Measured laterally from the dorsal aspect of the intermediate 

carpal bone to the palmer aspect of the accessory carpal bone 

TW Tarsal joint width Measured horizontally from the medial to the lateral aspects of 

the tarsocrural joint  

PL Pinna length Measured from the point at the summit of the pinna to the 

inverted point at the base of the pinna 

PW Pinna width Measured from the medial to the lateral aspect of the pinna at 

the midpoint of its length. 

NL Nostril length Measured from the top of the fold on the medial aspect of the 

nostril to the lowest point of the nostril 

NW Nostril widths The width of the nostrils was measured horizontally from the 

alar fold on the medial aspect to reduce the impact of nasal 

flaring, to the lateral border of the nostril 
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2.3 Data analysis  

Frequency values of directional asymmetries (DA) previously determined by Leśniak [15] using the 

following equation, were utilised within analysis of the three groups.  

𝐷𝐴 = 𝐿 − 𝑅 

 Where L= Left side measurement, R= right side measurement. A positive directional asymmetry 

indicated a left side bias, and a negative directional asymmetry indicated a right side bias. Absolute 

asymmetry (AA) (mm), considered within the current analysis, refers to the degree of asymmetry 

irrespective of the direction. To take into consideration the varying heights of the horses within the 

study population, relative asymmetries for each trait were also considered as a percentage of the 

mean trait size (TA%) using the equation:   

Data within each group were analysed following removal of outliers (±2 s.d.) and determination of 

distribution using the Kolmogorov-Smirnov test.  Mean left and right side measurements were 

compared within each group for each of the traits. Reliability of the measurement protocol was 

undertaken through the use of a repeated measures one-way ANOVA and 2 way mixed methods 

inter-rater reliability analysis to determine if significant variance occurred between the three 

repeated measurements.  

  

2.3.1 Pooled, pony and horse group analysis  

Following distribution analysis, Friedman’s tests with post-hoc Wilcoxon signed rank analyses 

determined whether, within each of the three groups, specific traits presented with significantly 

larger TA% or AA. Differences in TA% and AA between the three groups were established through 

a series of Kruskal-Wallis tests with Mann-Whitney U post-hoc analyses for each trait.   

  

2.3.2 Left-larger, right-larger, sub-group analysis  

Further analysis was undertaken to determine whether those traits with a significant directional 

bias to be larger on one side [15] also demonstrated significantly larger/ smaller asymmetries 

compared to the other side. Within each group (pooled, horse, pony), bilateral pairings for each 

trait, were clustered according to whether they were larger on the left (LL) or on the right (RL) (DA 

as previously determined by Leśniak [15]). LL and RL sub-groups were therefore, established for the 

pooled, pony and horse groupings (Figure 1).    
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Figure 1: Divisions of the sample population into groups (pooled, horse and pony) and into LL and 

RL sub-groups at trait level.  

 

To determine whether AA and TA% differed significantly between the LL and RL subgroups of each 

trait, either the paired t-test or the Wilcoxon’s Signed rank tests were employed, dependent on 

normality distribution within each trait. To determine whether AA and TA% of the LL and RL sub-

groups differed significantly between population groups (pooled, horse and pony), either the 

Independent samples t-test or MannWhitney U test were used dependent on normality distribution 

within each trait. Thus, data analysis enabled asymmetry magnitudes to be determined both with 

and without a directional context.  All analyses were performed using the statistical analysis 

software SPSS (IBM SPSS version 24) with the significance level set at P<0.05 throughout.   

  

3.0 Results   

3.1 Reliability of measurement results  

No differences were reported between the three measurements of the traits investigated with the 

exception of HPP length (HPP; Anova: P≤0.05); inter-rate repeatability was excellent for all traits 

measured (ICC: 0.99–1.00), and therefore data are reported with confidence. Directional 

asymmetry frequencies were reflective of those reported in Leśniak [15].    

  



145 
 

3.2 Group level analysis; pooled, pony and horse.    

Statistically significant differences between left and right measurement means were determined 

for six traits within the pooled group (Table 2). The largest asymmetries as a percentage of trait size 

(TA%) were expressed by FPP length, HPP length and nostril width (Table 3); each demonstrating 

significant differences from the TA% of at least seven other bilateral traits (Table 4). Analysis of 

means revealed significant differences between left and right within the pony group.   

 

Table 2. Mean left-right measurements for the pooled group (mm) 

Bilateral trait �̅� left side �̅� right side 
Significance 

level 

Pinna length 136.35 136.03 P≥0.05 

Pinna width 54.67 53.99 P≤0.001 

Nostril length 55.22 55.05 P≥0.05 

Nostril width 21.30 20.85 P≥0.05 

Fore proximal phalanx length 56.46 55.75 P≤0.05 

Fore proximal phalanx width 51.84 51.36 P≤0.05 

Third metacarpal length 171.25 172.84 P≤0.001 

Third metacarpal width  43.01 43.00 P≥0.05 

Carpal width 94.65 95.48 P≤0.001 

Carpal depth 102.82 103.08 P≥0.05 

Hind proximal phalanx length 56.78 56.39 P≥0.05 

Hind proximal phalanx width 53.66 53.42 P≥0.05 

Third metatarsal  length 209.04 210.78 P≤0.001 

Third metatarsal  width 41.61 41.44 P≥0.05 

Tarsal width 93.84 94.03 P≥0.05 
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Table 3. Total asymmetry (AA) and as a percentage of trait size (TA%) for the three groups and their subgroups   

 

Table 3 depicts the absolute asymmetry (AA) (mm) and asymmetry as a percentage of trait size (TA%) of each of the four non-functional (facial) and eleven 

functional bilateral traits. Results are presented for the three main groups (pooled, pony and horse), as well as for each of their left-larger (LL) and right-larger (RL) 

subgroupings.  
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Table 4. Differences between traits as a percentage of trait size for the pooled, pony and horse 

groupings. A full key of bilateral trait abbreviations can be found in Table 1 

 

* P≤0.01, ** P≤0.001, 

PL = Pinna length; PW = pinna width; NL = Nostril length; NW = Nostril width; MC3L = Third 

metacarpal length; MC3W = Third metacarpal width; MT3L = Third metatarsal length; MT3W = 

Third metatarsal width; FPPL = Fore proximal phalanx length; FPPW = Fore proximal phalanx 

width; HPPL = Hind proximal phalanx length; HPPW = Hind proximal phalanx width; CD = Carpal 

depth; CW = Carpal width; TW = Tarsal width. 

 

Mean measurements of the MC3 and MT3 lengths, and carpal and tarsal widths were significantly 

larger on the right (P≤0.001); whereas MT3 width (P≤0.05) and pinna width (P≤0.001) were 

significantly larger on the left.  The largest TA% values within the pony group were expressed by 

the FPP length, HPP length and nostril width (Table 3); similar to the result of the pooled group. 

Only TA% of nostril width stood out as being very highly significantly different (P≤0.001) from the 
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majority of the other bilateral traits (Table 4). Pinna length TA% was significantly lower (P≤0.05) 

than nine of the other 14 bilateral traits (Table 4)  

Statistically significant differences between left vs right means were established for four traits 

within the horse group; the left limb demonstrated larger FPP length (P≤0.001) and width (P≤0.05) 

whilst the right limb presented with larger MC3 (P≤0.001) and MT3 length (P≤0.05). No significant 

differences were recorded for facial traits.  TA% was greatest for nostril width (�̅�=6.99% compared 

to between 1.15-4.21% within the other traits). Akin to the pony group, this was the only trait whose 

TA% was significantly different (P≤0.001) from the majority of the other bilateral traits (Table 4). 

TA% for pinna length, pinna width, MT3 and HPP length, and tarsal width were relatively low; 

however, they differed significantly (P≤0.05) from the majority of the other bilateral traits (Table 

4).   

Cross-group analysis of TA% and AA did not identify differences between the three groups for facial 

traits; significant differences for the four limb traits were, however, determined. AA of MC3 width 

was significantly lower for ponies than for either the horse (P≤0.001) or pooled (P≤0.05) groups. 

TA% differed between all three groups for MT3 length; differences between the horse (P≤0.001) 

and pony (P≤0.001) groups were larger than their individual differences with the pooled group 

(P≤0.05) (Table 3).  MC3 length TA% was significantly lower in horses than in ponies (P≤0.05); as 

was FPP length (P≤0.001). The latter was likely responsible for the pooled group exhibiting a 

significantly (P≤0.05) greater TA% for this trait than the horse group.   

    

3.3 LL and RL sub-group differences   

Analysis of the LL and RL sub-groups, established that pinna width AA was significantly larger within 

the LL sub-group (P≤0.05) within the pooled group; no significant differences in TA% between sub-

groups were reported. AA of HPP length and tarsal width were significantly larger (P≤0.05) in the LL 

sub-group. However, AA of MC3 length and carpal width were significantly larger (P≤0.05) in the RL 

sub-group.  TA% was greater within the RL sub-group for FPP length (P≤0.05), MC3 length (P≤0.05), 

MT3 length (P≤0.001) and carpal width (P≤0.01).    

Within the pony group, AA (P≤0.01) and TA% (P≤0.05) of pinna width and AA of nostril width 

(P≤0.05) were significantly larger for the LL sub-group.  AA for MC3 length (P≤0.01) and MT3 length 

(P≤0.01) was significantly greater in the RL sub-group. A similar pattern in TA% was reported for 

both these traits; MC3 length (P≤0.001), MT3 length (P≤0.05).  Unlike the pooled and the pony 

groups, no significant differences in AA or TA% of the facial traits were identified in the either of 

the horse sub-groupings. AA was larger in the RL sub-group for MC3 length (P≤0.05), MT3 length 
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(P≤0.01) and carpal width (P≤0.01). However, AA of the FPP width (P≤0.05) and tarsal width (P≤0.01) 

was greater in the LL sub-group. TA% was greater for the RL sub-group for MC3 length (P≤0.05), 

MT3 length (P≤0.05) and carpal width (P≤0.01). However, TA% in the LL sub-group were greater for 

FPP width (P≤0.05), HPP length (P≤0.05) and tarsal width (P≤0.01).  

 

4.0 Discussion   

This study aimed to determine whether directionality of an asymmetry was associated with its 

magnitude. For structures such as the appendages and facial features, perfect symmetry is 

traditionally considered the optimum status for an individual’s fitness [21]. Therefore within a 

symmetrically orientated population, a mean of zero and a normal distribution around this mean 

should be observed for left-right differences within bilateral traits [22]. In reality, directional 

asymmetry has been widely reported across species and for various specific traits [4,5,16]. The 

directionality reported in the initial analysis of the current data [15] suggests an inherent 

asymmetry within Equidae for specific bilateral traits, but one that is not similarly presented across 

both horses and ponies for all traits. Group size differences between the previously reported 

directionality and the current study are reflective of the removal of outliers within the current 

analysis; a procedure not necessary for the analysis of directional frequencies. The degree, or 

magnitude of the asymmetries presented varied dependent on; grouping, sub-grouping and the 

specific trait measured; this was particularly so for TA%. Whether a greater DA bias also reflects a 

greater magnitude of asymmetry, depends on the individual trait; resulting in rejection of the initial 

hypothesis as no single overarching model was identified.   

  

4.1 Asymmetry range identification  

From the results of the study, the authors further attempted to propose ‘normal’ asymmetry ranges 

for the functional and non-functional traits evaluated. Significant differences between horse and 

pony groupings for a number of the bilateral traits investigated, indicated that no single ‘normal’ 

asymmetry range could be determined. Fluctuating asymmetry (FA) exhibited by a population is 

suggested to be in the region of 1-2% of trait size [23]; this value is more reflective of functional 

traits. Non-functional traits, such as the upper body traits in humans, more commonly exhibit 

variability in the region of 3-4% [24]. When split in to LL and RL sub-groups, the TA% in horses and 

ponies was much higher than the previously reported values. However, when considered within the 

horse, pony and pooled groupings (Table 4) results are much more aligned to values considered 
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within the normal range in human studies. These findings reinforce the need to consider horses and 

ponies separately within research and practice.     

Interestingly, and despite width measurements of the traits being highly repeatable, it was the only 

proximal phalangeal traits that exceed the 1-2% range within the functional traits investigated. 

Osteogenic changes to width dimensions may reflect a compensatory mechanism in response to 

asymmetries of other directly, or indirectly linked, regions; such as length dimensions. However, 

the unexpectedly high TA% for PP lengths may also be influenced by measurement difficulties 

within this location. We propose that the ‘normal’ asymmetry range applied within human 

asymmetry research could also be applied, across species, to Equidae. Therefore, values 

significantly above the 1-2% for functional traits might both reflect compensatory mechanisms for 

other existing asymmetries and imply a functional disadvantage or increased risk of injury. It would 

be pertinent, when selecting stock as performance horses, to select those with the lowest degree 

of TA% as these individuals are more likely to have a greater career longevity due to a reduced risk 

of compensatory injury.   

