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Thesis abstract 

The digital age has given rise to an explosion of ambient and wearable 

devices facilitating the collection of ecologically valid movement data. Many 

equine researchers have highlighted the capability of wearable technology to 

improve the reliability and validity of objective equine gait analysis, particularly with 

respect to lameness assessment. This thesis leverages the learning accrued from 

the integration of technology into healthcare and athletic performance 

management in the applied human field, to understand how best to progress the 

developing field of objective equine monitoring and movement analysis. 

The aim of the thesis was to explore the translational research space by a) 

focusing on the stakeholders who would potentially be the end-users of such 

technologies, and b) using wearable technology to collect equine movement data 

where it would ultimately be used i.e. in the applied setting. A bilateral lameness 

model was employed as the use case for exploring the potential of behaviour, 

locomotor and postural sway data - derived from video and a single accelerometer 

- to provide meaningful information on inflammation and recovery. 

Research presented outlines that expert equine stakeholders perceived 

that current technological offerings did not exceed their value threshold in 

providing additional equine health and performance insights. Additionally, it was 

evident from chapters Seven, Eight and Nine that variability of movement as a 

discriminator between normal and abnormal joint inflammation merits further 

attention. Behaviour switching, variability of acceleration during locomotion and 

amplitude of postural sway were shown to be statistically different in inflamed 

versus normal states. This project demonstrated the feasibility of harvesting a 

variety of meaningful movement parameters using three accelerometers in the 

applied field. Future work should focus on knowledge exchange activities that 

could enrich the development of fit-for-purpose technologies that can add value to 

existing equine management practices. 
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Chapter 1 Introduction 

 

1.0. Background 

Until the 1800’s horses were thought to gallop with all four legs splayed – 

demonstrated in much of the artwork prior to the 17th century. The governor of 

California, Leland Stanford, was a keen horse racing owner and found it difficult to 

believe that one of the horse’s limbs was always in contact with the ground in trot. He 

was also uncertain of the way in which horses were portrayed in paintings when 

galloping. Stanford enlisted Muybridge as a private photographer, seeking to answer 

the debate surrounding the existence of a suspension phase. The famous ‘horse in 

motion’ [1] was photographed. Muybridge proved that during running gaits (trot, 

canter and gallop), the horse does enter a suspension phase such that the animal is 

fully, temporarily airborne. This period is often described as the first ‘golden age’ of 

equine gait analysis [2]. The second ‘golden age’ occurred after World War II when 

the horse morphed from its utility to leisure role across much of the western world [2; 

3]. Van Weeren described how this period coincided with the rapid development of 

computer technology, widening the scope of much of the existing equine movement 

analysis research [2].  

Biomechanics is defined as the functional structure of a biological system [4] 

where its fundamentals underpin the equilibrium, motion and deformation of such 

mechanical systems [5]. Locomotion is defined as an assortment of movements 

which bring about progression for one location to another [6]. These terms are 

understood, in relation to the horse, as the movement of body and limbs in rhythmic 

and automated patterns, which define the various gaits [7]. A considerable amount of 

gait classification research has been undertaken since the 1970’s, quantifying foot 

fall sequences, time lag, suspension phase, breed and discipline specific gait. The 

early works by Hildebrand focused on photographed gait [8; 9], while more recent 

research from Starke et al. (2009), Robilliard et al. (2007), Clayton & Hobbs (2019) 

have employed force plates, accelerometers and global positioning devices 

alongside novel and sophisticated data analysis techniques to characterise these gait 

features [10-12]. The force plate is regarded as the gold standard tool for equine gait 

analysis in terms of kinetic data capture and hoof-on/hoof-off events [13; 14] due to 

its accuracy and resolution versus other methods [15-17]. However, gait analysis 
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using a force plate is increasingly deemed impractical due to the size of the horse in 

relation to the plate and the laboratory constraints imposed [18]. Pressure plates are 

a cheaper, reliable, mobile alternative [19]. However, they do not overcome the 

difficulty of the specific limb placement required in a restricted capture space. The 

instrumented treadmill has been used in an effort to capture kinetic data throughout 

the gait cycle [20] but this too has challenges with respect to capturing natural gait 

given the alteration in gait patterning induced by treadmill locomotion [21]. In 

response to these constraints, dynamometric shoes have been validated in an effort 

to facilitate remote data collection and increased ecological validity in kinetic 

research [22]. They have successfully investigated loading across a range of 

surfaces [23] and jump landings [24]. However, the shoes require specialist fitting 

and increase the height and weight of the hoof which inhibits broad application. 

Optical motion capture is arguably the most utilised and popular method of kinematic 

data collection [25], where a range of 2- and 3- dimensional techniques are used to 

analyse laboratory and field based kinematics. However, they too are limited by 

capture volume.  

 

1.1. Wearable technology in equine movement research 

Objective gait analyses seek to benefit equine health, welfare and 

performance [26]. However, the size, cost and scope constraints of many laboratory-

based gait analysis equipment have led to a burgeoning field of research where new 

devices and methods of data analysis are being developed and validated [27]. 

Wearable devices, such as strain gauges, accelerometers [28-31] and various other 

sensing devices [32-37] are increasingly applied in equine research. Wearable 

technologies are small, lightweight and often wireless, facilitating remote field-based 

and longitudinal data capture. They are relatively cheap in comparison to other gait 

analysis tools and often encouraged for clinical use, in an effort to overcome the 

inherent subjectivity associated with lameness analyses [38]. In 2002, Keegan et al. 

first described the use of accelerometers and gyroscopes as an effective method of 

detecting induced lameness alterations. The experiment was completed on a 

treadmill, but the functioning of these wearables removed the imperative of a 

laboratory setting [39]. Subsequent work by the authors used poll and pelvic vertical 

acceleration and angular velocity of the right fore and hind limb hooves to investigate 

agreement between motion analysis and the sensor system [27], demonstrating that 
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is it possible to use either system to detect lameness. Keegan outlined that there is 

some inherent error in device placement, such that there could be random error in 

the vertical acceleration values. Despite this, all data was comparable to the motion 

capture results. Pfau et al (2005) identified that trunk fixed sensor displacement error 

related to drift is approximately 5% for walk and 7% in trot and canter [40]. This was 

supported by Keegan et al. (2011) who demonstrated the reliability of inertial 

measurement units (IMUs) for lameness evaluation in 236 horses [33]. In 2007, 

Keegan outlined that while there was potential for wearable technology there was no 

existing device which provided the optimal combination of size, range, data 

transmission nor analysis algorithm, specifically for lameness evaluations [41]. He 

then co-developed the Lameness Locator in response to the lack of evidence-based 

technology available on the market [34; 42]. This system is arguably the most widely 

applied worldwide, mostly found in clinical settings.  

Wearable technology is a useful method for lameness detection, although 

detection of bilateral lameness remains a challenge [35]. There are many other use 

cases for wearable technology, which include monitoring and improving equine 

health and performance [43]. There are some clear examples of this in the literature. 

Keegan highlighted the value of gyroscopic transducers to document changes 

associated with farriery treatment [44]. More recently, Pfau used wearable 

technology to document the shoeing cycle of working British military horses [45]. Best 

and Standing (2019) used GPS to monitor polo game intensity via spatio-temporal 

parameters [46]. The Tasmanian racing authority (tasracing) launched the 

StrideMASTER (GPS) in 2011 for horse racing performance analysis. The latter 

remains one of the only institutions in the world to collect equine performance data 

via wearable technology in competition. These examples demonstrate the applied 

value of these technologies in working and performance equines. Equine gait 

analyses methods have developed substantially over the previous century. However 

practical, applied use of these technologies across equine populations remain behind 

that of technology enabled advances in human health and performance [47-49]. 

Therefore, there is a need to explore the interface between the research and the 

application of wearable technology for equine movement analysis. The potential of 

wearable technology for remote equine monitoring has been mooted in the research 

[50; 51]. However, the added value beyond current practices needs to be elucidated 

and the barriers to adoption need to be understood. This is the cornerstone of this 
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thesis.    

 

1.2. Benefits of wearable technology in sport and health 

The availability of technology for human performance analysis has increased 

greatly with the digital age. Camomilla et al (2018) completed a systematic review 

investigating the use of wearable technology in sports performance [52]. The authors 

describe how sophisticated technologies once remained within the realm of high-

performance sport. However, growing demand at amateur level and a broad 

spectrum of cheaper general use wearables are increasingly being used by 

recreational athletes. The authors warn however, that where data is collected for the 

purpose of sport, technology-based interventions must be balanced between 

practicality, accuracy and environmental factors, reiterating that sports scientists 

must have in-depth knowledge of the technology to make an informed decision. This 

contention could be summed up by the following statement: ‘just because you can 

measure it, doesn’t mean you should’. The question of representative design and 

ecological validity [53] have been debated in sports science for some time. More 

specifically, is replication of game play adequate to make inference on actual 

competitive performance? Many sports scientists argue that we cannot use artificial 

or lab based environments to make inferences on competitive sporting performance 

[54; 55]. IMUs have facilitated the transfer of restricted lab-based performance 

analysis to ‘match’ analysis, producing data with enhanced ecological validity and 

providing robust findings related to a player’s current and potential performance 

capacity [56]. GPS devices are now commonplace in professional soccer and Rugby 

Union competition [47]. These devices are used by coaches and sports scientists for 

the purpose of individual and team performance monitoring [57]. The data provided 

can also been used to help inform training practice [58]. However, some argue that 

the non-human decision-making aspect of sports performance data negatively 

impacts performance fluidity [59]. Wearable sensing technologies are advancing 

relatively quickly from a hardware perspective. However, robust methods of data 

processing and analyses that truly derive meaning and value from this data do not 

appear to be keeping pace. This is often attributed to low level programming and 

generalised middleware design [60]. 
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Ambient and wearable technologies facilitate the capture of ‘big data’ which 

health scientists envisage as the future of human health monitoring. Big data 

integrates multiple data streams to provide researchers with a wealth of information; 

and therefore the capacity to generate new knowledge within the fields it is applied 

[61]. These substantial data sets can be used to monitor long-term health and assist 

in the identification of abnormalities prior to requiring significant medical intervention 

[62]. Big data is integral to the ‘Connected Health’ paradigm, enabling the integration 

of multiple data streams to inform personalised healthcare [63]. However, it is 

important to include industry stakeholders in preliminary design and testing of these 

technological systems. For example, health-care practitioners have expressed 

frustration at not being included in the design and testing processes of telehealthcare 

devices [64]. Plumb et al (2017) stated that some information and communication 

technologies intended for intensive care units lack traditional care logic [65].  

There is clear potential to leverage the successes of technology integration 

from the human field for adaptation in the equine field, while also learning from the 

barriers encountered. The equine digital age is still in its infancy. Wearable and 

ambient technologies facilitate remote and longitudinal data collection due to the 

range of sampling frequencies, wireless streaming capabilities and battery life 

available. Longitudinal monitoring of individual horses could enable early detection of 

injury risk or overtraining, and the delivery of more personalised and effective 

training, treatment and rehabilitation plans. This thesis presents some foundational 

work that examines if and how this could work in the real-world.  

 

1.3. Technology adoption – what we have learned about the role of 

the user from the human sphere 

The Technology Acceptance Model (TAM) is one of the most widely applied 

models of technology use [66-68]. The model seeks to understand intention to use 

versus actual use through user attitudes, perceived usefulness and ease of use [67]. 

Gauttier et al (2018) highlighted that while TAM is concerned with technology 

devices, technology acceptance is socially constructed, meaning that it is influenced 

by context and the individual’s emotion and attitudes. Money et al (2015) explored 

the use of an interior design system in older adults to facilitate pre-discharge home 

modifications [69]. The authors found that while the technology was a useful tool, 
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older adults faced some usability issues and often lacked the confidence to use the 

tool autonomously. A survey of veterinarians identified that many welcomed 

technology solutions which would help them to reduce the volume of paperwork 

during house calls [70]. Survey results identified however that age and gender 

influenced mobile technology use, where laptops were preferred over mobiles for 

record keeping. Approximately 60% of vets agreed that the prospect of a database 

with accessible information on diagnoses, medical information, vaccination records 

and food-chain information would be valuable. Holden et al (2010) highlight that 

health information technology research often focuses on the presence of the 

technology in a health setting rather than the end-user reactions [68]. Technology 

cost, liability issues, unwillingness to use and availability of training and support were 

the most frequently cited barriers to e-health [71]. De Grood reported that tailored 

support and training was desired by clinicians and that their perspectives need to be 

considered in order to foster technology use. This sentiment is evident across 

technology adoption research: it is imperative to consult the end-user during 

technology conception and design to ensure successful user-focused solutions [64; 

72-74]. Furthermore, if we seek to deliver technology solutions, we must ensure that 

these advances are both needed and desired [68].  

The Irish equine industry sits at the forefront of global equestrianism in terms 

of breeding and performance in racing and sport sectors. However, there is a distinct 

lack of objective gait analysis evident in the applied field. The use of ambient and 

pervasive technologies is much more common in arable and livestock agriculture. 

This is often driven by consumer demand, labour costs and the need to adapt to 

social culture such as heightened awareness of animal welfare [75; 76]. For example, 

automatic milking systems have become increasingly popular in dairy farming [77]. 

These systems monitor individual animal health status, milk production and minimise 

the overall human labour required. Preliminary research has determined that these 

systems are capable of detecting prevalent issues in dairy cows prior to farmers, 

such as clinical mastitis [78]. This example of applied technology demonstrates that 

there is potential to develop a system capable for day-to-day management in large 

animals. However, Creighton et al. (2011) highlighted that farmers are often aware of 

research and technologies which could be of benefit, but this does not mean they will 

be applied on the farm [79]. The authors report that farmer participation and on-farm 

trials have strengthened technology uptake.  



 

7 
 

Absence of end-user consultation and collaboration is a consistent finding of 

delayed technology uptake in many fields. TAM outlines that the end-user must be 

able to navigate the technology interface and the technology must serve a valuable 

purpose for the end-user. In relation to the equine industry, it is clear that in order to 

deliver on the potential of technological advancements, stakeholder engagement, 

collaboration and knowledge exchange should be considered. In the first instance it 

is important to establish end-user need and desire for objective technologies. This 

thesis addresses this initial step to technology adoption by documenting existing 

stakeholder gait analysis practices and understanding their perceived value of 

objective equine gait analysis.  

 

1.4. Deriving new insights about equine movement using a 

wearable sensor approach 

If integration of wearable technology is to provide added value, it needs to 

provide actionable insights that cannot be garnered through existing methods. 

Examples of such insights include subtle changes in gait and motor control and early 

identification of conditions that are difficult to diagnose e.g. bilateral lameness. Given 

the long history of human movement research and advances in wearable technology 

to capture human movement, this work in equines sought to leverage learning from 

the human field. The candidate’s research journey in fact began in the human field, 

undertaking an investigation into movement variability and its relationship to adaptive 

gait (Appendix B). This research inspired the move into equine movement analysis 

where movement variability was little explored but was thought to be a promising 

avenue of investigation. Additionally, given that the candidate is interested 

particularly in the translation of useful research to the applied field, lessons learned 

from the deployment of technology in the “real-world” in humans were also 

considered. It was concluded that if this research is going to be useful in real-world 

applications, it should take place in a real-world setting.  

Traditionally locomotor variability is viewed negatively [80], where signal 

variability is often regarded as erroneous noise and filtered during data analysis. 

However, dynamical systems theory has shed a new light on variability as a positive 

indicator of system control [81]. Non-linear variability analysis techniques investigate 

signal noise and self-similarity which in turn are used to inform health status. They 
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have also been demonstrated as a sensitive indicator of influential changes in the 

system related to injury, disease and system degeneration through ageing [82]. 

Goldberger presented heart rate variability as an example of the necessity and 

normality of signal variation [83]. The ‘homeostatic’ function of heart beat-to-beat 

fluctuations is not periodic and repetitive, instead it displays long-range, correlated 

fluctuations which should not broach equilibrium. Breakdown of this long-range 

behaviour is closely related to and indicative of congestive heart failure [84], 

portraying the importance of biological variation. A reduction in heart rate variability 

has also been linked to stress, lameness and pain across animal species [85]. Eke et 

al., (2002) introduced the homeodynamic concept, which builds on the idea that 

healthy physiological system function is not governed by homeostasis but instead an 

‘organised’ variability [82]. Clayton and Nauwelaerts (2014) described the 

‘organised/optimal variability’ paradigm under Goldberger’s research, further 

supported by equine examples [86]. They found within trial variability increased for 

outcomes where the mean value increased during blindfolded equine postural sway. 

Rane et al., (2017) found a significant reduction in the structure of gait variability in 

lame horses [87]. Peham et al., (2001) demonstrated reduced variability in stride 

length consistency in the affected or lame limb [88]. However, further work is required 

to determine if the application of variability analyses in equines can be useful in the 

field.  

Gait is increasingly regarded as a biomarker of human and animal health [89]. 

Traditional gait analyses use linear methods to quantify spatio-temporal parameters, 

such as mean and standard deviation. Analysis of the amount of variability, for 

example, increased variability in step width in human gait has also been shown to be 

indicative of age and fall history [90-92]. The assumption in this approach is that each 

stride exists in isolation of the previous and next stride. However, we know that each 

stride is interconnected and related to previous and future gait events [93]. To 

overcome this, non-linear methods investigating the structure of variability (similar to 

Goldberger’s approaches to describing heart rate variability), have been applied to 

investigate these complex biological relationships. The practical challenge in using 

these non-linear approaches is that they require large amounts of data and are highly 

sensitive to noise in the signal.  

The question of whether movement variability is “good” or “bad” has been 

debated for some time. Stergiou and Decker (2011) suggested that optimal variability 
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exists on an inverted U curve (fig .1) and is characterised by a non-rigid, non-random 

system that is capable of adaptation to environmental perturbations – this is 

representative of a healthy individual [93; 94]. 