  

4.2 Facial (non-functional traits)  

Measurement of facial traits allows inclusion of bilateral traits not functional in locomotion.  

Previous research suggests asymmetries of non-functional traits may be more common, and of 

greater magnitude, than those found within functional bilateral traits, where symmetry would be a 

biomechanical advantage [19,25].  Asymmetry as a percentage of traits size (TA%) for the widths of 

both the nostrils and the pinna, reflect this theory within the current investigation. Assimilation of 

the current findings with those of Leśniak [15] evidences a left directional pinna bias, particularly in 

ponies (Figures 2 to 4). Although pinna length asymmetries were frequent, they were generally only 

small in magnitude; particularly when considered as TA%. Left pinna length measurements were 

larger, albeit the difference was non-significant. Furthermore, asymmetries were greater for those 

exhibiting left-side bias for this bilateral trait; contradicting our hypothesis. Despite little functional 

significance, pinna asymmetries in humans are speculated to reflect conditions such as auditory 

canal defects and conductive deafness [26] and may consequentially influence balance and 

proprioception abilities.   

As previously proposed in Leśniak [15], a ‘normal’ pinna asymmetry for Equidae is potentially a bias 

for the left side to be longer; similar to that observed in human females [26]. A slight left DA bias of 

pinna length in primate mothers has been linked to the production of more symmetric offspring 

[26] in terms of pinna length; greater symmetry being considered the phenotype optimum. Pinna 
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asymmetry has also been implicated in the morphological expression of the developmental stability 

of the cerebral hemispheres [26]; a region involved in emotional decoding of audio and visual 

signals from left-side receptors. Disruption to optimal cerebral hemispheric development has the 

potential to negatively affect auditory perception by impacting the passage of sensory information 

inevitably influencing sensory decoding of audio [26,27] and indeed non-verbal stimuli within this 

region [28].    
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Figure 2: Pooled group LL and RL subgroupings illustrating the distribution of AA and TA% with respect to the directionality determined in Leśniak (2013).           

(DA* - Scale to be multiplied by 10 to give frequency as a percentage i.e. 5 = DA 50%; mean to be multiplied by 100 to equate to SI units (m)) 
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Figure 3: Horse group LL and RL subgroupings illustrating the distribution of AA and TA% with respect to the directionality determined in Leśniak (2013).             

(DA* - Scale to be multiplied by 10 to give frequency as a percentage i.e. 5 = DA 50%; mean to be multiplied by 100 to equate to SI units (m)). 
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Figure 4: Pony group LL and RL subgroupings illustrating the distribution of AA and TA% with respect to the directionality determined in Leśniak (2013). (DA* - 

Scale to be multiplied by 10 to give frequency as a percentage i.e. 5 = DA 50%; mean to be multiplied by 100 to equate to SI units (m)).  
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Despite the overt left directional frequency bias determined in Leśniak [15] for nostril traits, the 

difference between the left and right measurements of the traits within the current analysis, was 

not significant. TA% was however, significantly larger for nostril width than for all other traits within 

all groupings; particularly within the pony group. Although every effort was made not to evoke a 

response, flaring of the nostrils due to the novelty of the callipers could have resulted in the high 

TA% levels. The nostril width measurements were taken from the region of the nostril least likely 

to be affected by flaring but, due to the naturally inquisitive and cautious nature of Equidae, 

possible errors due to nostril flare cannot be discounted. Furthermore, nostril asymmetry within 

the pony group could, as with pinna asymmetry, be linked to brain lateralisation. McGreevy and 

Rogers [29] reported a right nostril preference during an olfactory stimulus test using stallion faeces 

within a mixed sex population of horses (n=106).  Their findings suggest nostril use can be an 

indicator of sensory lateralisation to novel stimuli and therefore, as olfactory stimuli are processed 

ipsilaterally, a right cerebral dominance. Higher asymmetry magnitude in LL ponies could be a 

reflection of a greater sensory awareness due their more native bloodlines. Conversely, the greater 

comparative symmetry of nostril width in horses may reflect the more notable selective breeding 

for athletic capability. Aerobic capacity being a key contributor to athletic performance and one 

which can be negatively impacted by impedance of ventilation [30].    

  

4.3 Limb (functional) traits  

An investigation into the prevalence and characteristics of asymmetries in humans by Trivers et al. 

[19] suggested that even small limb asymmetries could result in adverse biomechanical 

consequences. As quadrupeds, horses are better able to compensate for limb length discrepancies 

than bipeds. However, such alterations in biomechanics would still result in a change to the 

kinematics and kinetics of the stride, potentially influencing career longevity.  The level of the 

asymmetries in the functional traits within the current study is within the range of millimeters. As 

such this may be of little consequence in normal loading, such as stance where the horse rarely 

stands with both contralateral limbs at the same height due to uneven bedding, pasture, etc. 

However, it may become of greater significance during repeated intensive loading, such as when 

being worked, or it may be reflective of further underlying functional vulnerabilities.   

Whilst FPP traits recorded a left directionality bias in terms of frequency (albeit only significant in 

the horse group), magnitude bias was overtly different between the horse and pony groups. Within 

the horse group, both AA and TA% were greater in the LL sub-group. However, all variables were 

greater on the right in the pony group, except for AA of the FPP length. This further reflected 
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differences between these two groupings. The current study supported the previously determined 

[15] right-side directional bias of MC3 length in both horses and ponies by exposing larger right-

side mean measurements for all groups. Ponies demonstrated greater TA% for MC3 length; 

however, at a sub-group level, AA and TA% were also greater within the RL sub-group for horses. 

This reflects that, in addition to an individual bias towards a longer right side, the asymmetry 

magnitude for those with a right-side bias was greater than horses presenting a left-side bias; again 

contradicting our initial hypothesis.   

A directionality bias for MC3 width was not previously identified in Leśniak [15] and no significant 

differences were found within the intragroup analysis of the current study. The significantly lower 

AA of MC3 width of the pony group, in comparison to the pooled and horse groups was however 

surprising as the opposite had been predicted. To date, despite their high level of repeatability, 

MC3 and MT3 width dimensions have not been investigated within other equine studies. 

Asymmetry magnitudes of MC3 length demonstrated a similar right side bias to the previously 

determined DA. Adaptation to MC3 length asymmetries are likely to manifest in either the width 

dimension of bones other than MC3, metacarpophalangeal joint angulations, or hoof conformation.  

Wilson et al. [31]  reported such hoof conformation compensations noting an increased hoof spread 

(difference between the coronet band and hoof base circumferences) within the shorter limb, 

proposing this as a consequence of the increased loading it is subjected to.   

For a number of traits where differences in horse and pony groupings were observed, (e.g. carpal 

width, HPP length and MT3 width), the asymmetry magnitudes expressed by the horse group was 

sufficient to influence the pooled data group. These discrepancies suggest that the amalgamation 

of data as a pooled group does not facilitate recognition of the stand-alone results observed within 

the sub-groups.  Overall the DA and asymmetry magnitude data for both the horse and pony groups 

indicates that the MC3 and MT3 lengths of the right leg are longer, whilst the FPP presents greater 

width and length in the left limb. Although not statistically significant, the joint dimensions of the 

carpal joint presented with a bias for a larger right side, whilst the tarsal joints were larger on the 

left. The ipsilateral long bone asymmetry, combined with a potential predisposition for left 

lateralisation in the canter [32] may account for the bias for larger left FPP traits. In an asymmetric 

gait, such as the canter and gallop, the leading forelimb sustains higher ground reaction forces on 

landing than the leading hindlimb [33]; the larger geometry of the FPP may offer a compensatory 

mechanism for these increased loads.    

 The study hypothesis proposed that the side with the greater frequency of DA in terms of MT3 

length and width would present with the lower asymmetry magnitudes. Asymmetry magnitude, 

both as AA and as TA%, was significantly larger for the RL compared to the LL sub-groups. Therefore, 
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although the two sub-groups were similar in size, those with a longer right MT3 presented with a 

much greater asymmetry.  This could be reflective of the lack of quality breeding and the influence 

of pony crossbreeding within the population of the current study thereby increasing the level of 

heterozygosity. Despite the lack of expected bilateral symmetry observed, the longer right MC3 

does reflect the inherent bias for Equidae to canter with a leading left forelimb [32] and a potential 

biomechanical advantage for running clockwise. The greater FPP length and width dimensions may 

have manifested as compensatory mechanisms to accommodate the increased loading and provide 

additional stability to the more heavily loaded left limb.   

Differences in asymmetry magnitudes between horses and ponies, and their respective sub-groups, 

may be a consequence of the difference in breeding strategies between the two groups.  Breeding 

of horses is managed more intensively than that of ponies, with many horses having Thoroughbred 

influences within their bloodlines. Various modern horse breeds, such as the Irish Sports Horse and 

the European Warmbloods, with lighter frames than their ancestral counterparts, have deep-seated 

Thoroughbred lineages [34,35]. A degree of inbreeding is known to exist within the Thoroughbred 

industry as a result of breeding strategies employed [36]. Reduced heterozygosity has, in other 

species, been linked to developmental instability and therefore an increase in asymmetry within 

bilateral traits [37–40]. Reduced heterozygosity may go some way to explain the differences 

reported between horses and ponies in the current findings, particularly with regard to the facial 

traits. However, phenotypic consequences of breeding strategies, as opposed to heterozygosity, 

may better explain the propensity for horses to present with greater symmetry of limb bone length, 

whilst the width of the same bones is more symmetrical in ponies.  

  

5.0 Conclusion  

Where directional bias exists within trait dimensions, the asymmetry magnitude will be larger 

within the side exhibiting the greater bias. The range reported within this Equidae population was 

reflective of those reported in human studies; however, the biomechanical significance and 

potential for injury predisposition remains undetermined as yet. Whilst there were some 

similarities within horses and ponies, the significant differences between the two, reinforces the 

existence of more diverse phenotypical differences than height alone. Whether this disparity is 

exacerbated through the difference in breeding strategies, or is inherent to the informal ‘horse’ and 

‘pony’ divisions in the Equus caballus taxonomy, remains to be investigated.  
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Summary 

Reasons for performing study: Research has highlighted a high frequency of skeletal asymmetries 

in horses. In addition, research into hoof asymmetries has shown that within a bilateral pair, the 

hoof with the smaller angle is often subjected to greater loading. There has been limited 

attention paid to understanding compensatory mechanisms for skeletal asymmetries in the 

horse; the dynamic structure of the hoof could potentially be acting in a compensatory capacity.  

Objectives: To investigate the relationship between morphometry of forelimb segments and hoof 

spread and their incidence of asymmetry.  

Methods: Ten bilateral measurements of the hoof and forelimb were taken from 34 leisure 

horses. The relationship between hoof spread and forelimb segment measurements were 

analysed using a generalised linear model (GLM).  

Results: In relation to left hoof spread, the GLM identified significant negative relationships with 

left side measurements (third metacarpal length, elbow height), and significant positive 

relationships with right side measurements (fetlock height, third metacarpal length, elbow 

height). In relation to right hoof spread, the GLM identified significant negative relationship with 

left elbow height, and significant positive relationships with right side measurements (fetlock 

height, point of shoulder). The difference between the number of horses larger to the left or to 

the right was found to be significant for point of shoulder height (χ2 = 4.8, P<0.05), and highly 

significant for heel height (χ2 = 9.53, P<0.01) and the third metacarpal length (χ2 = 7.26, P<0.01).  

Conclusions and clinical relevance: The study demonstrated considerable asymmetry in left-right 

morphometry of the equine limb. The fact that measurements of hoof spread were significantly 

associated with limb segment measurements could possibly indicate that an interaction exists. 
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Any asymmetry in hoof spread measurements may suggest unequal loading of the limbs, which 

in turn may contribute to injuries and reduced performance.  

Introduction 

Equine conformation has received considerable research interest in recent years. A horse’s athletic 

capacity and ability to remain injury free are both closely linked to conformation. The effect of 

asymmetry deserves attention as evidence suggests that a higher degree of asymmetry is negatively 

correlated with performance in Standardbred trotters (Dalin 1985), Thoroughbred racehorses 

(Manning and Ockenden 1994) and event horses (McDonald and Dumbell 2008). Human research 

has identified that leg length asymmetry causes differences in loading and differing compensatory 

mechanisms (Goel et al. 1997; White et al. 2004). However, results have been conflicting between 

studies (Bhave et al. 1999; O’Toole et al. 2003). The affect of asymmetry on limb loading in horses 

has not been studied. Related studies have shown that within a bilateral pair, the hoof with the 

lower angle is often subjected to higher loading (Moleman et al. 2006). Nevertheless, it remains 

unclear whether the higher loading affects the hoof angle, or if actually the hoof angle affects the 

hoof loading. Because the hoof is a dynamic structure, capable of modifying its conformation to the 

forces placed on it, this study hypothesised that asymmetry in limb length would bring about 

changes in hoof shape and size, through asymmetric loading of the limbs. The aim of this study was, 

therefore, to investigate the relationship between hoof spread and coexisting skeletal asymmetries.  

 

Methods 

Measurements 

Ten bilateral morphometric measurements of the front limb and hoof were taken from 34 horses. 

The study group consisted of various breeds and types of horses (140–199 cm height; age 5–25 

years) on working livery at Hartpury College, Gloucestershire. Four hoof traits and 6 limb traits were 

measured to the nearest mm (hoof width bottom, hoof width top, toe height, heel and fetlock 

height, third metacarpal length, carpal height, elbow height, point of shoulder height, scapular 

height). Three repeated measurements were taken by the same operator and the mean calculated. 

The horses were stood squarely to ensure even weight distribution and eliminate potential changes 

in segment length asymmetries in joint angulations.  

Three types of measuring equipment were used: 1) an Invicta metric calliper for hoof width top, 

hoof width bottom and third metacarpal length; 2) a set ruler with a spirit level for toe height, heel 
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height and fetlock height; and 3) an adapted horse height measure with a spirit level for carpal 

height, elbow height, point of shoulder height and scapular height. 

To investigate intrasubject reliability coefficient of variation was calculated from the raw data. 

Averages for each bilateral trait ranged from 0–0.73, indicating low variability. Mean ± s.d. and 

minimum and maximum values were calculated for each trait; hoof spread was calculated by 

subtracting hoof width top from hoof width bottom. Left and right side values for each trait were 

compared using a t test. To investigate the relationship between hoof spread and skeletal 

characteristics, a Generalised Linear Model (GLM) was developed using a log-link function in SPSS 

version 14.0. (Diggle et al. 2002; Dobson 2002; Hardin and Hilbe 2003; Elith et al. 2006). As 

goodness-of-fit statistics are not computed for GLM, a corrected quasi-likelihood under 

Independence model criterion (QICC) value was used to select best-fit model terms using the 

‘smaller is better’ approach evaluated by Zheng and Agresti (2000) and Pan (2001).  

GLM output model coefficient values (B) have little relative or absolute interpretive value when a 

log link function is used to render explanatory variables. The results presented therefore show only 

the P value of significant terms and the direction of the relationship (- or +). The model was run 

twice: once with the dependant variable as the spread of the left hoof and once as the spread of 

the right hoof. For both, the measurements of the limb (fetlock height, third metacarpal length, 

carpal height, elbow height, point of shoulder height and scapular height) for both the left and right 

sides were the response variables. The skeletal characteristics were considered to be the 

explanatory variables as these  lengths are fixed once the horse reaches skeletal maturity while the 

hoof has the ability to change throughout the horse’s life in response to the biomechanical forces 

being placed upon it (Anderson and McIlwraith 2004).  

The difference between the left and right sides for each trait was calculated to give an asymmetry 

index. The asymmetry index was calculated to show the degree of asymmetry (nondirectional) and 

the direction of asymmetry (directional). Calculations of directional-asymmetry gave a resultant 

sign: negative values indicating larger left side traits and positive values indicating larger right side 

traits. Left/right frequency could then be determined and a Chi-squared test (χ2) was performed to 

identify any significant differences. Nondirectional asymmetry was the difference between left and 

right without the consideration of the resultant sign. 
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Results 

Summary statistics  

Table 1 shows the mean, minimum, maximum and standard deviation (mm) for all morphometric 

measurements.  

 

Generalised model results 

In relation to left hoof spread, the GLM identified significant negative relationship with the left 

side measurements of third metacarpal length, left elbow height, and significant positive 

relationships with the right side measurements of fetlock height, third metacarpal length, elbow 

height (Table 2). These results indicated that as hoof spread increased, right fetlock height right 

increased, left third metacarpal length decreased, right third metacarpal length decreased, left 

hoof elbow height decreased and right elbow height increased significantly (P>0.05). The heights 

of the remaining traits were not found to be significant at P>0.05. 

 

 

TABLE 1: Summary statistics for investigated bilateral traits of the left and right forelimbs 

 

 Mean ± s.d. (mm) Range (mm) Mean ± s.d. (mm) Range (mm) 

Hoof width 

bottom 145.2 ± 16.8 107.0–186.0 144.1 ± 17.0   107.3–181.3 

Hoof width top 112.1 ± 11.5 86.0–130.3 112.5 ± 11.2 90.3–136.3 

Hoof spread 33.1 ± 8.9 17.0–55.6 31.6 ± 9.7 14.0–56.0 

Heel height 34.1 ± 6.7 21.0–50.3 36.7 ± 8.1 15.3–64.3 

Toe height 85.4 ± 8.6 68.6–105.3 84.4 ± 8.0 73.0–104.3 

Fetlock height 168.2 ± 13.7 139.3–189.3 168.1 ± 15.1 141.6–203.3 

3rd Metacarpal 

length 

210.5 ± 31.6 153.3–276.3 212.3 ± 33.0 152.6–278.0 

Carpal height 525.3 ± 32.9 424.6–592.6 525.1 ± 30.1 431.3–572.6 

Elbow height 956.8 ± 60.5 831.0–1070.6 960.2 ± 60.2 826.0–1073.6 

Point of shoulder 1120.8 ± 63.4 948.0–1256.3 1124.2 ± 61.2 951.6–1073.6 

Scapular height 1577.4 ± 81.8 1361.0–1758.0 1576.6 ± 80.5 1359.6–1742.6 
 

Left Right 
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TABLE 2: Significant explanatory variables for left hoof spread where a positive B value indicates 
an increase in the variable concurrent to left hoof spread and a negative B value indicates a 
decrease in the variable as left hoof spread increases 
 

 

 

In relation to right hoof spread, the GLM identified significant negative relationship with left side 

elbow height, and significant positive relationships with the right side measurements of fetlock 

height and point of shoulder (Table 3). As right hoof spread increased, right fetlock height and 

right point of shoulder increased while left elbow height decreased significantly (P>0.05). The 

heights of the remaining traits were not found to be significant. 

 

TABLE 3: Significant explanatory variables for right hoof spread where a positive B value indicates 

an increase in the variable concurrent to right hoof spread and a negative B value indicates a 

decrease in the variable as right hoof spread increases 

 

 

 

 

 

 

 

 

positive B value indicates an increase in the variable concurrent to left 

hoof spread and a negative B value indicates a decrease in the variable 

as left hoof spread increases 

Left hoof B P 

Fetlock height right   + 0.045 
Third metacarpal length left - 0.001 
Third metacarpal length right  + 0.001 
Elbow height left - 0.001 
Elbow height right + 0.007 



167 
 

TABLE 4: Summary statistics for asymmetry data, identifying mean, minimum and maximum 

differences for nondirectional data. Directional mean and percentage distribution of left and right 

for each trait is also shown as well as a percentage value for individuals with no difference 

between left and right measurements (0%). Heel height, third metacarpal length and point of 

shoulder showed significance at the level indicated; the remaining traits showed no significance 

(ns)  

 
Mean 

diff 

Min 

diff 

Max 

diff 

Direct-

ional 

mean 

% Left % Right 0% P 

Hoof width 

bottom 4.28 0.00 28.00 -1.14 50.00 44.12 5.88 ns 

Hoof width 

top 

2.72 0.33 23.67 0.40 47.06 52.94 0.00 ns 

Hoof spread 6.01 0.00 6.00 -1.54 58.82 35.29 5.88 ns 

Heel height  4.57 0.33 14.00 2.59 23.53 76.47 0.00 <0.01 

Toe height 3.18 0.33 10.00 -1.04 64.71 35.29 0.00 ns 

Fetlock height 5.98 0.00 28.33 -0.08 47.06 47.06 5.88 ns 

Third 

metacarpal 

length 

3.14 0.00 12.33 1.80 23.53 67.65 8.82 <0.01 

Carpal height 9.53 0.00 22.00 -0.20 36.67 60.00 3.33 ns 

Elbow height 10.22 1.00 36.00 3.40 43.33 56.67 0.00 ns 

Point of 

shoulder 

12.12 0.67 38.00 3.41 30.00 70.00 0.00 <0.05 

Scapular 

height 

10.16 0.00 37.00 -0.78 46.67 50.00 3.33 ns 

 

Asymmetry  

A high frequency of asymmetry was found. In the 358 pairs of measurements taken only 11 

instances demonstrated no difference between the left and right measurements. As demonstrated 

in Table 4, point of shoulder height showed the greatest absolute asymmetry with an asymmetry 

index mean of 12.12 mm (range 0.67–38 mm) while hoof width top showed the smallest amount of 
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absolute asymmetry with a mean of 2.72 mm (range 0.33– 23.67 mm). Table 4 also shows the 

distribution of each trait and whether this difference between left or right was significant. All 3 

significant traits showed a directional bias to the right. 

The difference between the number of horses larger to the left or to the right was found to be 

significant for point of shoulder height (χ2 = 4.8, d.f. = 1, P<0.05), and highly significant for heel 

height (χ2 = 9.5, d.f. = 1, P<0.01) and third metacarpal length (χ2 = 7.26, d.f. = 1, P<0.01).  

 

Discussion 

This study is the first report in which the relationships between skeletal and hoof measurements in 

the forelimb have been examined. The significant relationship identified between measurements 

of hoof spread and skeletal limb measurements is of interest because of the implications on health 

and performance.  

For both third metacarpal length and elbow height, hoof spread increased as measurements on the 

left decreased and measurements on the right increased, suggesting that a shorter limb will 

demonstrate greater hoof spread. Previous studies have shown that the hoof with the lower angle 

is the hoof subjected to the highest load (Moleman et al. 2006). Hoof angle was not measured in 

this study as hoof spread was used as the main parameter. Visual observations during the current 

study suggest that low hoof angles tend to be associated with increased spread of the hoof wall. 

More upright hooves, with a higher angle tended, to show less spread and be more ‘boxy’; further 

research is required to confirm these observational findings. If low hoof angle is associated with 

increased hoof spread this would then suggest that the hoof with the largest spread would be 

subjected to the highest loading. These findings indicate that the shorter limb will be subjected to 

higher loading, potentially through increased concussive forces. Further data analysis is required to 

confirm whether these limbs are actually shorter, or whether other segments within the limb are 

compensating for the differences.  

The relationship involving the right hoof appeared less clear with hoof spread increasing as right 

fetlock height increased, left elbow height decreased and right point of shoulder height increased. 

Findings did not support those for the left hoof, as the longer limb showed greater spread. The 

underlying cause of the differences between the left and right hoof are unclear, the relationship 

between skeletal and hoof measurements is likely to be complicated. A total of 59% of horses 

showed more hoof spread to the left which may also have skewed the results.  
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Interestingly, it was noted at the time that the horses who had the most difficulty in standing square 

often had greater asymmetry compared to those who naturally stood more evenly. This observation 

supports findings by van Heel et al. (2006) who found that foals who developed a preference to 

protract the same limb whilst grazing developed more asymmetric feet than foals who did not 

develop a preference.  

Interpreting the causal effects between significant morphometric relationships needs to be 

approached with some degree of caution. However, the key advantage of generalised linear 

modelling over bivariate approaches (e.g. correlation and regression), is that it allows covariance 

between explanatory variables to be controlled for in a single analysis. For morphometric studies 

this is necessary, because of the potential causal associations between structural and asymmetry 

measurements. Other factors that may also have a confounding affect (e.g. an individual’s motor 

pattern, pain, shoeing history, level of training and rider), were beyond the scope of the present 

study but are worthy of future investigation.  

Asymmetry is obviously present in horses. Understanding the effect of asymmetry on soundness 

and movement is vital in keeping individuals healthy. Today’s equine athletes work very close to the 

limit in terms of the capability of some structures, and any deviations from the perfect conformation 

can contribute to the breakdown of these structures. As yet the long-term effects of asymmetry are 

unknown, as is the amount of asymmetry needed to cause pathology.  
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Abstract  

Despite the likelihood that a horse’s mass influences hoof morphology, empirical evidence is 

lacking. A clearer understanding of factors influencing hoof shape could enable prevention, or 

better treatment of, foot-based disorders; common causes of equine lameness.  The study’s aim 

was to investigate the relationship between horse body size, in terms of mass and height, and fore 

hoof dimensions. A further aim was to determine changes in the occurrence of hoof asymmetry as 

body size increases.  Height, mass and fore hoof dimensions; coronet band width (CBW), hoof base 

width (HBW), dorsal hoof wall angle (DHWA) and hoof spread (HS) of 63 riding school horses were 

measured within two weeks of routine shoeing. Regression analysis demonstrated positive 

relationships between body mass and both CBW and HBW in left and right hooves, indicating basic 

hoof dimensions increased as body mass increased. No relationship between horse height and hoof 

variables was found suggesting mass is more influential on hoof morphology. Left and right DHWL 

were moderately correlated, however, paired t-test results identified a greater right than left 

mailto:kirsty.lesniak@hartpury.ac.uk
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DHWA. As left DHWA increased, left HS decreased, indicating development of a more upright hoof 

geometry. Both left and right HS increased as corresponding HBW increased. Both hooves tended 

towards a more upright conformation as horse height and body mass increased. However, 

asymmetries observed suggest a splayed left hoof compared to a ‘boxy’ right hoof. Such 

morphological adjustments may indicate variation in horn tubule orientation in response to greater 

structural loading; an important consideration for hoof practitioners. 