 

 

 

 

 

 

 

 

 

 

 

 

During quiet standing, humans sway slightly [95]. This phenomenon is known 

as postural sway and describes the complex interactions between the neuromuscular 

and musculoskeletal systems working to maintain the body’s centre of mass within its 

base of support [96]. These subtle movements are detectable using force plates and 

IMUs, where IMUs are becoming increasingly popular to facilitate clinical and 

unsupervised uses. Motor control in humans relies on stance position, 

somatosensory, optical, vestibular and various other brain inputs [97]. Inhibition of 

even one sensory channel exaggerates sway and improves diagnostic sensitivity of 

the metric [98]. Postural sway can discriminate between aged, healthy, injured and 

diseased human population groups [93]. Additionally, the subtle patterning of the 

postural sway movements – as well as the amount of movement observed – has 

been associated with adaptive/non-adaptive movement strategies [94]. Research 

from Clayton and Bialski (2003) showed that postural sway can be captured in 

equines [99]. The metric is proposed to improve detection of equine ataxia and subtle 

movement abnormalities. However, there is limited research investigating this metric 

Figure 1: The inverted U curve adapted from Stergiou and Decker (2011)  
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Random Rigid 

Optimal
H

e
a

lt
h

  

Figure 1. A healthy individual has an optimal level of variability present in biological signals (gait/ 
heartbeat fluctuations) which is often associated with adaptive capacity. Rigidity is associated with a 
predictable signal pattern and has been noted in anterior cruciate ligament deficient gait. Too much 
variability presents as random signal fluctuations and has been associated with Parkinson’s gait 
patterning.  
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in equines, partially due to the laboratory-based force plate requirements. Recently, 

Moorman et al (2017) found that equine postural sway can be identified using a 

portable media device [100]. However, there has been no other research 

characterising equine postural sway using wearable technology.  

This work sought to explore the use of variability metrics in the field to 

understand subtle functional changes resulting from bilateral lameness induction. 

The main driver underpinning this research direction was to uncover meaningful, 

novel metrics that can be captured using a single wearable sensor. According to 

TAM, perceived usefulness is a significant factor in technology adoption. Thus, this 

research explored sensor-derived movement variables that could potentially augment 

existing practices i.e. subjective analysis, where the resolution of the eye is not acute 

enough to discern subtle changes during inflammation and recovery.  

 

1.5. Problem statement 

Advances in technology promise much for improved equine management, 

however this potential is far from being realised. There is a distinct lack of research 

documenting equine industry-based perspectives and understanding of the use of 

objective technologies in the field. If equine movement research and objective gait 

analyses are to achieve the ultimate goal of improving welfare, health and 

performance, it is crucial to develop an understanding of the industry-based need 

and the application challenges. It is also important that gait research exploits the 

potential of wearable technologies and moves toward ecologically valid 

environments. The ‘real-world’ is messy; it confronts the control and standardisation 

of laboratory-based analyses. Laboratory-based research, where equines are 

brought into the research environment, continues to inform and grow our knowledge 

base. However, it is necessary - and indeed possible now - to bring research into the 

dynamic equine environment so that the development of technological solutions can 

be aligned to everyday problems.  

Equine research is perpetually challenged by sample size, logistical issues, 

animal size, management and appropriate resources. Wearable technology deployed 

in a natural environment facilitates the generation of larger data sets over much 

greater timeframes. The data produced is ecologically valid and provides deeper 

understandings of individual variation and the potential for translation.  



 

11 
 

Despite the notable increase in research using wearable IMUs for gait analysis 

in recent years, novel insights into equine movement through analysis of these new 

signals have not been extensively explored. The primary focus of this research has 

been to map traditional kinematic analysis onto these technologies, particularly in the 

identification of lameness e.g. comparing contralateral stride times and head/pelvic 

movements to identify asymmetries. Indeed, this is an important application, however 

there is further opportunity to explore additional movement features within the signal 

that may provide subtle information about the health of the animal.   

This thesis presents a series of studies that represent preliminary steps in 

addressing the issues outlined above. Specifically, the attitudes of Irish industry-

stakeholders (with expertise and regular experience in equine movement analysis) 

towards objective analysis of gait was explored. A technology deployment was 

undertaken on seven equines in a stable environment who underwent repeated 

bilateral lameness induction during which time their movement was monitored using 

a wearable sensor for a period of one week, each time. The feasibility of monitoring 

movement behaviours using an IMU in an applied setting was established and novel 

metrics of salient movement changes in bilateral lameness were explored. 

 

1.6. Aims and objectives 

This thesis sought to understand the value of objective technologies to support 

equine management in an applied setting, with a focus on objective movement 

analysis for monitoring equine health and well-being. Much of the existing equine 

objective movement analysis research has investigated technologies with the 

objective of describing, understanding and quantifying an aspect or aspects of equine 

movement behaviour. This research has laid a strong foundation for our existing 

knowledge on detailed equine movement analyses. It has also developed and 

validated reliable technologies and data analysis techniques. However, there is 

limited ‘human-facing’ equine research that explores the perspectives of equine 

stakeholders in relation to such technologies; how, when and why do they use/not 

use them? What are their expectations or needs for these tools? How can their 

equine businesses/professions be “future-proofed” in the digital age? If objective 

equine movement research is undertaken with the goal of improving equine 
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management practice, these technologies must be accessible and useable for the 

equine facing human population.  

This thesis aimed to explore the translational research space in equine movement 

analysis, understand existing and future directions of the field and finally to explore 

the feasibility of the applied uses of wearable technology in the field. These aims 

were guided by three questions: 

1. How has previous research used technologies for objective movement 

analysis, and where do the gaps and opportunities lie? 

2. What are the equine stakeholder’s perspectives in relation to objective tools?  

3. How feasible and useful would it be to implement a wearable sensor 

monitoring programme for early identification of changes in equine health 

status in a real-world setting?  

The framework to determine feasibility is based on whether or not the target 

outcome measures can be reliability collected in sufficient quantities for an extended 

period of time in a stable setting. Technical and practical challenges that would 

determine feasibility include: time taken and personnel needed to carry out 

assessments; interfacing with other stable practices in an uncontrolled environment 

(i.e. feeding, cleaning, veterinary assessment etc); sensor battery life and length of 

data collections; timely removal and storage of large quantities of data from cameras 

and sensors to facilitate day-to-day monitoring and prevent overwriting; Bluetooth 

connection and data logging; sensor synchronisation; secure sensor attachment to 

the horses with respect to movement artefact and loss of hardware; whether or not 

the horses tolerated the sensors; fit-for-purpose, unobtrusive set-up of stable yard for 

monitoring. 

The framework to determine usefulness is based on a bilateral lameness model 

induced in seven equines. If the outcome measures change significantly in the 

acutely inflamed period, returning to normal over the course of a week, it could be 

concluded that the approach can detect meaningful changes in equine health that 

could be useful for future objective longitudinal monitoring applied in the field. The 

bilateral lameness model was repeated on the same equines over a period of weeks 

to evaluate the repeatability of the changes observed. This repeated model 

additionally tested the usefulness of the sensor-based monitoring approach. 
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 To reflect these aims and research questions, the thesis is split into three sections, 

guided by section specific objectives:   

• Section A seeks to develop the candidate’s understanding of the field of 

equine movement analysis by mapping the existing equine biomechanical 

research and understanding the trends and opportunities in relation to 

technologies applied in the research domain. This lays the foundation for the 

thesis portraying trends, technology use and developments over a 40-year 

period.  

 

• Section B consults with industry-based stakeholders on their existing equine 

gait analysis practices and explores their perspectives on the use of applied, 

objective gait analyses. It investigates their needs, wants and expectation of 

these objective tools. These studies lead to an exploration of existing human-

equine interface work, technology adoption and behavioural research.  

 

• Section C presents a series of exploratory, “real-world” studies investigating 

the feasibility and usefulness of wearable inertial sensors to investigate 

longitudinal changes in equine movement, at three levels of behaviour:  

1. Gross stable-based behaviour  

2. Gait kinematics  

3. Postural sway  

 

1.7. Theoretical framework  

A mixed methods methodological approach was adopted to undertake this 

research. The deductive and inductive styles of reasoning present in mixed methods 

research facilitates a blend of statistical and narrative approaches in the investigation 

of theory and hypothesis generation and testing [101]. Mixing qualitative and 

quantitative methods has been argued to generate greater understanding of the 

research topic than one approach can achieve alone [102]. The theoretical 

framework guiding this research is the pragmatist approach [103]. Pragmatism is 

consistently used as the theoretical underpinning of numerous examples of mixed 

methods research [104], seeking to blend the most appropriate aspects of research 
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typology to best answer the research question at hand [105]. The pragmatic 

approach sits somewhere between the positivist/postpositivist and 

constructivism/interpretivism approaches and seeks to free the researcher of mental 

and practical constraints, not forcing any specific research technique [106]. Morgan 

[107] describes how mixed methods research investigates the how to while 

pragmatism is focused on the why to do research in a particular way. Nelson and 

Groom (2012) reiterate this concept in sports coaching; mixed methods research has 

developed the understanding of not just what coaches do but why they do it [102].  

The pragmatic philosophy strives to answer research questions with the 

intention of applying outcomes to the area studied, in the knowledge that there may 

in fact be multiple realities depending on researcher’s and participant’s perspectives 

or “knowledge point of view” [106; 108]. Thus, the pragmatist approach to research 

here is not an argument about what “truth” is or is not; rather the approach is focused 

more on how to enable progress in a specific area. In the past, pragmatic research 

has been criticised for focusing too much on the practical application rather than strict 

adherence to alternate theories and philosophies. However, this is an appropriate 

framework for this thesis because the question guiding this research is, “how can we 

best progress the developing field of applied objective equine movement analysis”. 

Through blending these qualitative and quantitative methods, this thesis seeks to 

address the gap between quantitative equine gait research, which is largely 

technology driven, and current practices in the field which appear to be based on 

equine experience and the human eye. This will be achieved by examining industry-

based perspectives of objective technologies alongside a field-based deployment of 

these devices to advance our understanding of meaningful, feasible metrics of 

equine movement behaviour. A hypothesis driven approach was not applied due to 

the exploratory nature of the research questions guiding this PhD. Statistical analysis 

is not appropriate in the qualitative research presented based on methods guided by 

Braun and Clarke. Further to this, null hypothesis testing of quantitative studies 

undertaken would only identify probabilities and differences between sets of data 

rather than provide a framework for the development of an understanding of the 

reasoning for data differences. 
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1.8. Interdisciplinary research 

Interdisciplinary research describes work completed between two or more 

disciplines [109]. This was a boundary-spanning PhD journey, where knowledge was 

created at the intersection of a number of disciplines i.e. human health and 

performance, veterinary medicine, engineering and mathematical and statistical 

science (fig 2). This enabled a complex data collection to take place in the field and 

facilitated insightful data analysis and interpretation processes that incorporated 

several different perspectives. This approach, although not without challenges, 

resulted in the development of a new understanding of equine movement behaviours 

in an applied setting, related to bilateral joint inflammation and recovery. 

 

Figure 2. Interdisciplinary team  
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1.9. Summary of thesis chapters  

Prior to completing the experimental aspect of the thesis, it was important to 

complete a comprehensive scoping review of published equine gait analysis 

literature. This set the foundation for the thesis by mapping the trends and existing 

gold standard of equine gait analysis. The review (Chapter 2) analysed 510 papers 

relating to a broad variety of equine gait analyses tools and experimental designs. 

Chapter Three describes the qualitative methods used in chapters four and five, 

outlining participant recruitment and retention, methods of data collection, details of 

the theoretical framework guiding qualitative research and a detailed phase 

breakdown of the qualitative data analysis process.  

Chapter Four sought to investigate existing end-user equine movement analysis 

practice through qualitative analysis of industry stakeholder interviews. This chapter 

details the preferred methods used by stakeholders to inspect equine conformation 

and movement in determining performance potential or identifying gait abnormalities.  

Chapter Five investigated end-user perspectives of objective gait technologies. 

Thematic analysis of semi-structured interviews generated four key themes centred 

around the potential for, and barriers to, applied objective gait technologies. 

Chapter Six describes the quantitative methods used in Chapters Seven, Eight & 

Nine. This chapter includes metadata of equine subjects, the induced lameness 

protocol, methods of CCTV, kinematic and quiet standing data collection. Data 

processing and analysis is detailed separately in the relevant chapters.    

Chapter Seven explored the potential for variability analyses to detect pain behaviour 

in induced bilateral lameness. A bespoke annotation framework was developed and 

applied to equine CCTV footage. Frequency of behaviour switching was inspected 

alongside clinical parameters to investigate the pain-behaviour relationship.  

Chapter Eight further explored the amount of variability in gait kinematics as a salient 

metric to discriminate induced bilateral lameness from healthy gait in six horses. The 

horses were equipped with three IMU and the experiment was completed in their 

familiar stable environment. Bilateral lameness was evident, and inflammation was 

confirmed through clinical tests. This investigation provided a detailed kinematic 

analysis of bilaterally lame horses, and their subsequent recovery. 
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Chapter Nine explored the feasibility of capturing naturally occurring quiet standing in 

seven horses using a single withers IMU. If the quantification of postural sway is to 

be deemed a useful metric of sensori-motor equine health in day-to-day monitoring 

paradigms, then quiet standing needs to occur in sufficient length and with sufficient 

frequency to enable this analysis. This chapter also investigated sway metrics 

derived from a single withers-fixed sensor in six horses. The acceleration signal was 

extracted to examine the impact of bilateral lameness and subsequent recovery on 

sway metrics, monitored over a week. Traditional sway metrics were used to quantify 

amount of variability in sway. 

The final chapter, Chapter Ten, presents the overall conclusions of this thesis, its 

original contribution and explores the future direction of objective equine data 

analysis. 
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Section A: Mapping the existing equine biomechanical 

research domain 
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Chapter 2  

 

Research trends in equine movement analysis, future 

opportunities and potential barriers in the digital age: A 

scoping review from 1978 to 2018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on the following paper which is published in the Equine 

veterinary journal: 

Egan S, Brama P, McGrath D. Research trends in equine movement analysis, future 

opportunities and potential barriers in the digital age: A scoping review from 1978 to 

2018. Equine veterinary journal. 2019 Jan 19. [online & in print] 
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2.0. Abstract 

Background: Since Muybridge’s ‘horse in motion’, researchers in the equine 

movement analysis field continue to improve objective analysis and performance 

monitoring while ensuring representative data capture. However, subjective 

evaluation remains the primary method of equine gait analysis in the applied setting, 

despite evidence highlighting the unreliability of this approach. 

Aim: Map the existing literature in the field of equine movement analysis, focusing on 

biomechanical parameters derived from kinematic and kinetic analysis 

Objectives: Complete a scoping review mapping research trends, limitations and 

opportunities across the diverse equine gait analysis literature. 

Study Design: Joanna Briggs Institute and Cochrane systematic scoping review. 

Methods: Search terms were chosen based on the ‘PICO’ framework and included 

keywords such as: Equine, Gait, Kinematics and Analysis. Studies were excluded 

based on predetermined criteria by two independent researchers. Data were 

extracted from 510 articles from 1978 to 2018. 

Results: Insights derived from movement analysis appear to be driven by tool 

availability. Observational research (42.9%) was the most popular study design. Use 

of wearable technology as a primary research tool is established within the field, 

accounting for 13.5% of studies. Analysis of limitations identified 17.8% of studies 

citing challenges to the transferability of research results. Restricted sample size 

appears to be an underlying contributor to many of the limitations identified. In terms 

of research opportunities, advances in intervention studies were called for (10.4% of 

studies) in the following three areas; clinical, rehabilitative exercise and 

performance/training. 

Main Limitation: This review was confined to research in the English language.  

Conclusions: Standardised research reporting may alleviate sample size issues by 

facilitating data pooling, database creation and meta-analyses. Large holistic data 

collections and application frameworks based on wearable technologies are not 

reflected in the current equine gait analysis literature and thus represent an 

interesting opportunity for this field. Progress and lessons learned from the human 

field of movement analysis can be useful in supporting this potential development. 
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2.1. Introduction 

Science and technology applied to movement analyses have advanced 

significantly since the frame-by-frame photographic analysis of the 1870s, pioneered 

by Muybridge and Marey, termed the first ‘golden age’ of equine gait analysis [1; 2]. 

Human movement research has evolved rapidly with advances in wearable 

technologies, enabling comprehensive, “real-world” monitoring and assessment of 

locomotor performance [47; 110]. Gait is now used as a biological signature to detect 

age-, disease-, injury- or fatigue-related changes in health and sport performance 

[111-113]. Sports coaches increasingly use longitudinal data sets to support decision 

making related to fatigue onset, readiness to train, training load prescription and 

performance outcomes [47; 57; 114]. The extent to which these same trends and 

opportunities are evident in the equine field is unclear.  

To address this question, a scoping review was conducted with the aim of 

mapping the existing literature in the field of equine movement analysis, focusing on 

biomechanical parameters derived from kinematic and kinetic analysis. Kinematics is 

defined as the motion of bodies or points, disregarding the mass of the bodies or 

forces to cause motion [115]. Where the horse is concerned this may include 

investigating parameters such as: joint angles, spatio-temporal stride parameters 

(length, time, speed, etc). Kinetics investigates the forces that bring about this motion 

[115], e.g. peak vertical force. A scoping review protocol facilitates a holistic 

approach to synthesising data on a specific topic. It quantifies the extent and diversity 

of existing literature on a chosen topic and enables a systematic and reproducible 

mapping of that literature [116]. A scoping review was conducted over the more 

commonly used systematic review protocol as it facilitates comprehensive data 

capture with the potential to answer broad research questions and document existing 

trends using mixed methods research tools. The aim of this research was to map the 

literature published in the field of equine movement analysis between the years 1978 

– 2018. The research questions guiding this study are as follows: 

1. What are the research trends in equine movement analysis across the review 

period? 

2. What are the current gaps and opportunities in the field of equine movement 

analysis?  

3. What are the existing and potential barriers to advancing this research field?  
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4. Is there potential to transfer advances from the field of human movement 

analysis to the field of equine gait analysis?  

 

2.2. Methods 

The analytical framework used to conduct this review was completed under 

the Cochrane and Joanna Briggs Institute systematic scoping review protocol 

guidelines [116-121]. Search terms were developed following the PICO search 

strategy [122; 123]:  

Title: (Equine OR Horse*)  

AND All Fields:(kinematics OR kinetics OR biomechanics)  

AND All Fields:(movement OR motion OR gait OR locomotion)  

AND All Fields:(measure* OR analysis OR evaluat*) 

*AND All Fields:( posture OR balance OR 'postural control' OR 'postural sway') 

The search strategy was implemented across several scientific research engines: 

CABI VetMed, EBSCOhost, PubMed, Scopus and Web of Science. Exclusion criteria 

were created a-priori to facilitate the narrowing of a large volume of published work. 