Keywords: Equine; Hoof conformation; Body mass; Asymmetry; Fore  

 

1.0 Introduction 

The advanced evolutionary structure of the equine hoof provides leverage, support and shock 

absorption to facilitate locomotion (Gill, 2007). Its conformation dictates how the foot interacts 

with the ground and directly influences the magnitude and direction of forces entering the limb 

(Eliashar et al., 2004). Factors influencing hoof capsule dimensions, and therefore forces interacting 

with the foot, include trimming and shoeing practices, heritability and early life environmental 

stressors (Gill, 2007). The high body mass to weight-bearing surface ratio of the equine hoof results 

in significant, repetitive impact stresses during locomotion (MacDonald et al., 2006; Warner et al., 

2013). Consequentially, foot problems are common and poor foot pathologies have implicated in 

up to 70-80% of lameness cases [5, 6].  

One of the aims of trimming and farriery interventions is to influence the biomechanics and loading 

patterns of the hoof, and by association the foot, through achieving optimal hoof geometry for the 

individual’s hoof conformation (Leśniak et al., 2017; Moleman et al., 2006). Early farriery texts 

document the ideal dorsal hoof wall angle (DHWA), and therefore the hoof-pastern axis (HPA), as 

45-50°. Angles achieved in practice have long challenged this with evidence of HPA ranging from 

42° to 58°, with mean values between 51.8° and 53.7° (Clayton, 1990; McClinchey et al., 2003).  

Acute hoof angles, associated with longer relative growth of the toes than heels, results in a broken-

backwards HPA and increased toe-first impact, resulting in a prolonged breakover time (Clayton, 

1990). Upright or broken forwards hoof conformation, where the toe is relatively shorter than the 

heel, creates a boxy foot shape, reducing breakover duration (O’Grady, 2008). The geometry of the 

hoof therefore has the potential for subtle, yet significant influences on stride bimechanics. Gait 

parameters, such as stride length and duration, remain consistent throughout shoeing and 

trimming intervals (Moleman et al., 2006); however, transient morphological changes in distal limb 
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joints angles occur to retain these (van Heel, van Weeren, et al., 2006). Regular farriery is therefore 

fundamental to keep the horse sound (Clayton, 1990; Gill, 2007). 

Musculoskeletal disorders (Wearing et al., 2006), such as osteoarthritis of the knee (Toivanen et al., 

2010) and hip (Recnik et al., 2009) have been linked to excessive body mass in humans; as have foot 

and distal limb pathologies through the resulting increased loading (Recnik et al., 2009; Wearing et 

al., 2006). The only foot pathologies that have been linked to body mass in the horse is laminitis. 

Minimal investigation into the effects of body mass on hoof geometry has occurred to date.  

This study aimed to investigate the relationship between horses’ body mass and hoof shape. The 

study hypothesised that horses of a larger body mass would present hooves with an increased 

proportional weight-bearing surface in order to facilitate distribution of the higher loading forces 

generated. Angular and linear hoof measurements were postulated to increase proportionally with 

changes to the weight-bearing surface. An increased asymmetry of hoof-spread has previously been 

reported with a corresponding increase in limb length (Wilson et al., 2009) ; as such a further aim 

of the study was to evaluate whether left-right hoof symmetry changes with an increase in body 

size: either height or mass. It was postulated that as height increased, any left-right asymmetries 

would also increase.  

 

2.0 Material and methods  

2.1 Study population 

Sixty-three riding school horses of mixed breed, age (6 – 25yrs), height (146.3cm to 177.0cm) and 

sex were selected using convenience sampling. All subjects were subjected to comparable 

workloads, farriery and management regime: two 45 minute flat, jump or lunge lessons per day on 

an artificial surface (ProWax, Andrews Bowen, Lancashire, UK), with one day off per week; stabled 

(rubber matting and shavings) with restricted grass turnout5. One main farriery team (WCF 

(Worshipful Company of Farriers) qualified) provided regular farrier treatment (hot shod; full set or 

front shoes) to all horses within the study population at shoeing intervals between four and six 

weeks. Under the direction and supervision of a lead farrier, farriery was performed by one of four 

farriers to promote a consistent approach. All horses had been previously exposed to farriery 

interventions and were not undergoing any corrective farriery. Inclusion criteria required the horses 

to be in a regular shoeing routine of  ≥ four to six weeks (Leśniak et al., 2017) and to have been 

 
5 Horses were restricted to between 2-5 hours turnout per day.  
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shod within the two weeks prior to data collection. Horses that had any signs of lameness reported 

by the riding school veterinarian within the previous six months, or during the study, were excluded. 

Ethical approval for the study was granted by the University of the West of England (Hartpury) 

Ethics Committee (Project Identification Code: ETHICS2011/13).  

 

2.2 Experimental method 

Horses were stood square, with equal weight bearing on all four limbs, on a level concrete surface 

for hoof measurements and lateral digital images of the hoof to be taken (Dyson et al., 2011a, 

2011b; Leśniak et al., 2017). Height (m) was measured with a horse height measuring stick (±0.01m 

accuracy) (Shires, UK). A weighbridge (Burghley, Horse Weigh, Gloucestershire, UK) was used to 

attain body mass (kg). Direct measurements of the coronet band width (CBW) (mm) and hoof base 

width (HBW) (mm) (Figure 1) were obtained using callipers (±1mm accuracy) (Invicta metric 

callipers, Invicta, Oxfordshire, UK). A digital camera (DSC-W180; 36.34 MP/cm², Sony UK, Surrey, 

UK) placed on the ground perpendicular to the hoof, captured lateral digital images of both front 

feet.  

 

Figure 1: Dorsopalmar view of the front hooves of the horse. In this study, the average horse’s 

right hoof a) was squarer in shape compared to the left hoof b) which was broader and flatter in 

appearance. Coronet band width (yellow; solid line) of both feet were statistically comparable 

(P≥0.05) whilst the hoof base width of the left foot (blue; dashed line) was larger than that of the 
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right (green; dotted line) due to its greater CBW: HBW ratio. As a result, the medial and lateral 

walls were angled on a greater slope in the left foot.  

 

Dartfish™ software (Dartfish Version 6, Dartfish Solutions, Fribourg, Switzerland) was employed to 

determine dorsal hoof wall angle (DHWA). DHWA was defined as the angle of intersect between a) 

the line drawn from the proximal limit to the distal limits of the dorsal hoof wall at the weight-

bearing border with b) the line drawn from the palmar margin of the heel and the shoe, and the 

most dorsal margin of the toe and the shoe (Figure 2) (Dyson et al., 2011a). Use of photography to 

measure hoof dimensions supported intra- and inter-horse standardisation (Thomason, 1998) and 

ensured greater repeatability than manual methods (Moleman et al., 2005). Mean values from 

three measurements were used for the analysis.  

 

Figure 2: Lateral view of the horses front hoof illustrating the DHWA, defined as the angle of 

intersect between a) the line drawn from the proximal limit to the distal limits of the dorsal hoof 

wall at the weight-bearing border with b) the line drawn from the palmar margin of the heel and 

the shoe, and the most dorsal margin of the toe and the shoe 

Horses were grouped according to a) mass and b) height, independently to determine individual 

influences on hoof conformation. Horse body mass was categorised into 500kg, 5-600kg and >600kg 

groups, in accordance with 500kg being a commonly used benchmark category within literature 

(Longland & Byrd, 2006) and anecdotally within industry to define the weight of the average horse. 



177 
 

Height was divided into shorter horses: <16hh (≤1.625m) and taller horses; ≥16hh (≥1.626m) 

(Leśniak et al., 2017).  In addition, to determine a combined influence, individuals within each 

height category were grouped according to mass for comparison e.g. horses ≥16hh were split in to 

500kg, 5-600kg and >600kg subgroups. Group and sub-group sizes are reported in Table 1.  

2.3 Data analysis 

Hoof spread (HS) was defined as the difference between HBW and CBW [16, 23]. Hoof spread ratio, 

defined as HBW (mm) / CBW (mm), was calculated for the left and right front hooves for horses 

within each mass and height category.  

Data were tested for normality using the Kolmogorov–Smirnov test. Hoof variables and mass data 

were normally distributed and demonstrated a linear relationship, had no multicollinearity, no 

auto-correlation and were homoscedastic. Paired t-tests were used to determine differences in the 

DHWA of the left and right hooves independently within each mass (<500kg, 5-600kg and >600kg) 

and height groupings (<16hh, >16hh). Associations between all hoof variables were examined 

through a series of Pearson’s Product Moment Correlation Coefficient analyses. A series of 

regression analyses investigated the impact of mass and height (as the independent variables) upon 

the measured hoof variables. Correlation Coefficients were interpreted according to Taylor (R. 

Taylor, 1990). Correlation Coefficients were defined as weak if ≤0.35, moderate if 0.36 to 0.67 and 

high if 0.68 to 1.0.  

All analyses were performed using the statistical analysis software SPSS (IBM SPSS version 24) with 

the significance level set at P<0.05 throughout.  
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Table 1 Mean (±SD) measurement data for the study population as a whole and between mass (kg): 1) 500kg, 2) 5-600kg and 3) 600kg and height (m); a) <16hh and 

b) >16hh sub-groupings. Significant differences in DHWA within each sub-group indicated by * (p≤0.05) and ** (p≤0.01). DHWA: dorsal hoof wall angle; CBW: coronet 

band width; HBW: hoof base width 

 n Height (m) Mass (kg) Hoof CBW (cm) HBW (cm) HS (cm) DHWA (˚) HS 

Ratio ALL 63 1.61±0.073 565.08±69.81 Left 11.17±0.92 13.61±1.00 2.44±0.61 52.43±2.83 1.22 

Right 11.20±0.95 13.61±1.06 2.40±0.64 **53.34±2.64 1.22 

<500kg 
12 1.58±0.056 473.44±27.94 Left 10.55±0.74 13.13±0.92 2.58±0.80 52.02±2.04 1.25 

Right 10.49±0.72 13.12±0.87 2.63±0.73 52.63±1.87 1.25 

5-600kg 35 1.61±0.072 555.03±27.42 Left 11.03±0.66 13.42±0.66 2.39±0.49 52.14±3.01 1.22 

Right 11.05±0.69 13.36±0.80 2.31±0.57 *53.15±2.67 1.21 

>600kg 16 1.65±0.073 655.79±46.22 Left 11.93±1.07 14.40±1.27 2.47±0.73 53.50±2.86 1.21 

Right 12.07±1.02 14.51±1.16 2.44±0.71 54.33±2.97 1.20 

<16hh 35 1.56±0.04 532.20±58.01 Left 10.97±1.00 13.42±1.03 2.46±0.55 53.07±3.06 1.23 

Right 10.96±1.03 13.39±1.10 2.48±0.62 53.98±2.57 1.23 

<16hh 

<500kg 
11 1.57±0.049 471.94±28.79 Left 10.47±0.72 13.07±0.72 2.60±0.83 51.82±2.01 1.25 

Right 10.44±0.73 13.06±0.88 2.62±0.77 52.53±1.93 1.25 

<16hh           

5-600kg 
18 1.55±0.043 536.39±19.68 Left 10.89±0.71 13.31±0.70 2.41±0.34 52.90±3.36 1.22 

Right 10.89±0.76 13.23±0.89 2.34±0.58 54.54±2.52 1.22 

<16hh 

>600kg 
6 1.58±0.042 630.08±18.89 Left 12.09±1.43 14.42±1.49 2.33±0.50 *55.87±2.07 1.20 

Right 12.09±1.43 14.50±1.47 2.41±0.42 54.95±3.00 1.20 

>16hh 28 1.68±0.040 606.83±60.63 Left 11.45±0.75 13.87±0.92 2.41±0.69 51.66±2.34 1.21 

Right 11.54±0.77 13.88±0.93 2.30±0.67 *52.57±2.55 1.21 

>16hh 

<600kg 
18 1.67±0.025 570±27.54 Left 11.19±0.59 13.550.60 2.36±0.60 51.049±2.45 1.21 

Right 11.20±0.57 13.51±0.68 2.31±0.58 51.78±1.99 1.21 

>16hh 

>600kg 
10 1.70±0.054 671.21±51.55 Left 11.84±0.86 14.39±1.20 2.56±0.86 52.07±2.30 1.22 

Right 12..06±0.76 14.52±1.02 2.35±0.84 *53.96±3.06 1.21 
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3.0 Results and discussion  

The study aim was to assess changes in hoof conformation with increasing body size, in terms of 

height and mass, within a population of general riding horses. Whilst mass was identified to have a 

greater influence on the conformation of the hooves investigated, horses above 16hh did present 

with more upright feet in comparison to those under 16hh. Furthermore, whilst left and right DHWA 

increased as height and mass increased, a concurrent increase in the asymmetry of the paired 

hooves also presented; the left hoof presenting with a more acute DHWA compared to the more 

upright (boxy) right foot.  

The mixed age range, breed type, height (�̅�=1.611±0.073m) and mass (�̅�=565.08±69.81kg) (Table 

1) demographics within the cohort reflect a general population. The lack of accurate age and breed 

type6 data was a limitation of this data set as such information would have facilitated a more in-

depth interpretation of the results. Results are presented as means (±SD) unless otherwise stated.  

 

3.1 Influences of mass and height on hoof variables 

No correlation was found between HS and either horse mass or height, or between height and any 

assessed hoof variable (p>0.05). This may be partially due to individual farriery practices (Kummer 

et al., 2009) but as breed associations with hoof conformation traits are  well documented [23], this 

is more likely a result of the breed diversity within the study population. Mass data for the shorter 

horses (i.e. those ≤1.625m) were normally distributed. Mass data for the taller horses (i.e. those 

≥1.626m) were not normally distributed and presented with a positive skew indicating a number of 

the horses weighed lower than the mean 606.83 (±60.63). Observation of the distribution suggest 

mean mass (606.8kg) was impacted by the inclusion of a small number of horses with greater mass 

as it was greater than both the median (595kg) and mode (595.9kg) values for mass.   

As mass increased, so too did HBW in both the left (r2=0.25 p=0.001) and right (r2=0.24 p=0.001) 

fore feet. The HS results indicate that taller horses appear to have larger hooves which would 

translate to a corresponding increase in greater solar surface area. However, further research 

integrating the measurement of solar surface area is required to confirm this.  Increased ground 

contact area can be postulated through the  increased dorsopalmar length,  the longer DHW length 

observed here in heavier horses would support this theory (Balch et al., 1997).  The increases 

 
6 Due to inaccuracies notes in a few of the establishment’s documentation, recorded breed type and age 
were not considered accurate enough to include within data analysis.   
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observed could be attributable to two possible mechanisms: 1) a relatively even distribution of 

increased spread in the dorsal half of the hoof capsule (Figure 3a). Such expansion would increase 

the ground contact area without significantly increasing toe length, promoting greater breadth 

across the whole toe region. Alternatively, 2) extension is isolated to the toe (Figure 3b) (Redden, 

2003). Whilst the area for ground contact potentially increases, the lengthened duration of break-

over increases strain on the underlying laminar junction (Redden, 2003); strain magnitude of the 

DHW would be transferred to the deep digital flexor tendon. The results suggest that horses with a 

higher body mass (>500kg) have a foot shape more closely associated with mechanism 1 (Figure 

3a), which could be considered a preferable adaptation to reduce dorsal hoof wall strain. Additional 

mass placed on the hoof, for example through obesity, could have wider equine welfare 

implications. Body condition scores, and therefore obesity levels, were not determined within the 

current study population. However, excessive body weight may have the potential to detrimentally 

effect such hoof compensatory mechanisms. Despite evidence that obesity negatively affects 

human foot morphology and associated biomechanics (Wearing et al., 2006), particularly in 

children (Mauch et al., 2008), this area is yet to be researched in the horse. Further research is 

required to confirm these propositions; however, such effects would predispose individuals to more 

significant injury than previously considered. 

 

Figure 3: Mechanisms by which the hoof surface area can increase in larger horses without 

increasing mediolateral width; a) Increased spread in the dorsal half of the hoof capsule b) 

Isolated toe extension (Redden, 2003). 

 

Despite the clear benefits of a larger ground contact area, large hooves could also be detrimental. 

Larger hooves better distribute locomotory forces but, in relation to body size, the extra mass 
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significantly influences the limbs’ pendulum action increasing the force of the swing (Lanovas & 

Clayton, 2001). Amplified swing increases net joint moments, or turning forces. This is particularly 

applicable within joints such as the equine radiohumeral  joint (Lanovas & Clayton, 2001) which has 

restricted movement, consequentially increasing power generation and the propensity for soft-

tissue injury. Large feet also require more energy to move; therefore, a proportionally smaller foot 

size, as suggested within the current results could benefit gait economy over shock absorption. 

Such compromise has the potential to result in increased concussive forces within the limb and digit 

(Takahashi et al., 2004), and predisposition to lameness. 

 

3.2 Hoof asymmetries  

The weak positive correlation between left and right DHWA (r=0.59, p<0.001) indicated comparable 

increases in DHWA. However, the significantly (p<0.05) larger right DHWA determined by the paired 

t-test reinforces the notion that hooves demonstrate distinct individual conformation and 

asymmetries (G. H. Wilson et al., 2009). Varied left-right differences in DHWA and hoof spread 

existed in this sample (Table 1). Bilateral hoof symmetry is important in facilitating even mass 

distribution. The angular variation present has the potential to predispose one of the contralateral 

hooves to injury through the resultant uneven loading (Holroyd et al., 2013; Kane et al., 1998).  

The lack of a correlation between either height or mass with DHWA (p>0.05), the relationships 

between mass and right DHWA in horses over 16hh, and the lack of a relationship between mass 

and CBW, all imply larger horses possess more significant limb asymmetries than smaller horses. 

This supports Wilson et al.'s (Wilson et al., 2009) findings that as limb length increased, specifically 

third metacarpal length and elbow height, left HS decreased and that as the difference in left-right 

limb length increased, left HS became more pronounced.   

The solar aspect of the distal phalanx is normally aligned between 2-10˚ to the horizontal (Parks et 

al., 2003). The more acute DHWA of the left hoof (p≤0.01) would result in a decrease of this angle. 

A 1° reduction in the angle of the distal phalanx can increase compressive forces on the deep digital 

flexor tendon (DDFT) and navicular bone by as much as 20% at the beginning of stance (Eliashar et 

al., 2004). A trend for the left hoof to be more acutely angled has been previously reported (Ducro, 

Bovenhuis, et al., 2009) which positions the centre of pressure more palmarly; potentially 

predisposing horses to strain of the DDFT and navicular structures (Holroyd et al., 2013).  No 

research has directly considered this, however Ducro et al. (Ducro, Gorissen, et al., 2009) suggested 

presence of asymmetric fore feet reduced career longevity of dressage horses and almost doubled 
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risk of early retirement in elite level showjumpers. The reported asymmetries within the current 

study are likely to have undesirable implications for sustained soundness and manifest as 

pathologies (Dyson, 2002); however, the positive complexities of such relationships require further 

investigation.  

Asymmetries as a result of farrier left-right handedness cannot be ruled out. Ronchetti et al. 

(Ronchetti et al., 2011) identified distinct asymmetries between medial and lateral wall length in 

relation to the handedness of the apprentice farrier undertaking the trim. Results in the current 

study however, do not reflective this; likely due the difference in experienced between farriers used 

within the two studies.  

The extent of asymmetry and variation in hoof shape observed between individuals, implies hoof 

geometry is an individual trait. The significant forefeet asymmetries observed suggests that, for the 

majority, hoof conformation is not symmetrical. Left hoof conformation is more splayed compared 

to the upright, boxy right hoof conformation; observed to increase with increase in height and mass. 

The significant difference found in DHWA supports this, implying asymmetries occur in the distal 

phalangeal alignment. Thomason et al. (2004) suggest the interplay between shape measurements 

is too complex to analyse with a small sample; their study used nine horses in comparison to the 63 

horses used within the current investigation. They further propose that although hoof 

measurements often show little, or no, correlation with each other, they have a collective effect on 

hoof strain magnitudes and distribution, which at present is too subtle to determine.  

 

3.3 Influence of mass on hoof geometry 

For the group as a whole and for horses under 16hh, body mass significantly influenced increases 

in both CBW and HBW (Table 2; p≤0.05-0.001); the greatest impact on the already more upright 

left foot. Body mass increases resulted in increased HBW, but not CBW, in horses over 16hh. As 

body mass increased, right DHWA significantly increased (r2=0.29 p=0.05) and left HS ratio 

increased by 5% between the two mass categories (5-600kg and 600+kg).  
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Table 2: Regression relationships between horses’ mass (kg) and the measured hoof variables. r: 

correlation coefficient; r2: regression coefficient; SEE: standard error of estimation; DW: Durbin 

Watson statistic. DHWA: dorsal hoof wall angle; CBW: coronet band width; HBW: hoof base width; 

HS: hoof spread; -L: variable of the left foot; -R: variable of the right foot 

Variable Probability r r2 Variance Beta SEE DW 

Whole cohort (n=63) 

CBW-L ≤0.001 0.50 0.25 25% of 0.50 0.56 0.81 1.70 

HBW-L ≤0.001 0.50 0.25 25% of 0.50 0.55 0.88 1.57 

HS-L >0.05             

DHWA-L >0.05             

CBW-R ≤0.001 0.54 0.29 29% of 0.54 0.60 0.82 1.59 

HBW-R ≤0.001 0.49 0.24 24% of 0.49 0.54 0.92 1.64 

HS-R >0.05             

DHWA-R 0.012 0.37 0.14 14% of 0.37 0.37 2.51 1.67 

Horses under 16hh (n=35) 

CBW-L 0.005 0.53 0.28 28% of 0.53 0.51 0.88 2.10 

HBW-L 0.029 0.45 0.20 20% of 0.45 0.45 0.95 2.11 

HS-L >0.05             

DHWA-L >0.05             

CBW-R 0.004 0.54 0.29 29% of 0.54 0.53 0.90 2.01 

HBW-R 0.043 0.42 0.18 18% of 0.42 0.42 1.02 2.21 

HS-R >0.05             

DHWA-R >0.05             

Horses over 16hh (n=28) 

CBW-L >0.05             

HBW-L 0.027 0.50 0.25 25% of 0.50 0.52 0.84 1.95 

HS-L >0.05             

DHWA-L >0.05             

CBW-R >0.05             

HBW-R 0.025 0.51 0.26 26% of 0.51 0.54 0.84 2.15 

HS-R >0.05             

DHWA-R 0.013 0.54 0.29 29% of 0.54 0.50 2.26 2.18 
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Within the whole group, left CBW increased as right CBW increased (r=0.96, p≤0.001), a pattern 

also reflected in HBW (r=0.94, p≤0.001 respectively). Furthermore, as CBW increased the 

corresponding HBW increased (left: r=0.80, p≤0.001; right: r=0.80, p≤0.001) by approximately the 

same ratio (1:1.22) (Table 1); reflecting the strong positive correlation between left and right HS 

(r=0.84, p≤0.001). Increasing HBW was also related to larger HS across the cohort (Table 2). 

However, this relationship was reduced in horses >16hh which demonstrated smaller hoof spread 

ratios than those <16hh (Table 3).  Right DHWA increased as right CBW increased, resulting in 

development of a more upright (boxy) hoof (Figure 2). As left DHWA increased, left HS decreased 

although this was not found to be correlated in analysis (r=-0.29, p<0.05).   These results support 

previous reports that the left hoof geometry is larger than the right in the majority of horses studied 

(Labuschagne et al., 2017; Wilson et al., 2009), suggesting an element of laterality or sidedness 

exists in working horses (Wilson et al., 2009).  

The lack of relationships found between DHWA and either height or mass may be associated with 

variation in body type due to breed and muscle/ adipose tissue distribution, whereby the tallest 

horse in the sample was not necessarily the heaviest. However, although only weak correlations 

presented, mass (�̅�=56±73.4kg) was positively associated with both CBW and HBW of both left 

(r=0.49, p=≤0.001 and r=0.50, p≤0.001 respectively) and right hooves (r=0.53, p≤0.001 and r=0.48, 

p≤0.001 respectively) regardless of height. The linear measurements within the current study are 

somewhat supported by recent associations between body mass and the volume of both the whole 

hoof, and the distal phalanx (Faramarzi et al., 2018).  Future work in this area evaluating breed type 

and body condition score alongside the current hoof variables with increased numbers of horses 

would be beneficial. It should also be noted that allocation of horses to height and mass groups 

reduced the sample size for correlation analyses, which could negatively affect the power of the 

output. 

The more upright hoof orientation of larger horses observed in this study could be associated with 

structural support.  
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Table 3: Correlations (p≤0.05-p≤0.001) identified between horses mass, height and the measured 

hoof variables. DHWA: dorsal hoof wall angle; CBW: coronet band width; HBW: hoof base width; 

HS: hoof spread; -L: variable of the left foot; -R: variable of the right foot 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Approximately half of the hoof-wall (Bertram & Gosline, 1986) is composed of keratinised tubular 

horn pillars orientated at 50˚ and cemented together by intertubular horn. The hatching orientation 

of the two promote strength in multiple planes (Bertram & Gosline, 1986) and regional differences 

in density reflect loading forces variations (Lancaster et al., 2013). Whilst tubules resist axial 

compression loads (Kasapi & Gosline, 1996),  intertubular horn resists fracture occurrence between 

horn tubules by redirecting vertical fracture orientation to a horizontal plane thus protecting the 

delicate coronary region (Bertram & Gosline, 1986).  