Literature was excluded as follows: non-horse and non-English research; 

reproductive research, cell-specific pathology, cadaver/in-vitro studies (where 

unsupported by live data), maxillofacial kinematics, rider kinematics (only). 

The scoping review protocol does not require the implementation of a quality 

assessment, however, to maintain a high standard, results were limited to peer-

reviewed academic literature. Articles were imported into the Endnote X7.8 (Clarivate 

Analytics, Philadelphia, The United States of America) reference management 

software. The primary reviewer worked to remove duplicates and exclude articles 

based on title review according to the exclusion criteria. The primary reviewer and a 

secondary reviewer worked independently to exclude papers based on a review of 

abstracts. The articles excluded after full text review were verified by the secondary 

reviewer and the remaining articles were analysed based on a bespoke data 

extraction template. Data were extracted from each article under the following 

headings: author(s), title, year published, journal, research type (assigned by review 

authors), geographical location of research, study design, sample size, breed, 

subject age (min-max/average), research aims, research tools, research setting, 

outcome measures, main findings, future directions and study limitations. A date filter 
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was not applied to the original search. Following duplicate removal, exclusions and 

full data extraction the data covered the period of 1978 – 2018. Text-based data were 

analysed using thematic analysis. Thematic synthesis facilitates a novel 

interpretation of the data under review outlining the ability of this review method to 

‘go beyond’ the summary of primary data [118]. Thematic analysis requires the 

creation of codes, and later themes, to describe prominent concepts occurring across 

the data set. To overcome the subjectivity inherent in the coding process, two 

researchers independently undertook thematic analysis of the research aims. The 

definition and assignment of primary “parent” themes and sub-themes were used to 

map the research trends across the data set. Thematic analysis was similarly 

employed in the analysis of research gaps and opportunities and limitations. 

Research gaps and opportunities were extracted from the literature under future 

directions recommendations stated by the authors. Where this was absent, the 

reviewer created a None Outlined (N/O) theme. 

Limitations of each study were extracted based on the limitations stated by the 

authors within each article. If limitations were not outlined within the article, the 

reviewers assessed the study with respect to the following well-documented research 

limitations in this field: lack of treadmill familiarisation [7; 21]; short data sets i.e. less 

than 4 seconds or 5 consecutive strides as they are not representative of steady-

state gait [21; 124], research application/translation: where research aims focused on 

clinical/field applications but lameness was assessed solely on the treadmill [21; 125-

128], handedness as a confounding variable in lameness evaluation [129] or 

conformation heterogeneity/homogeneity [130]. Research setting information was 

extracted predominantly from the “Methods” section of articles, where reported. This 

was further categorised into four key areas: Laboratory (Lab), Other, Not Applicable 

(N/A), such as in a review article and Not Outlined or overtly stated in the article 

(N/O).  

Breed, study design and primary data capture tool employed in the study were 

extracted mainly from the ‘Methods’ section, or from stated research aims. Where 

two or more breeds were analysed the study was labelled Range (RAN). Warmblood 

accounted for all named warmblood derivates (Dutch, Swedish, Belgian, etc) and 

where only the equine discipline was mentioned; ‘elite dressage/showjumper/eventer’ 

it was categorised under Sport Horse (SH). Endurance horses were only ever 

described as ‘Dyads’ (horse-rider combination) in the research analysed so they 
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retained the Dyad label. For study design categorisation, “observational” included 

cross-sectional research and case-control studies. They were combined due to the 

minimal number of case-control studies resulting from the search strategy. 

 

2.3. Results 

The search returned a total of 2,080 papers. Following duplicate removal, title 

and abstract screening, 646 papers progressed to full text review with 510 papers 

included in the final analysis (Appendix A.1).  

Thematic analysis of study aims (Table 1.) resulted in 13 parent themes: 

Performance, Gait Dysfunction, General Kinematics, Kinetics of Gait, Methodological 

Studies, Surface-Horse Interaction, Intervention, Database, Motor Control, 

Breed/Discipline, Physiology & Anatomy, Horse-Rider and Development. Five of the 

parent themes had subheadings: Performance (PERF-Jumping Mechanics), Gait 

Dysfunction (GD-Lameness, GD-Tendon/Ligament, GD-Orthopaedics), General 

Kinematics (GK-Head/Neck, GK-Back/Spine, GK-Limbs/Hoof), Methodological 

Studies (MS-Sensors, MS-Treadmill, MS-Force/Pressure/Kinetics, MS-Other) and 

Intervention (IN-Shoeing, IN-Training, IN-Medical). Predominant themes arising were 

the “Methodological Studies” parent theme and its sub-headings (26.5%), followed by 

“General Kinematics” and its sub-headings (19.2%) and Intervention and 

subheadings (15.7%). Trends in prominent research themes were plotted over time 

(Figure 3). 
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Figure 3. Published trends in equine biomechanical research between the years 1978–2018 

Figure 3: Published trends in equine biomechanical research between the years 1978–2018, findings derived from thematic analysis of stated research aims 
of the 510 included articles. 
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Table 1. Research Aims 

Parent Theme Code Sub-theme Definition % of  
Papers 

Performance  PERF Research aiming to collect data during performance/competition. 2.7 (5.9) 

> PERF-JM Investigation into the kinematics/kinetics/work overall jumping mechanics, mainly loading components and kinematics of take-off and landing. Investigates impact of jump 
by approach/landing strides, fence combination and horse training stage/level, not exclusively in a competitive setting. 

3.1 

Gait Dysfunction GD (6.7) 

> GD-L Studies that investigate compensations resulting from true & induced lameness, objective detection and assessment for bi/unliteral lameness.  5.1 

> GD-T/L Investigation of tendon/ligament on load redistribution and compensation. .6 

> GD-ORT Investigation into orthopaedics and the correction of deformities in the musculoskeletal system, joint pain and navicular.  1 

General Kinematics GK Comparison of gait across equine size (pony/horse), age and within gait (collected, working extended). Investigation of movement symmetry/asymmetry under several 
conditions. Primary focus on gait parameters (linear and temporal) to provide a general kinematic description/highlight performance potential or injury risk. Includes 
relationships between segments but papers in GK don't specify ‘segment’ in aim. 

4.7 
(19.2) 

> GK-HNP As in GK but specifically states investigation of the head and neck segment(s). 2.4 

> GK-B/S As in GK but specifically states investigation of the back and spinal segment(s) which includes pelvic region.  4.9 

> GK-L/H As in GK but specifically states investigation of the limb and hoof segment(s). 7.3 

Kinetics of Gait KT Research investigating forces causing motion: joint moments, torques, (vertical) ground reaction forces, work excluding jumping, where work is force multiplied by distance. 
Includes a mix of overground and treadmill kinetics. 

3.1 

Methodological Studies MS Research related to reviews of current information to inform future work or studies examining statistical methods, tool validation, reliability-validity experiment of testing set 
up/equipment/testers/comparison of methods etc. 

(26.5) 

> MS-SEN Study aims sought to utilise and develop methods for wearable sensor type devices to collect locomotor data. 8.2 

> MS-TD Study aims sought to investigate kinematics where the treadmill (standard and water treadmill) was the research focus, compared overground in some cases. 1.8 

> MS-F/P/K Study aims sought to investigate and develop methods of quantifying force, pressure and kinetics.  3.7 

> MS-O Methodology (other) papers not investigating treadmill/sensors/ specific kinetic measures. Primarily reviews providing overview of current/previous kinematic analysis 
methods or sought to identify gait alterations without statement of how. To identify novel methods of reducing marker displacement error and improve objective assessment 
and field-based analysis.  

12.7 

Surface-Horse Interaction  SUR-H Impact of surface on kinematic/kinetic parameters, primarily comparisons across at least two surface types. 1.6 

Intervention  IN Research under any type of intervention, i.e. chemical, training programs, stretching, exercise, to improve performance/health, water treadmill. (15.7) 

> IN-SH Investigate hoof angulation predominately using heel wedges, studs, particular shoe types and their influence on limb coordination, anatomical structures, loading and 
breakover in the context of kinematics.  

6.9 

> IN-TR Investigate the impact of early/long term training, tactical stimulation, stretching/exercise on kinematics across breed and disciplines. 2.2 

> IN-MED Medical based intervention including surgical and non-invasive (manipulations) of kinematics in impaired and healthy horses. Effect of blocks and analgesics on kinematics 
across sound, clinically relevant lameness and induced conditions. Methods of mechanical and chemical lameness induction and treatment options for reversal. 

6.7 

Database DATA To establish and standardise kinematic databases across a large group of healthy, symptomatic and performance horses.  .8 

Motor Control MC Research with a specific interest in motor control, variability positioning, centre of gravity, centre of pressure, centre of mass, natural movement (a)symmetry in healthy 
horses and the potential to detect postural sway and ataxia. 

3.3 

Breed/ 
Discipline 

B/D Research which is breed/discipline driven, primarily looking at characteristics of tölt in the Icelandic and its relation to walking/running gait and comparison of temporal and 
linear parameters of gait across breeds and disciplines. 

6.1 

Physiology & Anatomy  PA Research investigating aspects of anatomy/physiology as a primary aim but included kinematic assessment. Looks at equine economy, energy profiles and metabolic cost. 
Includes work on respiratory, muscle and elastic tissue action 

4.3 

Horse-Rider H-R Research specific to the horse-rider interaction, relationship, influence of level, tack on gait/kinematics. Investigate differences between ridden and unridden kinematics. 5.5 

Development  D Research related to predicting/tracking or investigating age related changes in equine kinematics. 1.4 

Research aim findings derived through thematic analysis of stated literature aims/purpose. Parentheses enclosed values denote the total percentage of the parent theme including its subcategories. In certain cases, parent themes also had an 
individual percentage, hence two values present for certain themes. Font highlighted in bold under definitions explains the abbreviation under the sub-theme. 
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Thematic analysis of limitations revealed eight parent themes with further 

nested sub themes, Parent (sub): Sample Size: citing potential type I or II errors, 

convenience sampling and subjects lost to final analysis due to economic, injury or 

competition circumstances; Study Design (SD-No Control Group, SD-Protocol 

Reporting); Data Collection (DC-View/Sampling: cited limitations of camera view of 

horse or sampling frequency of data capture device, DC-Skin Displacement, DC-Not 

Treadmill Familiarised, DC-Technical Error, DC – External Variation: cited 

confounding effects of weather, rider, handedness and lack of randomisation); 

Analysis methods (AM-Not Clear, AM-Subjective); Generalisability (G-

Breed/Discipline, G- Transferability: cited issues with transfer of findings to 

application), Asymmetry/lameness: Asymmetry was not fully investigated to rule out 

presence of lameness, Welfare-Side Effects; and Limited Existing Research. 

Limitation definitions are presented in Table 2. The top three cited parent-theme 

limitations were as follows: Data Collection (35.7%), Generalisability (17.8%) and 

Study Design (13.7%). Analysis at the sub-theme level demonstrated that the most 

common limitation was Sample Size (16.1%) Generalisability: Transferability (15.9%), 

Data Collection: Technical Error (12.4%). Sample size analysis across all studies is 

illustrated in Figure 4, showing that 33.5% of studies used 6-10 subjects, 21.6% used 

1-5 and 17.8% used 11-20. Sample size and subject retention was identified as a 

prominent issue and potentially underlies many of the research limitations reported.  

Figure 4. Equine sample size across included articles 

 

Figure 4: Sample size across 510 articles from 1978 to 2018. n/a, not applicable; n/o, not outlined. 
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Table 2. Research Limitations 

Parent Theme Code Sub-
themes 

Definition % of 
Papers 

Analysis Methods AM (10.6) 

> AM-NC Not clear/ reliability/validity questioned. Cited interpretation issues with applying the analysis across the data set; no conflict of interest statement provided where 
expected. 

6.5 

> AM-S Subjective, cited problems in subjectivity or human error of analysis methodology employed. 4.1 

Sample Size SS Cited issues with sample size and the potential to cause type1/2 errors or convenience sampling. Reduced numbers or issues with follow up - horse and/ economic 
issues. Couldn’t collect data in the final condition due to external constraints. 

16.1 

Data Collection DC (35.7) 

> DC-VS  View of the horse less than 13m, or state camera issues with framing/sampling rates. Short data collection <4 seconds/5 consecutive strides, based off mean 
calculations provided by Buchner [21] and Crevier-Denoix [124] of horses trotting on a range of surfaces where a minimum of 4 seconds for is required for 5 strides, 
where approximately 13m required for 5 trot strides [21]. This category excludes force plates: limited in capture length but provide additional kinetic measures. 

6.5 

> DC-SD Skin Displacement, mainly evident in motion capture systems, hold some relevance for sensor displacement however sensors do not capture true position of the 
segment, rather the rotation of the sensor about an axis providing an estimation of position based on the shape of the movement signal [42]. 

2.5 

> DC-NTF Inadequate length or no evidence of treadmill familiarisation [7; 21] 3.1 

> DC-TE Technical or equipment problems, loss of data due to sampling/error. Can’t identify markers while using motion capture systems. Bulky/unsightly set up. Limited by 
the field of capture e.g. 2D versus 3D, loss of data packets due to loose pins, wireless transmission or reduced precision and accuracy resulting from low sampling rate 
employed.  

12.4 

> DC-EV Cited problems with external variation, different days, weather etc or potential influences such as rider. Lack of randomisation of trial order & learned effects/only 
looked at one side so handedness problems [129]. Author suggested speed issues or lameness induction in one limb (not randomised between left and right). 

11.2 

Study Design  SD (13.7) 

> SD-NC No control mentioned or unclear. Control was tested after an intervention given in the same group - residual effects depending on intervention? 1.4 

> SD-PR Protocol reporting unclear (sample size, location, protocol used), unsure of washout success. Issues with blinding or inability to blind where warranted based on 
intervention/assessment required. Lacking uniformity of sampling (i.e. unclear of horse’s initial health status), testing surfaces (unclear if changed), potential 
undetected bilateral lameness. Cite issues with conformational variation evident across horse and ponies and between breeds [130]. Testing/Intervention varied from 
horse to horse/gaits tested/number of strides collected & analysed wasn’t standardised across the sample. 

12.4 

Generalisability G (17.8) 

> G-BD Findings/outcomes are Breed/Discipline specific; where authors specify findings may not be generalisable across-populations. Does not include research 
investigating gaits/breeds to produce specific gait/breed findings.  

2 

> G-T Cites issues with transfer of research outcomes or report uses in areas which were not assessed e.g. using different drugs in lameness exams but tested on a 
treadmill, not transferable to over ground locomotion/lameness. Treadmill used where aims aren’t treadmill (only) specific & align to look at over ground motion [21; 
125-127]. Vertical truck displacement [21] issues with treadmill compliance [128]. Rehabilitation session and its durability, used healthy horses but suggest application 
in impaired animals. 

15.9 

Welfare (Side Effects) WSE Welfare side effects of treatment not safe across all horses, sedated prior to experiment or other side effects such as severing tendons/ligaments. Caused expulsion 
from experiment (e.g. persistent lameness). 

2 

Asymmetry/Lame AS/L Asymmetry was not fully investigated to rule out presence of lameness (e.g. nerve blocks etc). May be time dependant as only present from 1999 – 2018. 2.7 

Existing Research 
Limited  

LR The existing evidence is limited, hard to justify suggestions (e.g. taping). 1.4 

Research limitation findings derived through thematic analysis of stated literature limitations. Percentage values enclosed by parentheses denotes total percentage of the parent theme including subcategories. Font highlighted 
in bold under definitions explains the abbreviation under the sub-theme. 
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Thematic analysis of statements by authors alluding to research gaps and 

opportunities within the field resulted in eighteen themes (Table 3): Analysis Methods 

(reliability, accuracy and sensitivity), Conformation/Kinematic Differences (individual 

and breed differences), Clinical Translation (application of research to the clinical 

field), Development (predicative capacity of juvenile locomotion), Database 

Compilation, Equine Welfare , Horse-Rider interaction, Intervention (medical, 

exercise and training), Jump-Mechanics, Lameness (compensations and causality), 

Locomotor Efficiency (e.g. coupling biomechanical analysis with physiology), Motor 

Control & Asymmetry, Performance (objective performance assessment), Shoeing-

Influence (impact of shoeing/type on locomotion), Sample Size (increase 

number/diversity of sample), Surface-Influence (impact of surface/type of 

locomotion), Technology (novel technology and analysis methods) and None 

Outlined. “None Outlined” returned the greatest value (14.1%), followed by 

Intervention (10.4%) and Analysis Methods (8.4%). 

The predominant research setting for data collection across all articles was a 

laboratory setting (49.6%), 28.4% of research occurred in a realistic environment i.e. 

during regular training or a stable setting. The remaining studies were conducted on 

unspecified tracks of a mean distance 31.3±22.7m (8.2%), not outlined (5.9%), not 

applicable (5.7%) and both (realistic and lab) (2.2%). A range of equine breeds, RAN 

(25.1%) were used across the literature, followed by warmblood types (19.2%), 

Almost 16% of literature did not outline the breed studied.  
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Table 3. Research Gaps & Opportunities  

Theme Code Definition  % of 
Papers 

Analysis Methods AM Seeks to improve result /method validity, reliability and sensitivity. Improve objective and sensitive measures ensuring representative of ‘real’/anatomical constructs. 
Further understanding of outputs or functioning. Consider the use of additional or novel tools/analysis methods in evaluation of kinematics/kinetics. 

8.4 

Conformation 
Differences/ Kinematic 
Differences 

CD/KD Develop understanding of individual and interbreed differences. Investigation of angle, height and range of motion of certain aspects of the anatomical structure. Ability to 
determine likeliness of injury or performance attributed through confirmation and gait action. Further definition of gait (specific e.g. tölt or aspects of dressage 
performance). 

6.3 

Technology  TECH Recommends further research using novel technology and analysis methods in data collected. Emphasise use of wearable technology to classify gait and behaviour & 
objective assessment of judging, breeds differences, rider, lameness and ataxia. Suggest feeding signals to anatomical models and simulations. Describe need to 
validate more wireless and non-invasive technologies for analysis of overground locomotion and faster gaits e.g. gallop.  

6.7 

Jumping Mechanics JM Further investigation into jumping mechanics, take-off and landing stride parameters. Particularly alterations in centre of mass & centre of gravity as performance 
indicators. Improve understanding of jumping technique (ridden and free) and develop technologies/methods suitable for identifying good technique.  2.4 

Lameness  L Further investigation into lameness compensations and causality. Investigation of temporal and transverse hoof kinematics alongside kinetic alterations. Some studies 
suggested use of their work as reference data.  6.3 

Clinical Translation  CT Suggest specific indication of clinical significance or relevance, understanding, aetiology and treatment. Some studies suggest transfer between animal and human 
practice/techniques for clinical use. 6.5 

Database DATA Suggests the potential of increased knowledge generation from the use of increased samples contributing to databases/compilation of data in a given area 
(competition/kinematics). However, reporting and protocols need to be standardised for comparison purposes.  1.4 

Development D Further investigation into the predicative capacity of early locomotor/confirmation/jumping evaluation, to detect: performance capacity, injury risk, trainability etc.  2.5 

Equine Welfare  EW Improve ethical practices and treatments to improve performance, rehab and disorder management. 1.6 

Performance PERF Further work investigating objective methods of identifying predictive capacities of confirmation, kinematics and rider level aspects of poor/good performance. Includes 
discipline/breed specific and general performance, majority of field investigation in endurance dyads. 2.9 

Not Outlined NO No clear statements with regards future directions/opportunities. 14.1 

Intervention INTER Evidence of three clear groups emerging within this category.  
1) Clinical interventions and their significance, including: differences in and between analgesics on kinetic and kinematic parameters in both health and disordered 
animals. Impact of desmotomy on surrounding structure and overall functional capacity. 
2) Crossover medical-exercise intervention: impacts of exercise for rehab of neck, back and training protocols for treatment of musculoskeletal disorders. 
3) Performance/Training interventions: application of weighted boots, tactile stimulation (jumping and gait action) tack and ridden protocols on outcomes.  

10.4 

Locomotor Efficiency  LE Primarily suggests more work required coupling physiology, muscle activity and muscle function to locomotor quality, injury risk and gait quantification. Gaps for more 
work on the effects of speed and inclination in field environments for determining optimal locomotor and muscle activity.  

6.5 

Motor Control & 
asymmetry  

MCA Research focusing on body centre of mass, centre of gravity and centre of mass movement, handedness and body lean on gait and potential asymmetries in several 
directions (circle, straight in hand, etc). Investigation by means of detecting appropriate research tools, presence/not of neural deficits (ataxia) and lameness. 

4.1 

Sample Size SS Outline further work required with larger sample size and population diversity to validate or improve sensitivity clinical/research tools and statistical power of results.  6.5 

Horse-Rider H-R Further work investigating specific areas of horse-rider interactions including the influence of tack e.g. saddle & rein tensions, artificial aids, rider weight, level and 
asymmetry. Further education and improved understanding of horse-rider asymmetries, the influence of the rider on asymmetry and how asymmetry awareness may be 
useful for rider/trainers.  

3.7 

Shoe influences  SH-INF Greater work required to investigate natural compensations & how that alters hoof orientation and uniformity. More work using 3D kinematics, assessing impacts of faster 
speeds on shoeing, methods of injury reduction, chronic and acute treatments & optimal performance shoeing. Recommend moving away from traditional methods and 
applying science across farriery. There is disputing recommendations regarding the use of heel wedges, their adaptation period and if they are beneficial or detrimental in 
treating conditions like navicular and tendonitis.  

5.9 

Surface influences SUR-
INF 

Investigation of loading force and force angles components, surface-locomotor interactions and how this may relate to injury risk/injury. The influence of moisture content/ 
weather on surface & locomotor action. Outlines recommendations to develop an objective surface comfort score.  

3.9 

Research gaps & opportunities findings derived through thematic analysis of future directions across the included literature. 
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Comprehensive reviewing of study design revealed three major categories; 

Observational (42.9%), Methodology (24.7%) and Intervention type research at 

21.6% (further divided by Intervention-Controlled trial: 2.7% and Intervention-

Uncontrolled trial 18.8%). Table 4 presents a matrix of the study design categories 

and sample sizes used. Analysis of primary data capture tool produced eight 

categories (Figure 5.): Combination (36.1%), 2D Video (16.7%), Marker based optical 

motion capture (OMC) (14.9%), Sensors (13.5%), Other (6.9%), Force Plate (3.3%), 

Subjective/Objective (2.5%), Subjective (0.6%). Review research was considered 

separately and accounted for 5.5% of the literature. Combination described four sub-

categories denoted by a ‘C’ prefix, where kinematic/kinetic data capture was 

supported by additional measurements. C-PHY (5.1%) included physiological 

measures such as muscle function or biological sampling (electromyography, blood 

or synovial samples, etc), C-IMU:OMC/FP (4.9%) denotes a comparison of sensor 

technology to optical motion capture and or force plate data, C-FP (1.2 %) outlines 

the use of force plate as a comparative tool for another kinetic/pressure device (i.e. 

pressure mat) and C-Other (11%) describes a multitude of tools applied across 

domains as highlighted in the noted categories. Subjective/Objective accounts for 

any method of objective data capture supported by veterinary practitioner, trainer, 

owner or judge informed gait analysis. The ‘Other’ category is the sum of studies 

describing the use of one of the following tools in isolation: force shoe/boot, pressure 

plate, instrumented treadmill, strain gauge, bone pins or pressure mat.
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Figure 5. Research tool use across reviewed articles 

 

Figure 5: Research tool use plotted in 5-year bins from 1978–2018. Combination describes kinematic/kinetic gait analysis supported by additional measures 
such as physiological measures or wearable sensors. Subjective/Objective accounts for any method of objective data capture supported by veterinary 
practitioner, trainer, owner or judge informed gait analysis. Other collates small percentage tool categories used in isolation (e.g. strain gauge, bone pins, 
pressure plate, force shoe/boot, instrumented treadmill and pressure mat). 
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Table 4. Matrix of study design related to sample size   

Study Design                           Definition 

 

Sample Size   Definition 

Observational 
Cross-sectional/ descriptive research and case-control studies VS  Very Small; 1 – 5 Research subjects 

Methodology 
Research focused on the development/testing/execution of novel 
methodologies/research conditions/tools. 

S Small; 6 – 10 Research subjects 

Methodology – Single Subject As above but only on a single subject. S - M Small-Medium; 11 – 20 Research subjects 

Intervention - Uncontrolled trial Intervention in the absence of a control group.  M Medium; 21 – 30 Research subjects 

Intervention - Controlled trial Intervention which included a control group. M - L Medium-Large; 31 – 60 Research subjects 

Review  
A review or discussion of the literature, where kinematic/kinetic data were not collected 
first-hand. 

L Large; 61 – 99 Research subjects 

Randomised Control Trial (RCT) Subjects were randomly allocated to either a treatment or control group VL Very Large; >100 Research subjects 

Longitudinal Repeated testing intervals across a period of 6 months of more.  N/O Quantity of research subjects included not outlined. 

Case Report/Case Series 
A detailed account of an individual case or treatment & follow up of a single case over 
time. 

N/A Not applicable due to study design i.e. review. 

 VS S S-M M M-L L VL N/A NO 
Total % Study 
Design 

Observational 10.4 12.4 6.5 5.3 3.9 1.4 2.7 0 0.4 42.9 

Methodology 5.5 8.2 4.9 1.2 0.4 0 0.8 0 0.6 21.6 

Methodology - Single Subject 3.1 0 0 0 0 0 0 0 0 3.1 

Intervention - Uncontrolled 1.8 11.2 3.9 1.4 0.2 0.4 0 0 0 18.8 

Intervention - Controlled 0.2 0.8 1.6 0.2 0 0 0 0 0 2.7 

Review N/A N/A N/A N/A N/A N/A N/A 5.5 N/A 5.5 

Longitudinal  0 0.4 0.8 0.2 0.4 0.4 0.8 0 0 2.9 

RCT 0 0.6 0.2 0.8 0.2 0 0 0 0 1.8 

Case Report/Case Series 0.6 0 0 0 0 0 0 0 0 0.6 

Total % sample size 21.6 33.5 17.8 9.0 5.1 2.2 4.3 5.5 1.0 100.0 
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2.4. Discussion 

Scoping reviews are particularly suited to areas of emerging evidence [117]. 

This is relevant to equine gait analysis as the field transitions through the second 

‘golden age’ [2] where novel approaches to data collection and analysis are 

emerging, along with innovative application frameworks. Key findings show that 

research has focused predominantly on developing methodologies to enable better 

understanding of general kinematics (Table 1.). The prominent research trends 

suggest that the creation of knowledge is technology driven i.e. in the early 90s, 

much of the published research focused on the development and validation of 2D 

video, optical motion capture systems and the force plate for equine gait analysis 

(Figure 5.). This continued until approximately the end of that decade at which time 

they had been adopted into widespread research practice. In the last decade there 

has been a marked increase in the validation of wearable sensor technologies and 

modelling approaches. Sensors were categorised as a primary research tool in 

13.5% of articles, however sensor use in combination with other tools constituted a 

further 4.9% (C-IMU: OMC/FP). Notably, sensor use continues to climb while there 

appears to be a decrease or plateau in other data collection methods. However, what 

appears to be absent from the field is pervasive translation of these approaches to 

real-world performance or clinical settings. This gap is reflected in the primary 

research limitations observed, i.e. the transferability of research outcomes (Table 2). 

Researchers in the field have identified gaps and opportunities for further intervention 

studies across three key areas: medical, rehabilitative exercise and 

performance/training. These opportunities will be enabled by enhancing data capture 

and analysis methods to support advances across these lines of research (Table 3).  

 

2.4.1 Research aims and trends 

Previous equine biomechanical/locomotor literature reviews provide a 

benchmark for progress of equine gait analysis tools and analysis methods. Leach & 

Dagg [131] and Barrey [7], reviews carried out in 1983 and 1999, respectively, 

highlighted similar limitations in the field at that time. Authors outlined the potential to 

follow developments in the field of sports science, where human athletic equipment is 

improved based on biomechanical research. Barrey discussed how laboratory-based 

experimental set-ups restricted transfer of findings to clinical and performance 

settings [7]. Both reviews outlined the need to develop quantitative lameness 



 

35 
 

technology as a research priority - providing valid, objective lameness classification - 

an issue which still rings true 30 years later. Our scoping review findings have 

identified that 13.5% of published research used wearable technology as a primary 

data capture tool. This is a positive development following the recommendations of 

Barrey and Leach & Dagg and does not account for the additional 4.9% of research 

using IMU in combination with alternate tools. It appears that researchers develop 

their understanding of equine gait characteristics in tandem with development of 

novel devices and environments as depicted in Figure 5. However, exploitation of the 

potential of wearable sensor technology may be hindered by efforts to rigidly map 

kinematic parameters derived from optical motion capture systems e.g. stride lengths 

and times, to inertial sensor signals. Sensor signals themselves e.g. long data sets 

derived from accelerometers and gyroscopes, are yet to be fully understood in terms 

of the rich insights they can potentially provide about the quality of movement and 

behaviours of equines. It is important to develop sensor-specific algorithms which are 

fit-for purpose and designed for sensor signals and not solely based on previous 

methods. 

Early work from Jeffcott [132], Rossdale [133] and Olivier [134] highlights 

lameness as one of the most significant reasons for racehorse wastage. Wastage is 

here defined as horses leaving the racing sector either temporarily or permanently as 

they are not/no longer capable of training/racing (injury, death, etc). Unfortunately, 

despite ongoing research and clinical development, wastage figures and training 

days lost have not changed dramatically in the previous ~30 years [7; 132; 135-138]. 

Leach and Dagg [131] outlined the importance of information on acceleration for gait 

fatigue assessment in thoroughbreds, which may contribute to predisposing to 

certain lameness conditions. Despite this, there is little published field based work 

using acceleration signals to monitor race training and fatigue, or pairing this with the 

metabolic and mechanical energy costs of locomotion [139]. Despite clear 

improvements in medicine and monitoring tools, their combined ability to drive a 

change in equine sports medicine and clinical practice does not appear to be easily 

adopted [140]. Objective motion capture tools are more the exception than the rule in 

applied clinical and performance domains. 
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2.4.2. Research Gaps and Opportunities  

Our scoping review found that many of the open questions outlined in the 

Barrey [7] and Leach & Dagg [131] reviews are still under-researched. Additionally, 

our review highlights the need for greater research into juvenile jump performance 

prediction, conformation and performance correlates, issues with surface 

standardisation, shoe modification, treadmill use and transfer to over ground 

kinematics. The primary outcome of the gaps and opportunity analysis (Table 3.) 

outlined the greatest interest area for future research relates to intervention studies in 

the following areas: 

1. Clinical interventions e.g. the impact of medication/analgesics on kinetics 

and kinematics; 

2. Clinical exercise interventions, e.g. determining the value of exercise for 

rehabilitation and treatment of musculoskeletal disorders;  

3. Performance/Training interventions, e.g. the implication of weighted boots, 

tactile stimulation or specific ridden protocols on performance outcomes 

and injury prevention.  

Improved analysis methods accounted for 8.4% of research opportunities cited by 

authors. This theme emphasises the need for improved accuracy, sensitivity, 

reliability and validity of objective research tools that facilitate the capture of 

representative equine kinematic and kinetic data. Our findings show that data capture 

does not generally take place in natural settings e.g. during training/competition. 

Field-based data could strengthen the translation of findings from the intervention 

studies outlined above. The move away from subjective analysis methods is clear in 

the literature. Researchers in the field suggest that further investigation is needed to 

distinguish alternate lameness compensations and causality i.e. temporal and 

transverse hoof kinematics and kinetic alterations. Lameness is often improperly 

classified, poorly understood and evaluations have not been deemed useful to 

performance or clinical applications [34; 141; 142]. Van Weeren and colleagues [141] 

recently published an editorial reaffirming the difficulty of reliably using visual 

inspection to determine subtle lameness [143-145], emphasising the grey area which 

moves asymmetry from “normal” to loss of functional ability. There is clearly an 

urgent need to develop better objective gait assessment frameworks, to support 

existing subjective methods. These systems need to support reliable, sensitive 

discrimination between pathological conditions and functional adaptations.  
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It appears that the field is seeking to address this issue. The “Technology” 

theme, evident in 6.7% of studies, highlights the need to integrate novel technologies 

to improve analysis methods, classify gait parameters, improve judging, lameness 

and ataxia assessments. Gait is increasingly being used as a biomarker or window 

into the health of biological systems. Gait is a useful biomarker for detecting age-

related differences in humans, fall risk in older adults and neurological conditions 

such as Parkinson’s disease [146]. Much of these biomarker studies are using 

wearable sensor technologies, such as accelerometers, to capture parameters of 

gait. This is justified by improved sensitivity, accuracy and validity of these tools. 

They can address some of the limitations of traditional laboratory-based motion 

capture by capturing ecologically valid, representative movement patterns [146; 147]. 

The advancement of the research frontiers in intervention studies outlined above and 

the successful translation of findings to the applied setting, depends on research 

approaches that take account of equine behaviours in naturalistic settings, rather 

than depending solely on “snapshot” evaluations in artificial environments. Our 

findings show that this is a recognised imperative within the field, with many studies 

now published on the validation of sensor technologies. 

 

2.4.3 Existing and potential barriers to advancing research 

“Data Collection: Technical Error” accounted for 12.4% of reported study 

limitations. Authors cited issues regarding retention of data units across a set or full 

data sets due to network or synchronisation failure, marker detection camera 

limitations, loose bone pins and reduced on-device sampling rate capability with 

potential data packet loss. “Data Collection: View/Sampling” accounted for 6.5% of 

limitations and detailed problems relating to the view of the horse within the motion 

capture area, frame rate impacting on data resolution and very short data sets that 

are not representative [21; 124]. Additionally, the scoping review identified a lack of 

standardised reporting across research. This may hinder collating knowledge or 

comparing datasets across studies i.e. to compile a database or complete a meta-

analysis in a specific area of biomechanics.  

Our review suggests that producing ecologically valid research appears to be 

an emerging priority within the field. Existing research demonstrates the value of 

wearable sensor technologies for equine gait analysis [32; 148; 149], establishing the 

potential for non-invasive, affordable, field-based kinematic research [150]. However, 
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the transition of these evaluation systems to the applied field remains slow. If 

anything, the increasing use of wearable technologies has given rise to further 

questioning of our understanding of equine gait. Keegan et al. [42] demonstrated that 

wearable sensor signals could detect abnormal equine gait based on typical head 

and pelvic asymmetry measures. Experimental conditions in this study were not 

strictly controlled (i.e. surface, velocity), yet findings were repeatable, suggesting that 

this approach is promising for generating ecologically valid gait analysis research in 

clinical and performance domains. However, Keegan also found that stride-by-stride 

variability increased in the forelimbs if >63 consecutive strides were captured. This 

outlines that the more strides collected, the greater the variability present in the 

signal, suggesting that perhaps research should veer away from using vertical 

displacement alone and begin to incorporate other signal axes to complement our 

understanding of inherent biological variability [151]. Human research has come to 

appreciate that inherent biological variability can be examined to identify subtle 

problems within the motor control system or to better understand responders and 

non-responders to treatment and intervention [152]. The lack of equine focused 

literature on understanding this phenomenon may hamper future progress in 

interventional research. Variability analyses have the potential to go above and 

beyond current asymmetry analyses and may complement the sensitivity of using a 

stand-alone inertial measurement; where the typical minimum-maximal differences 

are not easy to identify [153]. 

Pain is a notoriously difficult condition to quantify in equine populations [154], 

and remains an open question. Typically, subjective clinical indicators of lameness 

are clear discrepancies between left and right sides, however extensive evidence 

states that this is only obvious when the presenting lameness is severe. A potential 

solution could be that instead of simply quantifying gait parameters such as stride 

times and comparing right and left sided movement, the quality of the movement 

signal may also be examined over time, which could provide some deeper pain-

related insights. 

Despite the potential of wearable technologies to generate a novel 

understanding of equine ‘field based’ gait, there appears to be some resistance to 

these paradigms with terms such as “VOMIT” (Victim of Modern Investigational 

Technology) coined in recent times [155]. This resistance may be warranted as the 

domain navigates tensions between trusting a computerised output over human 

expertise. Challenges of sensor use include large data volume and complexity, but 
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little has been done to develop software interfaces that can support the needs of end-

users. On the other hand, some systems complete an on-board analysis, restricting 

access to raw data. These extremes cause translational difficulties, in which 

stakeholders may be uncomfortable with the “black box” element of the data analysis 

and interpretation - particularly automated interpretation of ‘normal’ or ‘abnormal’. 