Variables R coefficient P-value 

Mass Height 0.532 <0.001 

Mass CBW-L 0.485 <0.001 

Mass HBW-L 0.498 <0.001 

Mass CBW-R 0.531 <0.001 

Mass HBW-R 0.483 <0.001 

DHWA-L DHWA-R 0.590 <0.001 

DHWA-L HS-L -0.285 0.024 

DHWA-R CBW-R 0.245 0.053 

HS-L HS-R 0.842 <0.001 

HS-L HBW-R 0.337 0.007 

HS-L HBW-L 0.435 <0.001 

HS-R HBW-L 0.470 <0.001 

HS-R HBW-R 0.476 <0.001 

HBW-R HBW-L 0.937 <0.001 

CBW-R HBW-L 0.756 <0.001 

CBW-L HBW-L 0.800 <0.001 

CBW-R HBW-R 0.798 <0.001 

CBW-L CBW-R 0.962 <0.001 

CBW-L HBW-R 0.797 <0.001 

CBW-L DHWA-R 0.271 0.032 
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The more upright hoof wall orientation in larger horses indicates more vertically orientated stratum 

medium horn tubules, offering greater structural capability to support the higher loading associated 

with a larger body mass. Where DHWA is too acute in relation to body mass, bending moments are 

increased. For example, a lengthened toe extends break-over increasing tension on the laminar 

junction creating a greater bend within the dorsal horn tubules (Redden, 2003). Tubular horn angle 

in relation to horse’s size can therefore be explained by Newton’s Second Law to determining the 

correct angle of inclination for a ladder (Breithaupt, 2015). As mass at the top of the ladder 

increases (or as here, the horse’s body mass increases), friction force at ladder base needs to 

increase to maintain the integrity of the ladder’s angle. Where mass forces exceed frictional forces, 

the ladder’s base will slip away from the wall. In the hoof, such acute angulations would result in 

excessive bending of the stratum medium (Figure 4c), potentially leading to fracture strains along 

regions weakened through bending. Prevention of ladder slip is achieved by increasing the ladder’s 

vertical alignment (Cliff, 2004); or as here, by increasing the vertical alignment of the hoof wall 

(Figure 4a). Body mass and height of the horse are therefore important variables for the farrier to 

consider during routing interventions.  

 

 

 



187 
 

 

 

Figure 4: Equine hoof wall angulation using the ladder slip analogy; a) Horses over 16hh present 

with more upright hoof walls compared to b) horses under 16hh in order to prevent c) the 

increased load weakening the stratum medium and bending the hoof wall.   

 

4.0 Conclusion  

Differences observed in hoof conformation between the smaller (<16hh) and larger horses (>16hh) 

in this study suggest horse height influences hoof conformation. However, for the horses in this 

study, the impact of body mass on horse hoof geometry was significantly greater than their height. 

We found, larger horses presented with more upright ‘boxy’ fore feet compared to smaller horses 
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and an increase in left-right asymmetry of the fore feet. The boxy conformation appears to result 

from the development of a more upright hoof wall angulation, which could be related to 

corresponding increase in loading forces amplified by larger body mass. The differences in hoof 

geometry and symmetry reported here should be considered by farriers, trimmers and 

veterinarians when undertaking both maintenance and remedial care of equine feet.   
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Simple Summary: Hoof shape is linked to an increased risk of lameness in the horse and has been 

shown to adapt to different loading patterns associated with the workload and shoeing interval 

length. This study investigated how different measurements of the hoof wall and the hoof pastern 

axis angle changed with work in riding school horses, across a four to six week shoeing/trimming 

interval. The dorsal hoof wall, and weight bearing and coronary band lengths reduced in size 

postshoeing/trimming. This, combined with the increase to the inner and outside hoof wall heights 

on the digital images despite trimming, suggests that shoeing/trimming increased the vertical 

orientation of the hoof during the shoeing interval investigated. At the same time, increases in the 

dorsal hoof wall angle, heel angle, and heel height occurred, promoting a more correct 

dorsopalmar balance. The changes observed are consistent with the workload of the horses 

studied. The results suggest that a regular farriery interval of no more than six weeks could prevent 

excess loading of the structures within the hoof, reducing long term injury risks through 

cumulative, excessive loading in riding school horses.  

Abstract: Variation in equine hoof conformation between farriery interventions lacks research, 

despite associations with distal limb injuries. This study aimed to determine linear and angular hoof 

variations pre- and post-farriery within a four to six week shoeing/trimming interval. Seventeen 

hoof and distal limb measurements were drawn from lateral and anterior digital photographs from 

26 horses pre- and post-farriery. Most lateral view variables changed significantly. Reductions of 

the dorsal wall, and weight bearing and coronary band lengths resulted in an increased vertical 

orientation of the hoof. The increased dorsal hoof wall angle, heel angle, and heel height illustrated 

this further, improving dorsopalmar alignment. Mediolateral measurements of coronary band and 

weight bearing lengths reduced, whilst medial and lateral wall lengths from the 2D images 

increased, indicating an increased vertical hoof alignment. Additionally, dorsopalmar balance 

improved. However, the results demonstrated that a four to six week interval is sufficient for a 
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palmer shift in the centre of pressure, increasing the loading on acutely inclined heels, altering DIP 

angulation, and increasing the load on susceptible structures (e.g., DDFT). Mediolateral variable 

asymmetries suit the lateral hoof landing and unrollment pattern of the foot during landing. The 

results support regular (four to six week) farriery intervals for the optimal prevention of excess 

loading of palmar limb structures, reducing long-term injury risks through cumulative, excessive 

loading.   

Keywords: equine; hoof; shoeing; hoof angle; conformation; morphometric measurements  

  

1. Introduction   

Equine distal limb lameness is commonly associated with poor foot conformation and hoof 

imbalance [1–4], with hoof-related lameness being a key cause of poor performance and early 

retirement in the sport [5,6] and as a pleasure horse [6–8].   

Research has identified that the biomechanical function of the distal limb can alter as a result of 

changes in the hoof shape. Consequently, this influences the forces acting on the hoof’s structural 

components [9,10], as well as the distal interphalangeal joint (DIPJ) and proximal interphalangeal 

joint (PIPJ) moments [6], the leverage on the toe at breakover, and the forces acting on the 

navicular bone [2]. An example of such biomechanical influences are those which facilitate the 

breakover of the stride, achieved through the shortening of the toe. The alternation in hoof 

orientation achieved through the shortening of the toe is suggested to result in improved 

angulation between the proximal and middle phalanx, thus elevating the position of the navicular 

bone and consequentially reducing the loading of the deep digital flexor tendon (DDFT) [11,12]. 

The principles behind this biomechanical influence have been utilised by veterinarians and farriers 

in the application of heel wedges or rocker shoes for the treatment of conditions such as DDFT 

tendinopathies and navicular syndrome [13]. Hoof conformation refers more to the geometric 

morphology of the static foot [14,15]. The term balance is recognised as not only a consideration 

of the geometric shape of the hoof, but also the way in which this interacts with the rest of the 

limb and the ground with which it is in contact [15]; this includes dorsopalmar balance, which refers 

to hoof pastern axis alignment. Consequently, the impact of trimming and shoeing the feet can 

affect the health, performance, and longevity of the equine athlete [8]. Therefore, the principal 

role of the farrier is to balance the feet of the horse to facilitate optimal movement, prevent injury, 

and to improve performance [8,16]. Farriery should always include trimming the feet and can 

include applying horse shoes. The majority of modern horses are shod to cope with the demands 

of their workload, to enhance performance, and to extend career longevity [8]. Despite advances 
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in research, farriery largely remains a profession based on traditional empirical craftsmanship, 

rather than scientific evidence [4,17]. Regular farrier treatments are recommended to maintain or 

improve the athletic performance capacity of the horse [6,18]. However an ‘optimal’ 

shoeing/trimming interval has not been defined. Moleman et al. [6] suggested that the 

shoeing/trimming interval length should be determined for individual horses by their farrier, to 

meet their specific needs. The interval length may also be influenced by the knowledge, 

understanding, and potentially financial constraints of horse owners and keepers.   

Anecdotally, within the equine industry, shoeing/trimming interval lengths are commonly between 

four to eight weeks. However, intervals can vary beyond eight weeks, especially within the leisure 

horse population. Within research, the length of recommended shoeing/trimming intervals vary 

between four to six weeks, or six to eight weeks [4,6,7,18,19]. The majority of studies to date have 

evaluated changes in the hoof associated with eight week intervals [4,8]. An eight week interval 

has been connected with increases in the dorsal hoof wall length (DHWL) and a reduction in the 

dorsal hoof wall angle (DWHA), which places the DIPJ under increased strain [6]. If the aim of 

farriery is to restore the balance of the hoof, correct conformational defects, and optimise distal 

limb biomechanics, then the ideal shoeing/trimming interval should facilitate consistency in the 

loading of the foot, and by default, the associated structures of the distal limb. Therefore, shorter 

intervals between four to six weeks may benefit the horse if they can be shown to limit changes 

within the foot, and by association, the distal limb. Currently, there is a paucity of evidence-based 

knowledge concerning the linear and angular changes that occur within the hoof associated with 

shoeing/trimming intervals, in order to confirm the potential benefits of this practice (four to six 

week interval) [6,20]. Therefore, the aim of this study was to determine how linear and angular 

hoof morphometric measurements varied pre- and post-farriery with a four to six week 

shoeing/trimming interval, in horses which were free from lameness and regularly shod/trimmed. 

We hypothesised that the foot of the horse would be more symmetric and balanced, and that the 

hoof pastern axis (HPA) would present in correct alignment post-farrier treatment compared to 

pre-farrier treatment, but that the differences observed would not be significant pre- and post-

farriery.  

 

2. Method   

Twenty-six horses of mixed breed, gender, age (12 ± 9.9 years), and height (157 cm ± 2.3 cm), which 

did not display any stereotypic behaviours and were resident at Hartpury College, Gloucestershire, 

UK, were selected for inclusion in the study. All subjects were on loan for use within the College’s 
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riding school and were subjected to the same exercise and management regime: two 45minute 

flat, jump, or lunge lessons per day (ProWax, Andrew Bowen, Singleton, Lancashire, UK), with one 

day off per week, and stabled (rubber matting and shavings) with restricted grass turnout. The 

horses included in the study were deemed in good health and functionally fit for work by 

experienced equestrian professionals who had daily access to an equine veterinary surgeon, to 

examine horses presenting with lameness. The horses declared unfit for work by the veterinary 

surgeon were removed from the study. Each individual received regular farrier treatment (hot 

shod; full set or front shoes) by one main farriery team (WCF (Worshipful Company of Farriers) 

qualified), at shoeing intervals between four and six weeks. Farriery was performed by one of four 

farriers under the direction and supervision of a lead farrier, to promote a consistent approach. All 

horses had been previously exposed to farrier treatment and were not undergoing any corrective 

farriery. Ethical approval for the study was granted by the University of the West of England 

(Hartpury) Ethics Committee (Project Identification Code: ETHICS2016-03).   

Data were collected between September and December, when horses presented for their next 

farrier treatment. Digital images were taken of each horse’s left forelimb and hoof, to enable a 

comparison of morphometric measurements of key anatomical features and angles (Table 1) pre- 

and post-farriery treatment, with old and new or refitted shoes, respectively [6,21,22].  
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2.1. Protocol  

Prior to data collection, horses had their rugs removed and limbs cleaned. Key anatomical 

landmarks were used to orientate the placement of circular markers on the left forelimb and hoof, 

to ensure that the same anatomical regions were measured within all of the horses (Table 1) and 

to facilitate subsequent measurements from the digital images. Horses were stood square, with 

equal weight bearing on all four limbs, on a concrete surface and within a calibrated and marked 

out grid, to enable repetition and accuracy of positioning. Scale markers were used to mark out the 

area, to allow for image calibration and accurate digital measurement [2]. Horses also stood in front 

of a black board in the marked out area, to provide a contrast with the foot and forelimb [21]. 

Lateral and anterior digital photographic images of the left forelimb were obtained by using three 

Table 1.   Location of anatomical markers.   