Thresholding and categorising horses against population norms is no longer 

considered a worthy indicator of normality/abnormality [156]. A recent review of 

induced lameness research suggested that we must anticipate that objective gait 

quantification techniques will become the monitoring standard in equine gait analysis 

[38]. A healthy discernment should be exercised in navigating this research journey. 

 

2.4.4. Study design and sample size, a barrier or opportunity? 

Low sample size and lack of controlled intervention studies have emerged as 

important issues in this scoping review. Sample size, including loss to follow up, 

accounted for 16.1% of research barriers, where over 50% of studies included 10 or 

less subjects. This issue is not particular to equine research; it is also a recognised 

problem in human health research [157-159]. Traditionally studies with a low n value 

have been deemed underpowered, not generalisable or worthy of funding [158; 159]. 

However, Etz and Arroyo (2015) argue that small sample research in humans is 

imperative and often highly-specific to drive health and cultural understanding of 

ethnic minorities [158]. Similarly, equine research requires specified investigations 

which are discipline specific. For example, the Icelandic breed accounted for 2.7% of 

the included literature; the sample size range was from 6 – 23 with one exception of 

3790 subjects. None of these papers highlighted sample size as a limitation, however 

generalisability of research findings was cited as a limitation by the authors. 

Research investigating the Icelandic breed must be specific and cannot be 

generalised due to their gaited characteristics, namely the tölt and flying pace. 

However, this does not invalidate the research contribution to the understanding of 

the specialised gaits. Similarly, endurance dyads accounted for 0.8% of research, 

sample size range of 6 – 78 subjects, half of which cited sample size issues. 

However, all data were collected during endurance competition. This “real-world” 

data provides a rich contextual understanding of the working endurance horse. 

Clearly these types of studies produce beneficial findings. Researchers in this field 

are aware of sampling issues and the majority are explicit about sample size and 
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cautious in interpreting findings. To develop the impact and robustness of findings in 

small sample research, three main recommendations appear consistently in 

statistical literature: 

1. Provide clear confidence intervals of the point of estimate. This allows the 

reader to discern if the presented values are representative of the true 

value [159; 160]. 

2. Explicitly state sample size and where ‘under powered’, replace 

significance statements with confidence interval statements [157; 159]. 

3. In certain cases, explore alternatives to null hypothesis testing e.g. a 

Bayesian approach [161].  

 

Cost and feasibility lie at the forefront of the sample size problem [159]. The 

live equine animal model in particular requires bespoke research space, graze style 

feeding and trained and confident handlers. Intervention research was divided into 

controlled (2.7%), uncontrolled trials (18.8%) and randomised controlled trials (1.8%). 

It appears that researchers attempt to make the most of their resources by using 

crossover designs or baseline data as a control condition. Increased collaboration 

and data sharing to reduce sampling challenges is an obvious solution, however the 

realities of cross-lab coordination, shared research questions and the intellectual 

property aspects of idea generation are well documented [157]. Meta-analyses would 

facilitate the collation and comparison across a field of work and are beneficial to 

consolidate findings, however this type of research did not feature in our review. 

Case Report/Case Series accounted for only 0.6% of studies. Clinical facilities and 

equine racing and sporting institutions keep longitudinal case notes, radiographs and 

competition records. Perhaps integration of weekly/daily objective gait assessment 

could eventually predict and inform training, improve welfare and performance 

outcomes. If disseminated, this research approach could be beneficial in enhancing 

knowledge of common and uncommon abnormalities and novel interventions. 

However, as with all research in elite sport, the tension between pushing forward the 

scientific frontiers and maintaining a competitive advantage is difficult to negotiate. 
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2.4.5. Enabling research progress: leveraging advances and lessons learned 

from the field of human movement analysis  

‘Human’ clinicians and sports coaches are moving towards on-body, wireless 

technologies to provide a window into biomechanical performance/behaviour during 

activities of daily life, training and competitive performance. The focus of e-health 

technologies is to improve patient safety, clinical outcomes, infrastructure efficiency 

and create centralised systems, such as electronic medical records [162; 163]. This 

trend began early in the millennium, however, it has not impacted healthcare to the 

extent that was originally heralded [74]. Reasons include high associated system 

cost, security fears, time required to learn software & transfer paper-based 

information, poor design and lack of interface customisation options [163; 164]. The 

lack of end-user input is recognised as a failure of information technology in 

healthcare [163; 165]. Miller et al. [163] state that designing an easy-to-use software 

is not simple nor an isolated healthcare problem. Sports technology sought to 

support coach decision making, monitor player load, tactics and feedback, ultimately 

seeking to improve overall performance [47; 166]. However, introduction of non-

human decision making has led to disruption within sporting culture, where some 

argue that human error and subjective judgement is an inherent – and maybe even 

desirable – element of sport [59]. The equine industry can learn from the problems 

encountered in integrating similar objective measurement systems, adopting an 

interdisciplinary approach to promote user-centred design. An interdisciplinary 

approach in the equine field could be a solution to improving user interfaces and data 

interpretation where each stakeholder has a defined role and interest but works 

toward a shared objective. Such an approach may assuage the distrust of objective 

measurement systems within the field and would avoid situations where those 

outside the field blindly develop and implement technologies based on assumptions, 

external models and profit.  

Our review demonstrated that 4.1% of studies recommend further work 

investigating ‘Motor Control and Asymmetry’. Postural Sway is commonly used in 

human movement research, proven as an index of motor control system health. 

There is a wealth of literature attesting to the discriminative power of sway velocity 

and magnitude e.g. between those with and without anterior cruciate ligament 

damage [167], and Parkinson’s Disease [168]. Traditionally postural sway has been 

captured via a force plate and a period of quiet standing. A small volume of this type 

of work has recently been undertaken in equines [169-171]. Equine postural sway 
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may be a valuable marker to monitor subtle alterations in motor control system 

health, potentially elucidating a history of limb damage for pre-purchase exams or 

future injury risk.  

The digital era has resulted in digital markers of human behaviours via 

everyday use of smart technologies i.e. mobile phones, GPS and social media. Until 

recently these markers have been largely valueless, however, the introduction of ‘Big 

Data’, employing techniques such as machine learning e.g. artificial neural networks, 

has explored the potential of linking these longitudinal digital markers to their 

‘owner’s’ healthcare records [172]. Deriving new insights from large data sets through 

the discipline of data science has progressed certain pockets of human healthcare 

e.g. early prediction of exacerbations in chronic obstructive pulmonary disease and 

avoiding hospitalisation. Various sources of digital information are integrated, 

processed, managed and monitored, providing valuable information for healthcare 

services [62]. The “Big Data” and “Quantified Self” movements, where individuals 

record data on many aspects of their daily lives, may be appropriate models to 

explore in animal health and husbandry. The potential of longitudinal monitoring of 

developing equines is massive in this regard. Longitudinal study design accounted 

for only 2.9% of studies included in this review. 

 

2.4.6. Future vision for technology-enabled monitoring of Equine Health and 

Performance  

What does the future hold for the analysis of equine movement? The Internet 

of Things (IoT) concept came to the fore in 2008 – defined as the moment the 

number of ‘people’ on the internet was exceeded by ‘things’ [173]. This platform has 

enabled wireless inter- and intra- device communication between ‘things’ or sensors, 

technologies and software. A working example of IoT and healthcare is the 

continuous glucose monitoring for management of Type I diabetes in humans. Novel 

wearable tools facilitate longitudinal insulin monitoring and glucose pattern detection. 

The integration of this device to smart technology, such as a smartphone, removes 

the need for invasive prick tests and supports remote disease management [174]. 

Ambient and wearable sensing technologies have allowed us to develop “smart 

homes”, automating many household processes: heating and hot water based on 

external temperature, cleaning, light activity and alarm systems – all of which 

communicate through IoT platforms. The integration of sensing in daily life has 
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become normal and the “smart stable” concept may well be on the horizon. Existing 

equine-specific technologies include sensored rugs, automated feeders, various 

commercial activity trackers and accessible screening and infrared tools. The 

potential for these technologies to be developed, integrated and managed by a 

trainer/rider/clinician is well within reach. This could provide alerts for 

pain/inflammation surrogates, food consumption, unusual behaviour patterns, training 

and recovery or monitoring post-surgery. Each horse would have an individual 

profile, where individual training zones and exercise recovery regimes are 

established. An existing theoretical framework states that inherent kinematic 

variability is a meaningful index of health status [93]. Thus, knowledge of optimal 

inherent animal variability could enable early detection of problems if the horse falls 

outside of its own optimal window.  

 Investigation into the translation of medical research concluded that it takes 

approximately 17 years to integrate research findings and outcomes into clinical 

practice [175]. Our analysis of research trends suggests that significant gaps equally 

exist in the translation of research findings in the equine field – perhaps IoT holds the 

potential to minimise this research-practice divide. How best to embark on this 

interdisciplinary research journey – and indeed whether those who matter most, i.e. 

the end users, want to embark on this journey – remains to be seen.  

 

2.5. Conclusions and limitations  

Efforts were made to minimise subjectivity of literature reviewing by employing 

a systematic, evidence-based review protocol. Review findings are based only on 

English language text and published peer reviewed scientific articles, thus excluding 

conference abstracts that often include research on methodological advances. 

However, given the number of articles to be analysed, it was felt that inclusion of 

abstracts would have caused the review to become unwieldy. Review findings 

identified transferability of work as a significant limitation while opportunities exist to 

advance intervention style research in key areas (medical, rehabilitation and 

training). Authors speculate that subject sampling is an underlying cause of many of 

the research limitations identified; over 50% of research studies included had a 

sample size of 10 or less horses. A standardised reporting framework may address 

sample size issues, enabling comparison across data sets and meta-analyses. Meta-

analyses would be a natural outcome of further, high-quality intervention type 
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research within the field, which has been called for by authors of the studies included 

in our review.  

Standardisation of research reporting should include the following: sample size, 

breed, age, height & weight (discipline if specific) 

• Protocol: 

o Detailed experimental protocol, i.e.: Type of surface, distance covered 

& repetitions 

o Location of research (laboratory/field based: e.g. arena, competition) 

o Details of familiarisation protocol (where required) 

o Detailed data processing and analysis procedures 

 

Further research is required to improve understanding of the complex pain-lameness 

relationship, differentiating functional asymmetry and pain related gait alterations. 

Wearable sensor technology use for movement analysis is emerging strongly, though 

large holistic data sets that would be enabled by this technology are not reflected in 

the current equine gait analysis literature and thus represent an important opportunity 

for this field. However, the question remains, do equine industry stakeholders want 

this information and what would be their expectations of it? 
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Section B: Exploring equine stakeholder perspectives of 

objective gait analyses 
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Chapter 3 

 

Qualitative Research Methods 
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3.0. Participants 

The participants were purposively sampled for their elite expertise within the 

equine industry. All participants had international experience at the highest level in 

their respective discipline e.g., competing, coaching, breeding, treating and/or 

training. Given the potential differences between the sectors within the equine 

industry, six individuals from the thoroughbred (TB) (horse racing) sector and six 

individuals from the sport horse (SH) (eventing, show jumping, cross-country, etc.) 

sector were recruited through existing networks, word of mouth, flyers and e-posters 

(Fig 6). Ethical approval was received from the University College Dublin Human 

Research Ethics Committee (LS-17-111). 

 

Figure 6. Recruitment flow chart  
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Figure 6 Flowchart outlining the total numbers of stakeholders contacted, lost to drop out, 
unable to complete due to existing time commitments and total number of subjects interviewed. 
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Twelve participants were interviewed with a male to female ratio of 9:3. The 

Irish thoroughbred stakeholders (TBS) worked with Black type and/or Grade 1 horses 

in flat and national hunt racing. The interviewees held expertise in more than one 

area (Table 5.), including but not limited to: Elite stud management, bloodstock 

agents, veterinary medicine, (racing) betting industry, racehorse training and sales. 

The sport horse stakeholders (SHS) were characterised by Olympic equestrian 

disciplines and again held expertise in more than one area including but not limited 

to: 1– (now) 5* international eventing, grand prix show jumping, course design, 

veterinary medicine, breeding and production. Subject age was not captured under 

the interview process, rather the subjects were asked to provide an estimate of how 

many years of applied experience they held in their respective industries (18 ± 8.6 

years). The stakeholders excluded their initial childhood years spent 

competing/owning ponies from this estimation, therefore lifetime horse experience is 

underestimated by the above value. 

 

Table 5. Stakeholder Demographics 

Domain  Role/Qualification A B C D E F G H I J K L 

Irish 
Thoroughbred 

Stud Management                          

Bloodstock agent                         

Odds Compiler                         

Owner                         

Racehorse Trainer                          

Irish Sport Horse 

FEI (XC) Course Designer                         

High Performance Coach                         
International Competition                         

Breeding & Producing                          

Equine Health Veterinary surgeon                         

Equine Dentist                         

Other  
Equine Media                         

Equine Entrepreneur                         

Table 5: Equine stakeholder demographics mapped to their role(s) and qualified professions in 
the equine industry. Stakeholders are identified by letters A-L which do not correspond to 
stakeholder numbers to protect their anonymity. The columns under each letter are shaded to 
define the stakeholder’s current role(s)/professional qualification in the equine industry, for 
example stakeholder ‘I’ works in the sport horse industry as a vet and engages in international 
competition. 
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3.1. Data collection 

In-depth semi structured interviews were used to address the aim of this study. 

An interview guide was designed and piloted, after which one further question was 

added in relation to the existing analysis processes. The interview was designed 

based on open questions: 

(a) to understand the thought processes and practices underlying the participant’s 

existing analysis approach 

(b) to understand their knowledge and perceptions of objective movement analysis 

tools.  

A semi-structured approach was employed that allowed the participants to 

introduce concepts and topics of their own that were then further probed by the 

interviewer. This ensured that the research findings would be derived from the 

phenomena described by the participants. Participants were given the choice to 

complete a face-to-face interview (n = 2) or an interview over the phone (n = 10). All 

interviews were conducted by the first author who has experience in qualitative 

interviewing. The interviews were recorded using a Dictaphone (SONY ICD PX333 

Digital Voice Recorder) and lasted between 45 minutes to 1 hour. Once all the 

interviews were completed, they were transcribed verbatim. 

 

3.2. Theoretical framework 

This research is guided by a theoretical framework based on pragmatism. 

Pragmatism as a framework does not make a stand about truth or reality, rather it 

posits that whatever promotes inquiry and furthers understanding is good, and 

whatever restrains it is bad. It understands that knowledge is vulnerable to 

experience and thus focuses on outcomes in real-world applications rather than on 

abstract principles [176]. Raitt (1979) stated ”We do not ask if it is true, only if it 

works—we validate not verify” (p. 835), a position that aligns with pragmatism [177]. 

Since this study is interested in the feasibility of the results for real-world applications, 

pragmatism underpins our work. In the interest of declaring author bias, the 

candidate believes that in order to develop a deeper understanding of equine gait, 

appropriate objective techniques should be introduced to complement and support an 
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experienced subjective assessment. This statement outlines the philosophical 

position of the authors but is not an isolated idea in the field and has been supported 

by several research groups [38; 141; 178-180]. In contrast, there have been 

reasonable concerns expressed in the literature in relation to this position, suggesting 

that human-eye assessment is superior to objective technologies and that the 

automation of equine gait analysis is not a desirable goal [155; 181].  

 

3.3. Data analysis 

The transcripts were analysed using thematic analysis [182; 183]. This allows 

the researcher to go beyond a primary summary of the presented data and explore 

the underlying concepts and meaning of the data set. The primary objective of 

thematic analysis is to identify patterns in the data. Braun, Clarke and Weate 

suggested six interviews for meaningful pattern detection, satisfied here under the 

sample size of 12 [182]. The data analysis was primarily guided by Braun, Clarke and 

Weate guidelines for thematic analysis, outlined in six phases [182].  

Phase 1–2: The interview data was transcribed verbatim following the interviews and 

cross referenced with notes taken during the interview process to provide additional 

data depth. Each transcription was then read numerous times to construct context of 

the information prior to beginning the analysis process. The codes or labels were 

applied to the data with specific relevance to the research question or data 

patterning. One interview was first coded separately by two researchers and then 

compared. In-depth discussions took place between both researchers in relation to 

the assigned codes, particularly in relation to the semantic and latent interpretations 

of the data and reflections on researcher bias. Two further interviews were coded 

separately by two researchers and then compared and discussed. The first author 

then proceeded to code the remaining interviews. The second researcher (DMcG) 

then reviewed the codes against the transcripts, challenging and/or adding codes 

where appropriate. The codes were then combined across the data set by inputting 

codes into an Excel spreadsheet.  

Phase 3–5: The codes were developed into several descriptive themes by the first 

author and then reviewed with the second researcher. Both researchers then worked 

together iteratively to collapse the descriptive themes. Using clustering and 

visualisation techniques and checking back on the raw data, analytical themes were 
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developed that faithfully represented the raw data and addressed the research 

question. Finally, the four overarching themes were named and defined.  

Phase 6: The results and discussion were written iteratively to critically develop the 

analytical narrative during the analysis process. Important quotes were extracted 

from the data to convey the concepts arising from analytical themes.  

Determining the quality of the thematic analysis is an important issue and 

while Braun and Clarke [184] do not typically recommend a codebook, they do 

suggest notes made throughout the coding and analytical processes. To this end the 

authors kept a hybrid of the two concepts, allowing familiarity and constant reflection 

of previously coded data in the bespoke Excel sheet. The documentation of the 

decision-making process was updated regularly to ensure consistency and 

transparency of the data analysis. This also facilitated constant comparison to the 

existing codes or how they were developing within and between interview transcripts. 

Additionally, the 15-point thematic analysis checklist was applied to ensure the 

quality and comprehensive nature of the analysis [184]. The thematic analysis 

implemented was also guided by additional methodological research by Harden 

(2008) and Ward et al. 2009 [184-186]. 

 

 

 

 

 

 

 

 

 

 

 

 



 

52 
 

Chapter 4 

End-user practices in equine movement analysis: the 

potential of objective analysis tools to meet their needs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on the following paper which is published in the Journal 

of Sports Engineering and Technology: 

Egan S, Brama P, McGrath D. End-user practices in equine movement analysis: the 

potential of objective analysis tools to meet their needs. Journal of Sports 

Engineering and Technology. 2019. Published [online] 
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4.0. Abstract 

Background: The use of objective gait analysis tools is becoming increasingly 

popular in equine research. The advancement of these technologies seeks to 

promote objective, mobile solutions which can be applied in equine training, 

monitoring or clinical contexts. This has led to the introduction of various tools in the 

commercial sphere. However, there has been slow adoption of objective 

technologies in the applied field.  

Aim: The purpose of this study was to understand existing equine movement 

analysis processes.  

Objectives: This information was then mapped onto the capabilities of existing 

technologies to see what opportunities exists for user-driven technology solutions in 

this area.  

Study Design: Qualitative semi-structured interviews. 

Methods: Qualitative interviews with elite industry stakeholders were completed to 

understand what key information they gather through their own, subjective analysis of 

the horse. 

Results: Our study highlights the need for knowledge exchange in the development 

and deployment of technologies within the equine industry. Commonalities in the 

important movement features identified by the stakeholders are presented that could 

be usefully considered and interpreted by future technology developers and 

researchers with respect to the underpinning biomechanical parameters.  

Main limitation: Elite Irish industry stakeholders only. 

Conclusions: Objective technologies designed to capture and integrate these user-

based parameters could be developed to augment the current subjective practices in 

equine analysis and monitoring. 
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4.1. Introduction 

Pervasive sensing systems are the apparent solution to optimise health and 

performance management and monitoring in the digital age [187]. However, many 

challenges in translating new technologies to the applied setting have been reported 

in the literature (e.g. in sport, digital medical records and education) [188-190]. 

Primary barriers include usability challenges, financial constraints, lack of expertise, 

disrupted workflows and fear of automation of context-sensitive situations [73; 74; 

155; 164]. Best practice in designing technology solutions is reported to be user-

centred design, where the devices must reflect what users need them to accomplish, 

particularly in what context and setting the devices are used [191]. A recent study by 

Campling et al (2017) demonstrated a lack of user-centred design within 

telehealthcare product development, resulting in poor levels of adoption within that 

cohort [64]. This finding is corroborated by an analysis of telehealthcare 

manufacturers indicating that only 20% of those analysed engaged end-users in the 

research and development phase of product development [192]. Campling et al. 

concluded that end-users must be successfully identified rather than “proxy” users or 

champions who may have very different views, priorities and needs to the ultimate 

end-user [64].  

The field of equine monitoring and movement analysis is at an early stage of 

adoption of technologies in the applied setting that have been validated in the 

research domain[193]. Given the reach and supposed financial wealth of the equine 

industry, it is reasonable to suggest that digitisation of analysis and monitoring 

systems could be an attractive prospect to enhance animal welfare and to gain a 

competitive edge [194]. These objective systems could result in better health and 

better prediction models allowing for early intervention to enhance health and 

performance. There is a growing number of these commercial offerings available in 

the current market, e.g. EquiMoves is an inertial sensor based system that can 

accurately and reliably capture equine motion and detect asymmetry [15]; similar 

inertial sensor based technologies include Equisense and Lameness Locator, with 

research to support the validity and reliability of this technology [16,17]. The 

Equinosis system with the Lameness Locator platform is arguably the largest 

ambulatory objective monitoring system at this time, according to the company's 

website it is used by over 350 customers worldwide [195]. Equally, there are new 

companies entering the equine wearable sensor market all the time (e.g. 
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HORSETEQ, ARIONEO), and those using other types of wearable technology, such 

as GPS (e.g. StrideMASTER) and pressure sensing technologies (e.g. Tekscan’s 

Hoof™ System). Despite the growing number of commercially available systems to 

analyse equine movement and performance in a real-world setting, there is very little 

research investigating the needs of the actual end-users, and what technologies are 

currently available to meet those needs. There appears to be a research gap in 

eliciting information from stakeholders in the equine industry in terms of 

understanding their practices around movement analysis and monitoring, and 

exchanging this information with technologists who could potentially offer targeted 

solutions to better support these practices. This is surprising given that lameness and 

other locomotion irregularities in horses are reported to be the biggest problem faced 

by owners/riders/trainers at all levels and disciplines of the sport [38]. The integration 

of an objective movement analysis tool could assist stakeholders with injury 

prevention, injury management and rehabilitation efforts alongside the design of 

training programmes, monitoring overload, progression and adaptation. 

Our research focuses on how biomechanical analysis of equine gait is 

currently conducted at the elite level of the Irish equine industry. The Irish equine 

industry is renowned for producing elite sport horses and racing thoroughbreds, 

generating significant economic gains [196-199], thus presenting a compelling basis 

for our enquiry. The purpose of the study was to present the language and thoughts 

of relevant stakeholders with respect to equine movement analysis, to identify 

commonalities and idiosyncrasies that could be considered and interpreted by future 

technology developers with respect to meaningful biomechanical parameters. Using 

in-depth interviews, we sought to understand what key information stakeholders 

gather through their own, subjective analysis of a horse, and how they make sense of 

this information. We then mapped this information onto the capabilities of existing 

technologies to see what opportunities exists for user-driven technology solutions 

and knowledge sharing in this area. 

 

4.2. Methods 

Research methods were as detailed in Chapter three, with particular emphasis on: 

section 3.1. (a) to understand the thought processes and practices underlying the 

participant’s existing analysis approach. 
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4.3. Results & discussion 

4.3.1. Existing analysis process 

All participants described a multifaceted and systematic approach to analysing 

a horse’s movement that was broadly similar. This was generally defined by the 

context of analysis i.e. thoroughbred sales, pre-purchase examinations and daily 

monitoring, and influenced by the age of the horse and the intended discipline. Some 

minor differences existed between Thoroughbred (TB) and Sport Horse (SH) 

stakeholders’ approach to analysing a horse, detailed in Table 6. However, for the 

most part, the processes were the same across domains. The existing analysis 

process was divided up into standing analysis, common elements of general 

analysis, what happens in private sales and other considerations that were less 

prevalent across the cohort but mentioned by some stakeholders.  

 

 

Almost all participants discussed the subjective nature of current analysis 

processes. However, some stakeholders were tentative in describing their analysis 

process as subjective, while not outwardly stated, the term appeared to bear a 

negative connotation. They also felt that visual analysis, albeit subjective, was 

grounded in several years of equine experience and thus a valuable exercise.  

Table 6. Features of existing analysis processes reported by participants 

Existing Analysis Process Specific details reported in the 
data 

TB SH Both 

Principal elements of standing  
analysis 

Conformation   x 

Foot Conformation x   

Common elements of  
analysis processes 

X-ray   x 

Flexion Tests   x 

In-hand walk/trot   x 

Different surfaces   x 

Subjectivity of Analysis   x 

Emphasis on Soundness   x 

Private Sales Setting Context 

Importance of rider influence  x  

Loose movement  x  

Comparison across horses   x 

Intended Discipline (race 
distance/sporting domain) 

  x 

Analysis support (video/person)   x 

Auditory Feedback  
(sound of movement) 

x   

Horse age   x 

Temperament   x 

Availability of Breeze-Up x   

Table 6: SH implies the analysis is solely applied in sport horses, TB in thoroughbreds, both 
indicates practice applies in both sectors.  
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“It can be subjective, but I suppose at a senior level, we know our own” 

Our data reflects the existing industry standard of subjective visual analysis, 

grounded in expertise. In practice, there are many examples of systematic subjective 

analysis applied to contextualise and describe equine performance parameters, 

namely the use of linear profiling or scoring during studbook inspections and 

selections. The linear profiling scoring system is a descriptive method of assessing 

a horse’s conformation, movement and athleticism and describes where a horse lies 

between the biological extremes for any given trait. It follows a Likert scale format 

(5,7 or 9 scale points), where the centre score represents the population norm or 

average [200]. The aim of linear profiling is to look away from ‘good’ or ‘bad’ 

biomechanical characteristics, instead distinguishing where a horse presents 

deviations from one extreme to another. This process has allowed studbooks to: 

1)  Provide meaningful, contextually relevant feedback to breeders regarding 

breeding decisions and sire selections 

2) Apply statistical analysis to subjectively judged equine traits  

3) Examine potential indicators of performance capability  

Research has demonstrated moderate to strong correlations between visual 

studbook scoring and performance in later life [201]. Mawdsley et al 1996 applied a 

seven-point linear score to 27 traits in superior Irish thoroughbred horses [200]. They 

determined that over 65% of the assessed traits had a coefficient of variation greater 

than 10%, describing the phenotypic variation in the sample of 120 horses. This level 

of variability across horses creates a complex system that requires a certain level of 

expertise to assimilate and navigate. St. George et al investigated selection and 

training methods for show jumping horses using a questionnaire targeting novice and 

advanced show jumping riders. The authors found that advanced equestrians 

emphasised the importance of different movement preferences versus novices due to 

their expertise [201]. The stakeholders interviewed for this research did not mention 

linear scoring tools per se, but their sentiment appears to be echoed in the linear 

profiling research i.e. subjective equine analysis under the expert eye is invaluable 

and is consistently and systematically applied in the real-world domain.  

In terms of the analysis process, participants generally assess conformation in 

standing before examining movement (Figure 7). During standing analysis, emphasis 
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is placed on segment-length ratios, foot balance and overall condition. Soundness is 

of primary importance in both TB and SH. Being light and balanced on their feet was 

alluded to in several ways, assessed through both visual and auditory feedback: 

‘You don't like to hear a horse walking... If a horse has good action you should be 

able to turn your back and not hear a walk. If a horse is sloppy you hear it dropping 

off the ground.’ 

 ‘…if they’re built the right way and they’re naturally balanced they can engage their 

hocks, carry themselves better and have a lightness of the forehand and that’s going 

to really assist in having good movement.’ 

Stakeholders, particularly SH, seek to examine how the rider alters the horse’s 

movement patterns to discern ability and trainability. Various tools are used to assist 

the analysis process, predominantly flexion tests and X-rays. Augmented analysis is 

increasingly used to obtain a secondary or objective opinion and suggested by 

participants to be due to the development of technologies:  

‘In the old days you just rode them you never took any videos or anything; now you 

get somebody to video you!’ 
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Figure 7. Existing movement analysis practice from the interviewee’s perspective 
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Figure 7: The grey shaded areas highlight the common interests of SH and TB stakeholders when examining a horse for performance/purchase. The movement analysis 
window is split to discern analysis differences between TBS and SHS when identifying optimal movement features. 
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4.3.2. Important movement features 

The primary movement features of interest during equine analysis according to 

our expert interviews were extracted and synthesised. The interviewer did not 

question participants about specific movement features. Rather, the interviewees 

were facilitated to describe movement features that they deemed to be significant in 

the context of optimal performance or performance predictors (e.g. powerful 

hindquarters, stride length, rhythm and regularity etc.) or those which are indicative of 

movement abnormality (e.g. lameness, nodding, reduced consistency, etc). These 

features were then mapped to the measurement capabilities of existing technologies 

(Table 7). The primary importance for these Irish equine stakeholders appears to be 

the horse’s longevity and injury risk reflected in conformation and movement.  

The ‘big walk’ was described as an important feature of thoroughbred 

performance. Figure 7 outlines features frequently distinguished by TB stakeholders 

in relation to the ‘big walk’ such as the horses forelimbs pendulum swing and the 

importance of a light or quiet ground strike. These descriptions encompass a horse’s 

power and force dissipation in walk, however there is limited research available 

classifying the ‘big walk’ and its optimal features. The horse is expected to track-up 

behind [202], engage through its back and swing through its forelimb, loading straight 

and optimally across the hoof. Similar to human athletes, TB stakeholders expect 

horses racing over different distances to have varying degrees of muscle bulk, 

reflective of fibre type and the energy system required. “Daisy cutter action” and low 

sagittal forelimb movement was highlighted as an important movement feature in 

thoroughbreds, in accordance with the racing distance and ground type. These 

findings are reflected in existing research by Seder and Vickery (2005) where higher 

knee action horses are perceived to do better in deep ground [203].  

“Thoroughbreds have a flatter stride with straighter front leg action, and I think that’s 

due to 100’s of years of breeding for a particular purpose. But I think it’s probably the 

type of shoulder and front leg action or the flatter stride that thoroughbreds have, is 

often why you don’t see direct TB blood in the show jumping lines” 

Stride alterations and consistency were viewed as both positive and negative 

aspects of performance. A ridden SH must be capable of adjusting stride during 

dressage or to complete distances during jumping events, however inability to adjust 

stride or irregular movement compensations can indicate gait abnormality. It was 

frequently acknowledged by all stakeholders that a horse’s natural stride length 
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cannot be changed due to limb anthropometric limitations but can be accentuated 

through training. SH stakeholders reflected on the importance of range of motion and 

hindlimb power, particularly in canter. SH stakeholders tended to prefer horses with 

greater knee and ‘bouncy’ action for advanced dressage movements and to get their 

knees up cleanly while jumping. There is a mix of thoroughbred and warmblood 

breeding in event horses, typically driven by the owner/rider preference, as 

expressed by one interviewee: 

“you need thoroughbred [for eventing], going too warmblood is the biggest problem. 

The thing with the thoroughbred is trying to keep them sound, which is really down to 

their feet, but the warmblood is too round in their action, they can’t gallop so because 

they go up and down rather than forward and maybe jump too big – too deliberate” 

Morscher (2010) completed interviews with four-star eventing riders to compare 

population normative scales as described by linear profile scores to their ‘ideal horse’ 

[204]. In many cases riders agreed with the normative or centre value when 

describing certain conformation traits e.g. head neck connection, length of neck, 

wither conformation, knee conformation, hoof width, hock conformation etc. However, 

strength based, or muscular traits tended to stray away from normative value into the 

upper extreme where riders denoted their ideal horse would have strong: gaskin 

conformation, musculature of the hindquarters and loin muscling. Similarly, 

movement preferences trended toward a long walking stride and powerful, medium-

long trot strides. These research findings are reflected in the language used by our 

participants as presented in Table 7. 

There were also several common traits which all stakeholders agree are 

valuable indicators of ability, apart from conformation and movement. These include 

the horse’s pedigree, siblings, performance records, the horses age, the impact of 

the external environment on presenting conditions i.e. surface, particularly when the 

horse is unshod. Additionally, temperament or attitude to work was highlighted as 

important, which has been reported to be a trait valued from pony club right up to 

elite level [204; 205]. It is clear therefore that considerable contextual intelligence 

needs to be considered alongside biomechanical parameters in the analysis of 

horse’s movement. 
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Table 7. Important movement features  

Movement Features Descriptor Potential Tools 

IMU GPS CBK SG/FS 

The ‘Big’ Walk Primarily of interest when assessing TB potential, combination of optimal features   x  

Stride length An innate performance attribute important across disciplines; natural mechanics cannot be 
changed, (dis)improved through training 

x x x x 

Canter Important aspect in SH, indicative of power x x x x 

Balanced & Light [on 
feet] 

Feature of sound, healthy & optimal gait. Reflects self-carriage, indicates rhythm and 
straightness; all in the absence of resistance [202]  

x  x x 

Rhythm & Regularity Gait beat or tempo (i.e. trot is two-beated), ideally self-maintained [202] x  x x 

Knee Action Positive SH performance; viewed both positively and negatively for racing x  x  

Tracking up Optimal movement feature of the ‘big’ walk; important in SH to discern ability under saddle 
and power 

  x x 

Force Distribution Optimal when appropriately distributed (between limbs and sides), otherwise an indication 
of abnormality 

   x 

Powerful 
Hindquarters 

Indication of ability, somewhat trainable however also linked to fixed conformation x  x x 

Speed Primary importance in TB x x x x 

Movement Quality  A general term to describe optimal movement in both TB and SH domains   x  

Stride Alterations Describes adjustability for SH, or lead changes in TB. Otherwise indicates gait 
compensation/abnormality 

x x x x 

Performance Record Best indication of ability and reason to forgive abnormality in any horse      

Lameness Significant gait abnormality contributing to wastage/loss of training days at all levels x  x x 

Nodding Consistently associated with lameness/gait abnormality x  x x 

Movement 
Compensation 

Consistently associated with lameness/gait abnormality x  x x 

Reduced Consistency Indicative of fatigue or inexperience in horses x x x x 

Table 7: Movement features were deemed important by interviewees for equine health and performance (column 1). Descriptors presented are based 
semantically on the interview data. Movement features were mapped by authors to potential measurement capabilities of existing technologies (column 3).  
TB: Thoroughbred (racing domain), SH: Sport Horse (Primarily Eventing, Show jumping & Dressage). IMU: Inertial Measurement Unit, GPS: Global Positioning 
System, CBK: Camera-based kinematics, SG/FS: Strain gauge/Force shoe. List of technologies is not exhaustive. 
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4.3.3. Limits and benefits of technology for the collection of biomechanical 

information 

Stride metrics and speed/velocity appear to be the simplest and most 

common features to capture using wearable sensor devices. When asked about 

existing technologies, stride length quantification and lameness detection were 

consistently mentioned as the most common uses of objective movement analysis 

technologies. Some participants referred to the breeze-up sales in the United States 

in a positive light, where analysis of stride metrics while galloping is possible using 

objective motion capture systems. Interviewees appear to perceive objective 

information on stride metrics to be valuable for predicting performance. 

‘It [technology] can help, I would feel that having that sort of bank of information 

could help you make better decisions, that is how I would be persuaded or would be 

a persuading factor.’ 

However, stakeholders noted that many successful horses display unconventional 

movement characteristics, so there is no generalisable ‘rule-of-thumb’ in this regard:  

‘…her legs were all over the place, but she had a stride length and stride rate that 

covered more ground than the next horses, and therefore was a champion, you see 

it every day’. 

While the Equinosis system is cited as having >350 users worldwide, there 

are only three systems in Ireland, all in clinical practice [195]. This suggests that 

these technologies remain isolated from day-to-day performance management 

structures in the applied field, which is the putative future for these types of 

technologies [193; 206; 207]. When discussing the ‘poor moving racehorse’ 

Clements (2019) stated that the Lameness Locator is still of limited value in 

racehorses [208]. The author outlines that the lack of consistency and precise 

definition around the ‘poor mover’ presentation increases the difficulty of applying 

sensible diagnostic testing. The study participants were aware of commercial 

devices that perform specific biomechanical analysis, but such technologies were not 

frequently used in the equine management structures they were involved with. Some 

perceived these approaches to be too narrow when used in isolation: 
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 ‘Has it found me a good racehorse? No. You tell me, the last group one winner that 

was found by using biomechanics?... It’s not going to. If people think it is going to, 

they are codding themselves.’ 