1.   Midpoint of dorsal hoof wall, proximal margin   

  

2.   Midpoint of dorsal hoof wall, distal margin   

3.   Dorsal aspect of the radiocarpal joint    

  

4.   Dorsal aspect of the  carpometacarpal joint   

5.   Dorsal aspect of the metacarpal phalangeal joint   

6.   Lateral aspect of the radiocarpal joint    

  

7.   Lateral aspect of the carpometacarpal joint   

8.   Lateral aspect of the metacarpal phalangeal joint   

2   

1   
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digital cameras (Panasonic DMC-FZ45; 14.1 MP, Panasonic, Bracknell, UK and Ireland), as shown in 

Figure 1. For the acquisition of the lateral view of the limb, camera A was attached to a tripod 

(Velbon DV-7000, Velbon, Maidenhead, UK) (height 170 cm, base wide 82 cm), which was 

positioned centrally to the marked out area and four metres (m) back from the wall. Lateral images 

of the hoof were obtained by camera (B) at a 0.3 zoom, positioned just above ground level and one 

metre back from the horizontal scale marker, midway in line with the marked out grid on the floor 

laterally in line with the hoof. Camera (C) was positioned one metre back from the vertical scale 

marker at a 0.3 zoom and held just above ground level, in order to take images of the dorsal hoof 

aspect from an anterior view of the horse [6]. Images from camera A confirmed that horses were 

standing square; the images from cameras B and C were used to facilitate measurements.   

 

  

Figure 1. Layout of cameras, scale markers, backdrop, and positioning of the horse for digital image 

collection.  
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2.2. Data Processing and Analysis   

The photographic images were imported into Dartfish™ software version 7 (Dartfish, Fribourg, 

Switzerland), to facilitate the angular and linear measurements outlined in Tables 2–4. Hoof angle 

displacement, the fetlock joint angle, and vertical displacement were determined by plumb line 

measurements. All measurements were repeated three times for each photographic image and 

their mean was calculated. Mean data were exported to Microsoft Excel, Version 15 (Microsoft, 

Washington, DC, USA), for categorical organisation, and to allow the mean and standard deviation 

to be determined for each variable, across the cohort. Van Heel et al. [4] utilised force plate 

determination of Centre of Pressure (CoP) to propose an equation which successfully predicts the 

shift of CoP relative to the toe, from the hoof measurements.   

Van Heel et al.’s [4] predictive equation for CoP is as follows:  

 ∆d = aold.cosαold − anew.cosαnew    

where, in the current study, anew is the length of the dorsal hoof wall post-farriery, αnew is the 

hoof angle post-farriery, aold is the length of the dorsal hoof wall pre-farriery (after four to six 

weeks), and αold is the hoof angle pre-farriery. d is the predicted location of CoP at midstance, 

relative to the point of rotation at the toe.  

Using the Van Heel et al. [4] equation, the shift in distance that occurred for the CoP after farrier 

treatment was calculated pre- and post-farriery treatment for each individual horse and to provide 

mean measurements for pre- and post-farriery CoP for the cohort. A series of paired t-tests 

analysed whether differences existed between the variables examined from the pre- to the post-

farrier treatment periods using Statistics Package for the Social Sciences (SPSS) Version 20 (IBM 

Corp., Armonk, NY, USA). Paired t-tests were also used to identify whether differences were 

present between the medial and lateral hoof angles and lengths in the foot, both prior to shoeing, 

and after the horses had been shod. A series of Pearson’s product correlations examined whether 

any linear relationships occurred between the variables measured both pre- and post-farriery 

treatment. Significance was set at p ≤ 0.05.  
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Table 2. Angular and linear morphometric variables measured from the 2D lateral view images 

of the hoof [22,23].  

Lateral Hoof Measurements    

Variable  Abbreviation  Description  

Dorsal hoof wall length  DHWL  Length of dorsal hoof wall from hair line at the 

coronary band to ground level  

Weight bearing length lateral   WBL-L  Length from the dorsal to the palmar point of the 

hoof wall in contact with the ground surface  

Coronary band length   CBL  Length from the dorsal to the palmar point of the 

coronary band   

Dorsal hoof wall angle   DHWA  Angle between the dorsal hoof wall and the ground 

plane  

Heel angle   HLA  Angle between the palmer aspect of the hoof wall 

and the ground surface   

Dorsal coronary band height  DCBH  Vertical height between the dorsal region of the 

coronary band and the solar plane  

Palmer coronary band height   PCBH  Vertical height between the palmer region of the 

coronary band and the solar plane  

 

Table 3. Angular and linear morphometric variables measured from the 2D dorsal view images 

of the hoof.  

Dorsal Hoof Measurements     

Variable  Abbreviation  Description  

Weight bearing length dorsal  WBL-D  Coronary band width between the lateral and medial 

hoof walls at the distal region of the hoof  

Coronary band width   CBW  Support length between the lateral and medial hoof 

walls at the proximal region of the hoof  

Medial dorsal hoof wall 

length  
MDHWL  Length of the medial hoof wall from hairline to 

ground   

Midline dorsal hoof wall 

length  
CDHWL  

Length of the hoof wall at the midpoint of the hoof 

from hairline to ground  

Lateral dorsal hoof wall 

length  
LDHWL  Length of the lateral hoof wall from hairline to 

ground   

Medial hoof angle   MHA  Angle between the medial hoof wall and solar plane  

Lateral hoof angle   LHA Angle between the lateral hoof wall and solar 

plane 
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Table 4. Angular and linear morphometric variables measured from the 2D lateral view of the limb. 

 

 

 

 

 

 

 

 

Lateral limb measurements    

Variable  Abbreviation  Description  

1.   Vertical displacement (Yellow)    VD   

  

2.   Fetlock joint angle (Pink)    FJA   

3.   Hoof angle   displacement (Red)    HAD   
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3. Results   

3.1. Hoof Measurements   

Significant differences were reported after shoeing for the majority of the lateral view, anterior 

view, and HPA measurements (Table 5).   

 

Table 5. Differences between hoof measurements pre- and post-farriery (mean ± Standard 

deviation). Bold probability values denote statistical significance. (Length, width and height in 

cm; angles in degrees).  

    

3.2. Medio-Lateral Variation    

Significant medio-lateral variation was reported between the linear and angular measurements in 

the hoof (Figure 2). The mean LDHWL (3.72 ± 0.68 cm) was found to be 4% longer (p = 0.01) than 

 

Variable Pre-Farriery  

             

Post-Farriery p Value Increase/ 

Decrease 

Lateral View  

DHWA HLA  

DHWL  

52.1° ± 3.47°  

45.49° ± 7.59°  

7.81 ± 1.35 cm  

54.36° ± 3.99°  

49.96° ± 5.55°  

7.56 ± 0.91 cm  

p = 0.0001 

p = 0.0001 

p > 0.05  

Increased  

Increased  

Decreased  

 WBL-L  11.58 ± 1.16 cm  11.04 ± 1.4 cm  p = 0.0001  Decreased  

 CBL  10.88 ± 0.96 cm  10.15 ± 1.09 cm  p = 0.0001  Decreased  

 DCBH  7.22 ± 1.21 cm  7.43 ± 0.78 cm  p > 0.05  Increased  

 PCBH  2.70 ± 0.63 cm  3.24 ± 0.56 cm  p = 0.0001  Increased  

Anterior 

View  

CBW  

WBL-D  

CDHWL  

MDHWL  

LDHWL  

5.39 ± 1.00 cm 

6.84 ± 1.44 cm 

3.87 ± 0.61 cm 

3.57 ± 0.69 cm  

3.72 ± 0.68 cm  

5.09 ± 1.09 cm 

6.14 ± 1.29 cm 

4.14 ± 0.94 cm 

3.84 ± 0.74 cm  

4.09 ± 0.80 cm  

p = 0.05  

p = 0.001 

p > 0.05  

p = 0.03 

p = 0.009  

Decreased  

Decreased  

Increased  

Increased  

Increased  

 MHA  78.96° ± 5.81°  80.17° ± 5.41°  p > 0.05  Increased  

 LHA  73.17° ± 4.20°  72.79° ± 4.07°  p > 0.05  Decreased  

Lateral limb  

HAD  

FJA  

189.49° ± 4.89°  

212.71° ± 8.03°  

183.28° ± 2.89°  

212.81° ± 8.48°  

p = 0.0001  

p > 0.05  

Decreased  

Increased  

 VD  184.04° ± 2.72°  183.39° ± 2.11°  p > 0.05  Decreased  
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the mean MDHWL (3.57 ± 0.69 cm), prior to farriery. Medio-lateral variation in DHWL 

demonstrated an increased significant difference after shoeing (p = 0.0001), with the mean LDHWL 

(4.09cm ± 0.80cm) being 7% longer than the mean MDHWL (3.84 ± 0.74cm). Similar results 

occurred for the hoof angle; significant differences were found between the mean MHA and mean 

LHA prior to farriery (p = 0.0001), with the MHA (78.96° ± 5.81°) being 7% greater than the LHA 

(73.17° ± 4.20°). Again, a more significant difference was recorded after shoeing (p = 0.0001), with 

the direction of difference remaining consistent, with MHA (80.80° ± 5.41°) being 10% greater than 

LHA (72.79° ± 4.07°).  

 

Figure 2. Pre-trimming (solid black line) and post trimming (blue dotted line); note the more 

upright angle of the medial wall, acutely angled lateral wall, and increased wall lengths.  

 

3.3. Centre of Pressure  

The calculated shift in the CoP distance found that the predicted CoP was located, on average,  

0.5 cm back from the point of rotation of the toe across the cohort after shoeing.   

 

3.4. Measurement Correlations   

Significant correlations were found between twenty-eight pairs of variables measured prior to 

farriery treatment, and these ranged in strength and direction (Table 6). After shoeing, the number 

of correlations within the morphometric measurements of the hoof reduced, with only twenty-

three pairs shown to be significantly associated (Table 6).   

 

 

  

  

  

  

  

Medial wall   Lateral wall   
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Table 6. Significantly correlated variables pre- and post-farriery. Bold regression co-efficient 

values denote strong (>0.75) relationships.   

Variables  
Pre-Farriery Post-Farriery 

r co-eff p Value r co-eff p Value 

DHWA WBL-L −0.39 0.050 −0.45 0.022 

LHA PCBH 0.42 0.031 - - 

DHWL CBL 0.57 0.002 - - 

DHWL DCBH 0.93 0.0001 0.40 0.043 

DHWL PCBH 0.75 0.0001 0.65 0.0001 

DHWL LDHWL - - 0.50 0.009 

WBL-L CBL 0.68 0.0001 0.86 0.000 

WBL-L PCBH 0.46 0.019 - - 

WBL-L CBW 0.66 0.0001 0.46 0.018 

WBL-L WBL-D 0.67 0.0001 - - 

WBL-L LDHWL - - 0.38 0.053 

CBL DCBH 0.59 0.001 - - 

CBL PCBH 0.61 0.001 - - 

CBL CBW 0.59 0.002 0.52 0.007 

CBL  WBL-D  0.65  0.0001  -  -  

CBL  CDHWL  -  -  0.41  0.040  

CBL  MDHWL   -  -  0.41  0.036  

CBL  LDHWL  -  -  0.50  0.010  

DCBH  PCBH  0.84  0.0001  -  -  

PCBH  HAD  −0.41  0.039  -  -  

CBW  WBL-D  0.95  0.0001  0.87  0.0001  

CBW  CDHWL  0.54  0.005  0.78  0.0001  

CBW  MDHWL  0.67  0.0001  0.76  0.0001  

CBW  LDHWL  0.58  0.002  0.82  0.0001  

WBL-D  CDHWL  0.53  0.005  0.79  0.0001  

WBL-D  MDHWL  0.64  0.0001  0.76  0.0001  

WBL-D  LDHWL  0.53  0.006  0.79  0.0001  

CDHWL  MDHWL  0.91  0.0001  0.93  0.0001  
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CDHWL  LDHWL  0.86  0.0001  0.92  0.0001  

CDHWL  LHA  0.44  0.026  -  -  

MDHWL  LDHWL  0.91  0.0001  0.92  0.0001  

MDHWL  MHA  −0.41  0.040  -  -  

FJA  VD  −0.70  0.0001  -  -  

MHA  FJA  -  -  −0.44  0.025  

VD  MHA  -  -  0.51  0.008  

HLA  VD  -  -  0.41  0.035  

 

 

4. Discussion   

Correct (balanced) hoof conformation is essential to prevent lameness [24]. For example, Wright  

[25] recorded that 45.2% of horses demonstrating lameness were mediolaterally imbalanced. 

Balance is related to the shape and size of the hoof and is influenced by the relationship between 

the skeletal structures of the limb and the hoof [1,14]. Therefore, to achieve appropriate hoof 

balance, an understanding of the interaction between hoof conformation, movement, and the 

athletic activity of the horse is required [19].   

DHWL was reduced by less than expected in the horses studied. Kummer et al. [8] reported that 

the DHWL shortened, on average, by 1 cm (n = 40) during an eight to ten week shoeing interval. 

Extrapolation from these results would suggest that the four to six week interval applied here 

would have been expected to reduce DHWL by 0.5 to 0.75 mm, which is much greater than was 

found (0.25 ± 0.97 cm). The discrepancies between these results are likely reflective of the differing 

study durations (Kummer et al. [8] collected repeated data over 12 months), the addition of a biotin 

supplement to Kummer et al.’s [8] study population, and the differing load and variation of work 

requirement (dressage and show jumpers in to Kummer et al.’s [8] study, compared to riding school 

horses here).   