The range of biomechanical parameters (presented in Table 6) that are 

analysed through subjective observation of how the horse moves suggests that the 

standard analysis process undertaken by these stakeholders is complex and holistic 

in nature. They suggest that focusing on one individual aspect of the horse e.g. gait 

alone would leave one open to missing an issue elsewhere. Stakeholders were 

conscious of relationships between conformation, movement and function, and were 

apprehensive of making decisions based on one aspect alone. This sentiment was 

expressed by many participants and can be summed up in the following statement: 

 “I don't know if there is one thing in particular, you look at the overall quality of the 

movement.” 

This holistic philosophy is increasingly acknowledged in the research domain; the 

2019 British Equine Veterinary Association Congress held a session ‘Keeping the 

Sport Horse on the road’- the purpose of which was to bring various equine 

professionals (vets, farriers, physiotherapists, etc.) together to holistically examine 

best practice in managing elite sport horses.  

Table 7 presents some examples of the language used by the participants to 

capture the various movement parameters that are important in their personal 

analysis. This illustrates the colloquial diversity within the field that emerges from the 

process of translating what is essentially a rich sensory experience into analytical 

language. Mapping this vernacular to fundamental mechanical principles and 

equally, mapping the inverse, is a challenge for this field [202]. In principle, there are 

tools available that could potentially be integrated to capture and analyse this 

important information objectively in the field, as demonstrated by the inclusive but 

not exhaustive mapping exercise presented in Table 7. However, such integrated 

solutions are currently not mainstream in practice. 

It appears then that there is currently no complete fit-for-purpose movement 

analysis tool that would reflect the holistic, complex analysis processes described by 

the stakeholders in our study – which, given the clear commonalities across 

interviews, we suspect may be representative of equine movement analysis in 
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general. This interpretation mirrors the sentiment expressed in Bathe et al (2018) 

that suggests that accurate lameness evaluation should remain exclusively in the 

hands of experienced equine clinicians (as opposed to in the hands of objective 

technologies), as only these professionals can correctly analyse the vast number of 

variables presented. This issue continues to be debated in the field of veterinary 

medicine [178]. However, the promise of sensor technologies providing new insights 

into equine movement goes beyond the clinical field. This leaves us with the 

following question: where does the solution to better equine monitoring, welfare and 

performance gains lie? If an integrated technology-enabled system existed - a tool 

that was capable of intelligently combining multi-modal data (e.g. image and inertial 

sensor data) to aid decision-making in equine athlete management on a day-to-day 

basis through ubiquitous collection of data across stable, grazing and training 

settings – how would the end-user be able to interpret and use this data in a 

meaningful way? There are sensor systems currently in use that consist of between 

1 and 8 wearable sensors to capture and derive high resolution movement 

information from the horse. Is it reasonable to expect that stakeholders in the field 

would a) be interested in the mining of this data and b) be in a position to interpret it? 

Our study participants highlighted the challenges associated with using technology 

without the requisite knowledge:  

“[technology application] is an area where if people aren’t educated enough… they 

can be causing more harm [and] damage”  

Indeed the founder of Lameness Locator (Equinosis LLC) has stated that these tools 

must be applied by knowledgeable individuals who exercise a degree of 

responsibility over their own education and training [209]. 

An alternative perspective on using wearable technology to detect lameness 

in the clinical setting to that outlined above advocates for a “back to basics” 

approach, where the underlying principles of a limited number of parameters should 

be well understood in order to implement a “logical structure” to the lameness 

examination using objective technologies that can then be mapped on to existing 

expertise [210]. 
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4.3.4. Knowledge integration 

Buttfield and Polglaze (2016) state that “it is the individuals whose 

responsibility it is to apply any new technology who drive innovation in elite sport” 

[211]. These authors state that while reliability and accuracy of assistive 

technologies are fundamental there are numerous human-centric factors at play 

which will ultimately decide the value of technology in sport. These factors include 

existing practices and the professionals involved; the practicality of application; the 

skill of those interpreting the data produced, and whether or not the technology 

innovation is curiosity based or actually required. This highlights the importance of 

extracting the personal knowledge and experiences of stakeholders in the equine 

field, presented here as a first step towards a broader vision of knowledge 

integration in the equine domain. The interface between researchers, technology 

developers and practitioners/end-users are important territories which require 

serious exploration.  

A recent study by Richardson et al (2019) investigated the integration of sport 

science in horse racing. In their interviews with UK racehorse trainers, they found 

minimal application of sport science due to poor integration strategies [212]. Authors 

highlighted the necessity for effective dissemination strategies and increased 

educational initiatives that showcase technology to demonstrate how research could 

apply to industry practice. The theory-practice divide in sport is not a new 

phenomenon exclusive to technology adoption. In terms of biomechanics, Coleman 

(1999) [213] suggests that there are two major issues hampering its application to 

sports coaching. Firstly, he suggested the understanding of Newton’s laws is poor in 

the general public. This was confirmed in a study of college students, where the 

understanding of Newton’s Laws was found to be sub-optimal [214]. This inhibits an 

understanding of what is actually happening in a biomechanical system. Secondly, a 

sound mathematical knowledge base is required to understand quantitative 

biomechanical analysis. A qualitative investigation undertaken on the coaching-

biomechanics interface with elite golf coaches reflects these issues [215]. In this 

study, golf coaches expressed negative views about how biomechanics is situated 

within the sport. These mainly stemmed from coaches believing that the information 

generated by sensing technologies is too complex for players to interpret and should 

be filtered through the coach to prevent distorted understanding. However, coaches 
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also declared that they too lacked a full understanding of biomechanics. Despite 

these reservations, technologies for biomechanical analysis are well accepted in the 

golfing domain.  

Conversely, the traditional nature of equestrian sport seems to lend itself to a 

level of scepticism towards changing existing practices that have already proven 

successful [212]. Thus, there appears to be gap in how practitioners in the equine 

field can understand the potential of objective technologies, how technologists can 

understand the complex needs of the users and how researchers can elucidate the 

meaning and importance of specific biomechanical parameters. “User-centred 

design” – “a multidisciplinary design approach based on the active involvement of 

users to improve the understanding of user and task requirements, and the iteration 

of design and evaluation” - is an approach to technology development that has been 

promoted since the ‘80s [216], and is now seen to be best practice in engineering 

[217]. Research has shown improved levels of technology adoption when users have 

been involved in the design of the technology [164; 218; 219]. However, in the 

context of the development and adoption of usable technologies that can offer new 

and valuable insights into equine movement and health, it seems that we need to 

look beyond user-centre design to understand how best to move the field forward. 

The integration challenge surpasses the design of new technologies; it relates to a 

paradigm shift in practice and this requires a deep understanding of the cultural 

beliefs, values, and norms of all involved stakeholders.  

There is little empirically grounded guidance to help scientists, engineers and 

practitioners design and implement programmes of knowledge exchange, and no 

evidence to guide such a process in the context of equestrian sport. Cvitanovic et al 

(2015) outline key factors that can enable knowledge integration such as institutional 

innovation that legitimises knowledge exchange activities [220]. In the case of 

technology adoption in the equine field, these would include research institutions, 

national governing bodies of equine sport and professional clinical associations. 

Intersectoral exchanges of this nature could take the format of appropriately 

designed hackathons or similar socialisation/innovation engagement events that 

could be housed within conference programmes or industry events. Opportunities to 

evaluate impact should be embedded in such events thereby creating evidenced-
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based knowledge exchange pathways for the field.  

 

4.4. Conclusions 

For the most part TB and SH stakeholders assess fundamental equine 

conformation and movement similarly. Traits are assessed subjectively and in a 

systematic manner, i.e. in standing looking from all sides, feeling the limbs, 

progressing to walk and trot in-hand, including loose and ridden for SH. The 

differences between analysis processes are largely driven by sales setting, auction 

or private, and the animal’s age. Stakeholders incorporate their visual assessment of 

the horse with additional contextual information: pedigree, performance records, 

temperament, clinical vetting examinations (x-ray, bloods, etc.) and ultimately how 

suited they perceive the horse to be for their desired discipline. Within sectors and 

within disciplines there are nuances with regards limb action, muscle bulk, energy 

system demands and personal preferences around what might be “forgiven” in 

addition to other aesthetic qualities.  

 Despite the size and reach of the Irish equine industry, objective technologies 

are not extensively applied in the performance domain. There is an interest in 

technology solutions in the industry, however objective gait analysis systems do not 

appear to have penetrated the Irish equine space. In order to develop meaningful 

tools for practical field-based applications, industry specialists should be consulted 

regarding their requirements in the specific contexts in which the tools are going to 

be used. Our study demonstrates that current technical developments in the field of 

equine movement i.e. analysing movement features in isolation, is divorced from the 

holistic approach described by the study participants. While the hardware required to 

accomplish such a holistic analysis and monitoring function does exist, the challenge 

of integrating data streams into a meaningful whole so that the information needs of 

end-users can be met is a journey that is really just beginning within the equine 

industry. Apart from the apparent technical challenges, there is also a research-

practice gap in relation to understanding the meaning of particular biomechanical 

parameters that can be generated using objective technologies. There is a need to 

develop early and ongoing knowledge exchange pathways for veterinary medicine 

students and sporting stakeholders. This may improve objective gait analyses 
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uptake, empowering stakeholders with the ‘science behind’ existing technologies and 

appropriate implementation.  

This was a preliminary investigation using a qualitative approach to 

understand the details of how equine professionals in the field undertake their 

subjective movement analyses. Our in-depth interview methodology allowed us to 

represent the analysis process in the words of the participants. The paper provides 

information that could be of value to technology developers and offers a suitable 

starting point for interdisciplinary teams grappling with the challenge of technology 

transfer to the applied equine field. 
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Chapter 5  

 

Irish equine industry stakeholder perspectives of objective 

technology for biomechanical analyses in the field 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on the following paper which is published in animals: 

Egan S, Brama P, McGrath D. Irish Equine Industry Stakeholder Perspectives of 

Objective Technology for Biomechanical Analyses in the Field. animals. 2019 

Aug;9(8):539. 
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5.0. Abstract 

 Background: Wearable sensing technologies are increasingly used in human and 

equine gait research to improve ecological validity of research findings. It is unclear 

how these tools have penetrated the equine industry or what perspectives industry 

stakeholders’ hold in relation to these relatively new devices.  

Aims: To understand how existing movement analysis practices are carried out 

within the elite level of the Irish equine industry 

Objectives: Semi-structured interviews were conducted with Irish equine industry 

stakeholders to understand their perception of objective tools for biomechanical 

analysis in the field.  

Study Design: Qualitative semi-structured interviews. 

Methods: Twelve elite industry stakeholders were interviewed form both sport horse 

(n = 6) and thoroughbred (n = 6) sectors. The interview data were analysed using 

thematic analysis 

Results: Thematic analysis defined four analytical themes. The first theme conveys 

the importance of tacit knowledge and experience in the holistic analysis of a horse. 

Theme two highlights that the perfect horse does not exist, therefore equine athlete 

management is complex and requires a multi-layered problem-solving approach. 

Theme three describes an awareness among stakeholders of technologies, however 

they are sceptical of their value. The final theme identified that one of the key 

barriers to technology adoption is the economic value of the horse and the cost of 

implementing technology herd-wide.  

Main limitation: Elite Irish industry stakeholders only. 

Conclusions: Our findings highlight the need for a user-centred design in this 

domain, which requires greater consultation and learning between technology 

developers and equine stakeholders to develop fit-for-purpose analysis and 

monitoring tools. 
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5.1. Introduction 

Equine gait analysis has been at the forefront of equine research and 

technological developments since the 1800s. A considerable amount of the literature 

surrounding equine motion is focused on the use of high-speed motion capture [221] 

with offline joint angle analyses conducted at a later stage. The research frequently 

incorporates force plates [222-224] and 3-dimensional motion capture tools such as 

VICON [225] and CODA motion systems. These systems offer highly accurate and 

reliable data capture opportunities. However, given that equine locomotion in the 

applied setting is dynamic and takes place over ground, and that the context of an 

environment influences behavioural parameters [54], the constrained treadmill 

environment may produce data that do not map very well to the real-world, thus 

lacking in ecological validity. The data produced is of high quality but is inherently 

limited in dataset length and appropriate environmental context. Similar issues have 

been mooted in the field of human sports science for some time where inferences on 

competitive performance made from laboratory derived data have been challenged 

[54; 55]. 

The introduction of low-cost, lightweight, wireless, sensor and 2-D video 

devices has inspired the field-based investigation of potential performance capability 

with enhanced ecological validity [56]. The implementation of objective gait analyses 

in the field to assist decision-making by mitigating the inherent subjectivity of human 

observation-based gait analysis can be facilitated by such technologies [38]. The 

issues around the subjectivity of gait analysis have been highlighted in the literature 

where it has been shown that clinical expertise does not improve reliability of 

lameness assessment [226] and many owners believe their horses are sound 

despite over 72.5% presenting as the above existing asymmetry thresholds [227]. 

Improved repeated-measures of equines may also be exploited using objective data-

based approaches that would identify subtle changes resulting from injury or 

treatment that cannot be easily perceived by the “eye” [38]. Thus, the theoretical 

need for objective gait analysis tools in the field seems clear. However, the potential 

impact of objective gait analysis, demonstrated in many research studies [141; 149; 

193], has not been widely translated to the applied field. There are a small number of 

commercial equine gait analysis tools available on the market, with varying levels of 

supporting validity and reliability research evidence. These tools include: 
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EquiMoves—an inertial sensor based system that can accurately and reliably 

capture equine motion and detect asymmetry [36]; similar inertial sensor based 

technologies include Equisense and Lameness Locator, the latter of the two being 

more established with significantly more research to support the validity and 

reliability of the system [35; 228]; Tekscan’s Hoof™ System or Animal Walkway™ 

System that uses pressure mapping to analyse gait; StrideMASTER that uses GPS 

for the calculation of stride length, frequency and duration; FotoSelect®, a 

conformational analysis tool that interpolates bone and joint structure based on a 

conformational photograph and a marker placed on the hip; high speed cameras that 

facilitate 2-D video analysis using various video analysis software that enable the 

calculations of stride parameters and joint angles. These tools are promising in terms 

of the objective information that they can provide to augment a subjective analysis 

when the principal elements of equine analysis that have been reported in the 

literature are considered i.e., conformation, asymmetry, power and stride 

parameters. [149; 151; 210]. However, these tools either require a certain amount of 

expertise to analyse and interpret the raw data, or they apply automatic algorithms 

that produce values that are then ascribed clinical meaning based on a generally 

defined “normal”. 

In the field of technology design and pervasive computing, it is accepted that 

a theoretical need-as outlined in the previous paragraph for example—and the actual 

needs and desires of end-users may not in fact overlap [68]. The adoption of 

technologies is underpinned by sociological and psychological processes that are 

necessary to acclimatise people to new ways of interacting with information. If the 

end-users are involved as co-designers in the initial phases of technology 

development, they are facilitated in learning how these new capabilities can be 

applied and they can then direct designers towards what they need these new tools 

to do for them, which can often be outside the designers’ frame of reference [176]. 

This enables a mutually beneficial journey towards practical innovation. To the 

authors’ knowledge, no studies currently exist that examine equine industry 

stakeholder perspectives with respect to technology-enabled, objective equine gait 

analysis practices and tools.  

The aim of this research was thus to understand how existing movement analysis 

practices are carried out within the elite level of the Irish equine industry. The authors 
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seek to examine the perspectives of a variety of industry stakeholders regarding 

objective gait analyses tools in the field setting. Ireland’s dense per capita equine 

population [229], the economic viability of equines in Ireland and the popularity of 

Irish native and crossbreeds globally [196; 199; 230] provides a rich context for this 

qualitative study. Weary et al. [231] stated that while investigating animal welfare 

practices, social and cultural context must be considered because purely science-

based solutions may not resonate with intended users. This study is applying this 

same logic to equine biomechanical analysis. It is envisioned that our research will 

support the development of future fit-for-purpose objective analysis and monitoring 

systems that can add value in real-world settings. 

 

5.2. Materials and methods  

Research methods were as detailed in Chapter three, with particular 

emphasis on: section 3.1, (b) to understand their knowledge and perceptions of 

objective movement analysis tools.  

 

5.3. Results and discussion 

Thematic analysis of the transcripts produced four major analytical themes 

that are presented and discussed in this section. 

Theme 1. Biomechanical information is elicited through subjective analysis and 

integrated into an overall whole, based on holistic analysis and tacit knowledge.  

The participants consistently acknowledged that existing analyses processes 

are subjective, as echoed in the literature [232]. However, the stakeholders 

frequently refer to their tacit knowledge and experience as the most important aspect 

of identifying good horses and maintaining high-quality animal management 

structures.  

“Sometimes a lot of it might be tacit knowledge whereby you look, and it 

doesn’t look quite right and you don’t even know exactly why. And then other 

times you look and go, wow that is lovely today. Again, it is hard to pinpoint 



 

75 
 

exactly why but it is kind of the overall balance, it looks like it is coming 

together better” (SHS, 2). 

When describing certain aspects of their own analysis such as monitoring routine 

training, all participants consistently referred to “feeling” when a horse was 

progressing or not moving normally. When they were pushed to define what this 

feeling was or how it is visually represented, they struggled to explain it and stated, 

“you just know”. This knowing is highly contextual and holistic where participants 

trust their experience, horsemanship and husbandry skills to tell them if the horse is 

appropriately prepared for the next level of training or competition: 

“you would know from the feel of them, if the feel is the same or not, and 

again that comes down to the black art of horsemanship. But apart from what 

makes a good rider is to be able to know when their horse feels good or not” 

(SHS, 2). 

Tacit knowledge is defined as the inarticulate knowledge which cannot be 

explicitly taught but rather acquired through direct or on-the-job experience [233]. It 

has also been described as the knowing how rather than knowing what [234]. This 

type of knowledge is particularly relevant to equestrianism given the nature of 

working with nonverbal yet expressive animals. This was depicted vividly in a paper 

by Butler (2017) who speaks about “the feel for the game”, specifically in relation to 

the mastery of an equine racing yard. The author describes the “feel for the game” 

as “an intuitive bodily awareness and attitude that occurs through familiarity and 

repetition, a process of both doing and observing empathetically, of reading bodily 

nuances, nonverbal cues, imperceptible movements, a fleeting expression on [a] 

face”, and indeed, in the face of a horse [235]. 

The interviewees frequently referred to the generational knowledge developed 

through working with horses, often in familial networks from a young age. This 

experience has shaped their ideas and beliefs around determining optimal equine 

performance and management structures. 