DHWA is defined as the angle formed at the junction of the DHW and the weight bearing surface 

of the foot [8,26] and a correct angle is essential to achieve an optimal hoof pastern axis. Despite 

still being documented in practitioner aimed literature until recently, the historic ideal DHWA of 

45° for the front feet has been contradicted in science and practice [26,27]. Variability in DHWA is 

reported [28]; however, it is widely recognised that the ideal angle for the front feet should range 

between 50° to 55°. This is within the same range as that suggested for the hind feet [27,29], 
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although wide variation (45 to 60°) in forelimb DHWA exists within the literature [2,8,10,22,30]. 

The DHWA mean values pre- and post-farriery fall within ‘normal’ DHWA ranges: 48.6° to 58.4°. 

The range reported here is comparable with previous research: Thomason et al. [31] (n = 10) 

reported a DHWA ranging from 48° to 57° and a mean angle of 51.8°; and Dyson et al. [22] (n = 19) 

reported a  mean DHWA of 52.4°, ranging 43.4°–64.7°.   

The decrease in DHWA associated with a four to six week interval (2.26° decrease, approximately 

0.94° per two weeks) is analogous to the 3.3° decrease reported by Moleman et al. [6] across an 

eight week shoeing interval, but is greater than the 2.5° decrease (approximately 0.57° per two 

weeks) reported across an 8–10 week shoeing interval by Kummer et al. [8]. Force distribution in 

the hoof is related to DHWA, with more acute angles increasing loading in the heels. For example, 

a 39° DHWA angle results in 75% of loading weight within the heels, compared to 57% loading when 

the angle is increased to the ‘normal’ 55° [32]. Therefore, longer shoeing/trimmer intervals which 

result in decreased DHWAs will increase palmar loading, resulting in the weakening and collapse of 

the heels, and will amplify loading of the suspensory apparatus, leading to an increased 

susceptibility to injury [33,34].   

Changes reported in the lateral view suggest that angular modifications of the distal limb are 

occurring at the level of both the MCP and DIP joints. The reduced DHWL, increased DHW and heel 

angle, the decrease in the weight bearing length, and increase in the palmar coronary band height, 

suggest that although the toe shortened, the length of the heel was not altered during the 

shoeing/trimming procedure. Following trimming, the weight bearing length decreased in the 

anterior view, whilst the medial and lateral wall lengths, as measured from the digital images, 

increased. The changes which occurred in the MCP and DIP joint angulations across the lateral view 

could also explain the increase in medial and lateral wall lengths from the anterior view images. 

We believe that the decrease in the coronary band lengths observed from both the lateral and 

anterior view 2D images occurred as a result of the change in positioning of the hoof capsule 

postshoeing/trimming. The dorsal wall shortens by a relatively greater amount than the heels, 

which results in the hoof assuming a more vertical orientation. This is supported by the differences 

found between the lateral and medial hoof wall length; 73% of participants had a longer lateral 

wall preshoeing, and this increased to 88% of the population post-shoeing. Furthermore, the mean 

difference between the two sides increased following routine shoeing, from 7% to 10%. Guidance 

in achieving mediolateral balance of the equine foot refers to the trimming of the medial and lateral 

walls, to ensure that the live sole of the foot is level with the ground [35] and the hoof is in balance 

with the limb column [27], as opposed to the postulation that balance is attained through the 

attainment of symmetrical wall lengths [29]. More recent studies have found that subtle 
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asymmetries manifested as a more upright medial wall and a more angled lateral wall are common 

within the domestic horse population [8,36–39] and reflect the lateral landing and unrollment 

pattern of the foot observed in sound horses [17,40]. Our results support the practice of trimming 

according to the live sole, with a more inclined conformation, without altering the mediolateral 

balance of the foot, to promote soundness and not change the wall lengths. Use of the live sole as 

guidance ensures that following lateral landing and unrollment, loading of the foot produces equal 

pressure across the circumference of the foot to the ground, through the anatomical structures in 

the distal limb [10]. The differences reported in the medial and lateral wall lengths can also reflect 

the difference in the angles between the walls and the weight bearing surface of the foot (Figure 

3).   

 

Figure 3. Pre-trimming (solid black line) and post trimming (blue dotted line); the solid 

line also represents the increased vertical orientation observed post-shoeing/trimming. 

Note the more upright angle of both the heel angle and DHW angle, and the shortening 

of the toe.  

 

Pre-shoeing, only 31% of horses presented with a greater LHA, though this decreased to 12% post-

shoeing. The more slanted lateral wall presented a more acute angle with the sole compared to 

the angle on the more upright medial wall, which was more obtuse, by between 1° and 7°. 

Approximately 25% of participants presented with a longer medial than lateral wall pre-shoeing, 

suggesting that the loading pattern that they exhibited differed from normal lateral landing and 

unrollment. These differences potentially infer a more medial landing posture, indicating that some 

degree of low level lameness was inherent in the study population; a potential inherent career risk 
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of riding school horses [41]. Further to the influence of the loading pattern, mediolateral balance 

can also be influenced by the individual farrier, with significant differences previously observed 

between individuals [42]. The current study did not evaluate the influence of individual farriers and 

therefore this could account for some of the differences found.  

Interestingly, although MHAs and LHAs changed post-shoeing, these changes were not significant. 

A similar number of horses presented with an increase and decrease in LHA; however, a greater 

proportion of the sample (58%) demonstrated an increase in MHA post-shoeing. The lack of 

significant results is attributed to the large individual variations seen between the horses examined.  

The hoof pastern axis (HPA) is defined by plotting a line down from the middle of the 

metacarpophalangeal joint, through the centre of the proximal and distal interphalangeal joints, 

and through the axis of the phalanges [10,26]. A straight alignment is accepted as ideal and 

considered optimal for physiological function [11,42]. The shortening of DHWL through trimming 

of the toe within the current population, accompanied by an increase in both the heel angle and 

the coronet band at the heels, placed the hoof capsule in a more vertically orientated position. At 

the same time, there is a consequential increase in the heel angle and a corresponding reduction 

in HPA displacement, combined with a concurrent increase in the fetlock joint angle and decrease 

(not significant) in vertical limb displacement. These changes in joint angulations suggest that a 

four to six week shoeing interval contributes toward promoting consistency in HPA through 

addressing the fetlock joint angle [6] and vertical displacement. However, for these horses, the four 

to six week interval did not stop the foot from becoming broken backwards (where DHWA is more 

acute than the angle of the dorsal pastern.), and so the changes observed may just be mechanical 

and a static response to trimming of the toe. If the foot moves towards a more broken back 

angulation throughout the duration of even a four to six week shoeing interval, where a more 

traditional six to eight week interval is used, the broken back angulation might reach a level 

whereby loading of the navicular region and the suspensory apparatus, specifically the DDFT, may 

be detrimental and enhance the risk of injury.   

The forelimb CoP is known to deviate in a palmar direction across an eight week shoeing interval, 

whilst breakover remains relatively consistent [4,17]. The centre of pressure (CoP) within the 

current study was predicted to be, on average, 0.5 cm in a palmar direction to the point of rotation 

of the toe across the cohort, which is less than half of that of the 1.3 cm observed over an eight-

week interval by Van Heel et al. [4]. The shoe of a shod horse prevents the wear of the toe, but not 

of the heel, and therefore, as the toe lengthens, the angle of both the toe and the heel decrease, 

resulting in the palmar movement of the CoP, and an increased loading in the DIP joint and the 

DDFT.   



249 
 

Moleman et al. [6] identified similar growth patterns at the toe across an eight week shoeing 

interval, but found none at the heel and no significant change in PIP joint moment. Consequentially, 

the change of motion is thought to be located in the DIPJ, increasing loading on the DDFT and 

navicular bone, which act to stabilise the DIPJ in order to maintain a dynamic equilibrium during 

locomotion [6,11,43]. The shortening of the DHWL achieved during trimming reverses these 

mechanics through the correction of deviation of the CoP away from the central foot axis [44], to 

a more dorsal location, and thereby reduces the load on the suspensory apparatus. The reduced 

palmar shift in the CoP observed within the shorter four to six week interval examined here, 

suggests that this time frame would exert a protective effect on DIPJ and DDFT loading, compared 

to longer shoeing intervals.  

    

Limitations   

The current study applied a pragmatic and observational research approach to investigate the 

impact of shoeing practices on hoof morphology in riding school horses. Whilst the study has strong 

external validity, it should be noted that the real-world design possesses a number of limitations, 

and therefore, the results should be interpreted with caution. Many factors can influence hoof 

growth. These include, but are not limited to, horse breed, height, diet, disease, time of year, the 

environmental effects of pasture quality, and lameness. The horses integrated here were subject 

to consistent management practices and were considered fit for riding school work by experienced 

equestrian professionals and the supporting veterinary team. The presence of low grade lameness 

has been previously identified in riding school horses to affect loading patterns and, subsequently, 

hoof growth, which could explain some of the variation observed within our results [41]. Subjects 

did vary in breed and height, which could have influenced the results obtained. Similarly, although 

every effort was made to ensure that horses were standing square prior to digital photography 

through the use of handlers and the positioning grid [2] in order to prevent positional rotation of 

the distal limb and foot, there is a possibility that the measurements taken integrate some degree 

of rotation. Force plate analysis is recommended for future studies, to accurately assess that horses 

are standing square and that equal loading is exhibited in each of the four limbs. Measurements of 

both the right and left hooves are also advocated in future research, to facilitate comparative 

analysis. Previous research [42] has associated morphometric differences in hoof measurements 

post trimming with individual farrier techniques and personal interpretations of the HPA. A team 

of farriers was utilised here. Furthermore, all farriers worked under the direction of one lead farrier 

and trimmed and shod horses according to their instructions, promoting a more consistent 

approach, which should limit the impact of individual technique. However, to ensure that the 
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changes observed here are not related to individual farriery techniques, we would advise future 

research to use a consistent farrier or to assess the impact of individual farriers within data analysis.  

 

5. Conclusions   

After shoeing, hoof-surface interface interactions result in dynamic responses in the hoof 

promoting adaptation over time within the hoof’s structural components, affecting linear and 

angular measurements. In the shod horse, the presence of the shoe prevents toe wear. Therefore, 

the adaptation which occurs over time will be influenced by the shoe. Even with shoeing intervals 

of four to six weeks, changes are observed in key parameters associated with foot balance. Our 

results suggest that, for the majority of horses, the weight bearing length of the foot increases (as 

the toe grows), causing a decrease in the heel angle and an increase in hoof angle displacement as 

the hoof pastern axis becomes more broken backwards, negatively influencing dorsopalmar 

balance. Changes also occur in the dorsal wall associated with loading during locomotion; in the 

shod horse, foot placement demonstrates a lateral-medial unrollment pattern. Therefore, 

increased loading may occur in the lateral hoof wall, which would result in lateral hoof wall length 

increasing and the lateral angle decreasing over time. In contrast, and in agreement with previous 

research [6], a four to six week interval retains consistency within fetlock joint angles (−0.10° ± 

10.5°) and vertical displacement (0.65 ± 2.6) of the HPA, positively influencing dorsopalmar 

balance, which should aid in the prevention of tendinopathies. Therefore, overall, we have to reject 

our original hypothesis that no changes would occur across HPA and hoof morphometric 

measurements during a four to six week shoeing interval. Further work is required to confirm these 

findings across more horses and with a comparison between different shoeing intervals, 

accompanied by an additional lameness and distal limb conformation evaluation. A comparison 

would also be worthwhile to evaluate whether similar changes are observed pre- and post-

trimming within the unshod horse and with differing workloads and farriers. Horses within the 

current study were predominantly working on a soft surface, resulting in reduced loading forces on 

the hoof [1], and as such, the results from our cohort might underestimate the effect seen in horses 

working on more variable or harder terrain.   

Caution is advised in the interpretation of these results, as a high degree of inter-subject variation 

was found across the measurements undertaken and as a number of variables could not be 

controlled due to the horses’ working schedule. This variation could represent individual 

conformation differences in the hoof or distal limb, could be a cumulative result of previous farrier 

treatments [42], or may be a result of confounding variables. Based on our findings, we would 
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recommend that horses are considered as individuals when determining their ‘optimal’ shoeing 

interval, but that the length of this period should not exceed six weeks. In addition, whilst we 

acknowledge that much published work still recommends that the ‘perfect’ foot should be 

symmetrical, it appears that this is not commonly observed within general riding horses, especially 

when they are shod. Therefore, we would respectfully suggest that the traditional aim of farriery 

to produce a balanced foot is adapted to a horse’s specific functional requirements, in order to 

optimise performance and longevity. This can be achieved by shifting the focus to create a balanced 

foot with due consideration of the conformation of the individual’s distal limb and the parallel 

alignment of the solar and weight bearing surfaces.   
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