“Probably what your father and mother did at the time. You pick up a lot from 

them at an early age” (SHS, 1).  
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Nash and Collins (2006) describe how coaches rely on personal contextual 

knowledge to inform decision making. The decisions are generated from an 

immediate understanding of a situation, disregarding the need for deductive thinking. 

This may explain the seemingly instinctive decision making associated with tacit 

knowledge [236].  

Our data suggests that early entry into the equine world and working with 

highly experienced individuals over many years enables industry stakeholders to 

unconsciously access previous experience to immediately inform present decision-

making. This is particularly important for TBS and the restrictive nature of 

thoroughbred purposed auction and sales. This context has driven the need for a 

skilled and experienced eye to inspect correct conformation and “the big walk” when 

trying to discern a superior performer. Those working in the thoroughbred industry 

noted that it is difficult to obtain a clear and timely inspection of horses in the sales 

setting. This gives rise to certain tricks, such as shoe fillers, that can be used by 

sellers to mask a movement or conformational abnormality (toed-in/out, knee 

valgus/varus), suggesting that it is difficult to believe what you see in the sales ring. 

They outlined that in an ideal world, one would like to see the horse gallop but noted 

that this is not feasible under current practice, and often they rely on their 

imagination and the mind’s eye to predict how the horse may move on the gallops:  

“you like to use [your] imagination when you are at the sales because you 

can’t gallop them at that stage, but that’s essentially what you’re looking for, 

that lovely easy pendulum where the toe flicks out in front and they place the 

foot down”  

(TBS, 6). 

The interviews did capture however, that thoroughbred sales infrastructure is 

adapting due to the availability of technology, driven by the commercial impact of 

detecting a valuable racehorse. This exists primarily in two forms:  

1. Breeze-Up sales for flat racehorses, originating in America but are becoming 

increasingly common in Europe. Two-year-old horses that have not yet raced 

are galloped (breezed) up over a short distance (two–three furlongs) and 

timed in an attempt to predict their performance potential. This allows buyers 

to see the horse move at the gallop which has not been a traditional 
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component of Irish thoroughbred sales. On certain auction tracks, 

independent companies offer exclusive video analysis packages, producing a 

report based on frame by frame video inspection of a galloping horse. The 

first and only Irish Breeze-Up sale of flat horses was conducted in 2019. 

2. A form of 2D video analysis using a marker set up which records the horses in 

walk outside the sales ring and is analysed offsite. The company provides a 

report to the interested party theorising the horse’s potential ability based on a 

breakdown of segment lengths, joint angles, etc. 

Despite this, TBS highlighted that it was “uncanny” the number of good trainers who 

still manage to pick up the good horses at the breeze-up sales—regardless of tools 

available. This tacit knowing and holistic expert eye highlights the challenge in 

establishing reductive thresholds using objective tools that could potentially 

categorise horses as normal/abnormal or good/bad. 

Theme 2. There is no such thing as perfect conformation or movement in the real 

world; management of injury risk and performance is a complex system requiring 

multi-layered problem-solving approaches. 

The interviewees described key features of movement and animal phenotype 

that contribute to the optimal or classic horse that theoretically will lead to greater 

performance potential. However, they also consistently stated that there is no such 

thing as the classic horse in practice and everything is managed on an individual 

basis. When asked if they were aware of any horse who performed well with 

unconventional conformation or movement characteristics, all participants answered 

easily, and no two answers were the same. They frequently referred to these horses 

as “freaks” but also pointed out that this phenomenon was common, highlighting the 

individuality of horses. It can be suggested that conformation exists on a spectrum 

and it is only abnormalities lying on the extremes that would drastically impair a 

horse’s ability. Conformation was defined as a key cornerstone of a horse’s potential, 

ultimately impairing the horses career longevity depending on wear and tear issues.  

“If they have got crooked limbs, they may not preclude a good effort but over 

time they don’t have the same longevity because of strains in certain areas. It 

just gets referred and they don’t last over time” (TBS, 1). 
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“yea I mean they come in every shape and size […] generally, the good 

horses that last have the correct conformation, but there’s always the 

exception to the rule”  

(SHS, 6).  

The participants explained that there were certain faults or abnormalities they would 

accept or reject when purchasing a horse. These acceptable abnormalities were not 

uniform across the cohort and were largely driven by the horse being analysed, 

budget and previous positive or negative experiences.  

“like the really big buyer, that’s what they’ll look for straight away; they won’t 

forgive conformation faults because they’ll be buying for other clients. But, 

clients who want racehorses and are trying to look for a bargain will maybe 

forgive a horse that’s toed-in or has a slight issue with an x-ray or something 

like that as long as they have that walk” (TBS, 6). 

The stakeholders believed an established horse’s performance record was the most 

important indicator of ability and would supersede any abnormality as the horse had 

proven its performance capability. Additionally, a horse’s temperament and attitude 

was frequently referred to as an important indicator to determine the wellbeing of the 

horse, stating that if the horse is “happy” or “enjoying his work”, this was the best 

indicator of overall health and performance.  

Managing pain in horses was an especially complex issue, requiring deep 

knowledge of individual horses and knowing when to rest, reduce work or when to 

enlist help from other professionals. They stated that they expect performance 

horses to have “pain” or “soreness” or “niggles”, and they relied on experience and 

intuition to determine if the pain was normal muscle soreness or an issue requiring 

intervention. These terms were used interchangeably to convey an issue however 

often one term was used to define presentation of heightened severity, which 

differed across interviewees. 

“most horses in competition will have niggles and pains and stiffness even if it 

is not soreness so optimal is a fluid open step, not displaying any signs of 

soreness or stiffness, I mean that is optimal” (SHS, 2). 
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It is evident that the study participants’ priority was to maintain the horse pain-

free for both welfare and performance reasons. However, they explained that it can 

be difficult to get to the bottom of a problem when the presenting condition is 

originating from a subtle issue elsewhere. As part of a multi-layered problem-solving 

approach, these industry stakeholders clearly value engaging in multidisciplinary 

teams to address painful conditions, however frustration was expressed around 

honest referrals and regulation. They describe how horse owners pay anything to 

“get them right” but there is no clear path to organising a meaningful investigation 

between specialists (e.g., physiotherapist, vet, farrier etc.), and owners can be hard 

done by.  

“That there are no known standards and quantities that we can actually refer 

to and it all becomes very cloak and dagger” (SHS, 2). 

“I think therapists of all types, first they need to be regulated so people are 

getting in what they actually pay for and so that people are trained and 

educated in the service that they’re offering—they should all be able to work 

together to give the client and the horse the best holistic treatment.” (SHS, 4). 

In addition to veterinarians and manual therapists, the participants 

consistently highlighted the importance of the farrier’s role in correcting 

conformational faults and maintaining the horse’s healthy movement. The 

individualistic approach to managing each horse was a common theme across 

interviews: 

“There are five horses, or ten horses and they have all different conformation 

and different stride patterns and we will train them. You can’t have placebos in 

this, you can’t have standards because there are so many complicated 

[aspects], there is genetics...and blah blah blah” (TBS, 4). 

This was also reflected in the shoeing approaches that varied widely depending on 

the horse’s needs, the management team’s preferences, the discipline and the 

economic viability. There was a great deal of trust placed in the farrier’s ability to 

choose the right shoeing option for the horse that could be corrective and/or 

protective: 
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“I’ve a very, very good farrier and I would discuss options with him, but I will 

always take his advice because it’s his area… and I would discuss it with him 

because if you’ve a good farrier who knows what he’s doing, their advice is 

good enough for me.” (SHS, 4) 

In the TB stud environment, farrier intervention was deemed critical in the young foal 

showing moderate to severe conformation abnormalities. The stakeholders working 

in these environments outlined that they were slow to intervene with aggressive 

clinical interventions and would typically begin with the farrier gradually rasping or 

applying plastic corrective shoes to foals to promote optimal skeletal development.  

Jönsson et al. (2014) found a positive correlation of 4–5 year old 

conformation, overall health and performance to career longevity in Swedish 

warmblood horses [237]. This relationship between conformation was also evident in 

our data. Collaborative working relationships between vets, farriers and owners in 

discussing shoeing options and solutions to foot problems, based on objective 

screenings where necessary, have been shown to be effective in maintaining horse 

soundness and hoof quality [238; 239]. These previous research findings appear to 

be borne out in our data where collaboration with vets and farriers were considered 

vital aspects of maintaining a functional, healthy horse. Research investigating 

racehorse welfare has shown that the one size fits all approach indicated the 

minimum welfare standards were met, whereas horses perceived to have better lives 

were trained and treated as individuals [183]. It is clear from our data that for better 

health and thus better performance outcomes, horses should be treated as 

individuals.  

Theme 3. Stakeholders have an awareness of technologies that enable objective 

movement analysis and acknowledge the competitive edge that they may offer, yet 

scepticism persists.  

Many stakeholders had experience working with a movement specialist who 

they perceived to be an expert in the field or a person using a form of technology.  

“I’d consider that the likes of your great trainers, your [name XX] who pick out 

horses at horse sales. When you look at the breeze up sales, I’d consider all 

them movement analysis specialists” (TBS, 6). 
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They were knowledgeable in relation to existing technologies for objective movement 

analysis. They expressed interest and sometimes idealised the use of technologies 

and how it could help to get additional small percentages of performance 

improvements which could mean the difference between winning and runner up. 

Most of the participants referred to the need for marginal gains in such an elite, 

competitive setting and they recognised that the use of technology may have the 

potential to deliver this: 

“I think 90% of horses will perform to the same ability no matter what trainer is 

training them once they’re fit, but it’s that extra 10% is the reason that the 

great ones become great. Each little % or half % that you could get up the 

ladder by having technology or you know by having the best jockey on board 

[…] the next 10 trainers down the list could have spotted that as well and 

therefore that half a % difference between the really, really good ones and the 

rest comes a little bit closer” (TBS, 6). 

“the difference in coming 9th or winning, you know people often think that, O 

give up on a horse that maybe keeps coming outside the top 6 and decide the 

horse isn’t that good. But it might be something very small in terms of the 

training, of way of going, and I suppose those kinds of technologies might 

help people figure that out” (SHS, 5). 

The TBS often described their experience of breeze-up sales abroad and how 

technology was being used to select the horses with the best stride characteristics. 

This information generated from 2-dimensional video analysis was apparently sold 

exclusively to a small number of potential buyers. This provided these individuals 

with augmented information other buyers could not access, thus affording them the 

opportunity to gain an edge in discerning the horses with the best potential ability 

based on stride mechanics. Additionally, lameness and objective assessment of 

lameness was consistently mentioned across all interviews despite the fact the 

authors never mentioned lameness in the recruitment information leaflet or interview 

questioning. This is perhaps not surprising given that clinical lameness is reported as 

one of the most prominent reasons for wastage, the time lost to training and gait 

abnormality in horses, as evidenced in several studies [240-242]. Technologies 

based on wearable inertial sensor units (accelerometers and/or gyroscopes) have 
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been commercialised to assess lameness and the participants were aware of this 

development, although not always persuaded of its value. While it was 

acknowledged that technology could potentially provide a competitive edge, it was 

recognised that there are many other under explored aspects of performance that 

can be leveraged, beyond technology, for example elevating the rider’s state of 

preparation: 

“if you want to be at a more competitive level you’ll look at ways and means to 

help you achieve that, so if you look over at the last 10–15 years even in 

Sport Ireland […] they’re focusing [on] psychology …mentally correct general 

fitness of the athlete as well as the horse so it’s a ... whole picture to 

performance and that’s really because other nations are doing it and 

succeeding. One thing you can’t take away from the Irish is the raw talent; 

one thing you don’t want them to focus on is the raw talent, you want them to 

put it all together” (SHS, 1). 

Despite their awareness of existing technologies, few employed them 

frequently or were informed of how they actually worked. This was related to a 

degree of uncertainty and scepticism surrounding how a device captures the data, 

i.e., something is done, and the results are produced. They questioned this black box 

scenario, where they were dubious about the accuracy and reliability of the results 

stemming from a process that is essentially hidden and sometimes lacking 

supporting evidence. They additionally expressed concern over the tools that may be 

based on pseudo-science, lacking any real therapeutic or performance benefits, 

citing the lack of regulation as a contentious issue.  

“I think we need more consistency and we need regulation of people using 

pseudo-science and managing to trick people out of their money with 

ridiculous things […] yea I get very frustrated with the pseudo-science... magic 

boxes that you put on your horses in this box […] shine a light on them give 

you a read out on what’s wrong with them, shine the light on them for another 

hour and its fixed” (SHS, 4). 

Many of the participants somewhat apprehensively acknowledged that 

technology will become more prevalent in the industry, stating that those who do not 

move with the times will find it difficult to progress, but as it stands, technology has 
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not been the fail-safe method of finding the ideal horse, and they doubted that it ever 

would be. They spoke about the naïve misuse of the data produced by these 

technologies suggesting that it would be quite easy for inexperienced individuals to 

use these tools blindly in the absence of basic horse husbandry. 

“could be a case of putting the cart before the horse very much because 

there’s such a lack of understanding of biomechanics in the industry, and 

better horse husbandry and horsemanship, introducing that technology would 

really bypass […] some of the natural skills that people need” (SHS, 5). 

Further to what one might call a healthy scepticism of science and technology, some 

fears were expressed by the participants in relation to the future of technologies in 

the field, such as how it may impact their livelihood and the horses’ economic 

viability.  

“It hasn’t fully caught on like I would have expected it to, and we seem to be 

slow to embrace technology and we are almost fearful of what technology can 

do. It is like people from a job security point of view, they worry is it going to 

mean if people know which the good horses are does it mean the average 

and the bad horses, we won’t get paid for them in the sales?” (TBS, 2) 

It was also suggested that the traditional methods of older generations may be a 

prominent reason for the slow uptake of technology in equine industries. Participants 

discussed the fact that younger trainers and riders may be more likely to try 

technologies as they are more familiar with their use and are willing to explore these 

avenues in order to enhance their ability to train or ride. Older equestrians on the 

other hand sometimes have the attitude that if they cannot see or identify optimal or 

abnormal themselves, then they should not be working with horses: 

“the heart rate monitor I think is interesting but again I think it will only show 

me stuff that I should already know” (TBS, 6). 

The technology generation-gap is a known phenomenon [243]. Tacken et al. 

(2005) stated that there was a lack of motivation in those aged 55 years and older to 

engage with technology due to the difficulty perceiving and navigating the technology 

interface [244]. Dickison et al. (2007) reported usability issues as a barrier to 

adoption, indicating that older adults may not perceive the information as relevant to 
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them [245]. Lack of knowledge of technological devices and operability is also 

highlighted in the literature as a major barrier to adoption [73; 164]. Customisation is 

one of the largest end-user issues with technologies, citing that many interfaces are 

locked in, prohibiting the user from making meaningful changes and updates to the 

functionality of an interface [74]. It appears that there is a research-practice divide in 

the equine performance setting. Indeed, this was evident from our interview data. 

Participants acknowledged the value of research and qualifications to engender trust 

but feel a disjoint between certain research investigations versus what the applied 

professional or industry stakeholder requires, losing the common-sense aspect of 

the application and engendering scepticism. They suggested that they would only be 

convinced by new tools or technologies if a reputable individual they knew endorsed 

their value. Similarly, stakeholders described how they would only use expertise 

within their circle for fear that the quality of work done by another individual would be 

sub-par. This is suggestive of a high level of discernment, which is perhaps to be 

expected from stakeholders working in the elite field. Lack of regulation has been 

identified as an ongoing issue in equine nutritional supplementation [246-248] and 

stakeholders may fear similar is happening with technologies that supposedly can 

enhance equine analysis and performance. 

Theme 4. The economic value of the horse and the cost of the tools available is a 

primary consideration for stakeholders. 

The most prominent barrier preventing stakeholders from applying the existing tools 

and technologies was the cost of the tool and the value of the animal at hand. The 

horse’s value extended right across into methods of management, with owners 

suggesting they would change shoes or use these tools if the animal’s worth 

warranted it. 

“I think you couldn’t afford to pay it! ... If I had an Olympic superstar, I’d think 

about it” (SHS ,1). 

An example of financial pressure was anecdotally explained by one of the 

participants in our study, citing another trainer who had written that €1 a day may 

sound very little, but many small-time trainers and equestrians cannot justify that 

cost when it is applied across their yard on a consistent basis.  
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“margins are so tight; you see the amount of trainers who have gone out of 

business because they are making a loss. They can’t add an extra €1 or €2 a 

day for each horse which will add up to whatever, a couple of thousand a year 

when they’re already not making anything” (TBS, 6). 

In the elite sector, the horse is viewed an as investment and the use of technology 

can be viewed as follows: it may benefit the horse and its performance, therefore 

increase the sales profit margin or it could have no tangible impact on management 

practice and therefore cost the stakeholder more to maintain and run the system.  

“horses from our point of view are an investment and the more analysis and 

more information we have to help us make better decisions the better 

decisions we will make, and the better decisions we will make will have a 

more positive effect on how our investments prosper going forward or how we 

manage them” (TBS, 2). 

Stable size was put forward as a possible driver for adopting objective monitoring 

tools however there were opposing views on this within our cohort: 

1. Larger organisations can afford to use technologies as they have a larger 

cohort of horses with greater time and financial support which could make use 

of novel technologies, as highlighted by this quotation: 

“But I think if you’re the likes of XX or XX or whatever huge numbers [...] if you 

were looking at it you could say well every horse must walk through this 

particular office every morning and trot and it’s recorded on a machine that 

everyone can look back on so it’s part of a management program” (SHS, 1). 

2. Trialling technologies may be easier in a small yard with less horses, with 

reduced implementation costs and time investment to collect and interpret 

each horse’s data.  

“If somebody has two yearlings at home and wants to try out a new 

technology, fine, but if we are going to try it out we have to do it for the whole 

herd and whatever that cost is you are multiplying probably by 750, so you 

would want to be pretty convinced it is going to work” (TBS, 1). 
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Clearly, it is difficult for stakeholders to envision how these tools would fit in 

an applied stable setting in a way that is economically viable. Some participants 

expressed frustration at a new type of pressure in recent years, where consumers 

are no long willing to wait for a horse to mature and develop, inhibiting their ability to 

reach athletic maturation. This has influenced breeding and management practices, 

effecting the horses’ career longevity. For example, a horse may be engaged in early 

training and potential overloading to the detriment of its development. This approach 

may reap short term profit but could also impact the horses’ longevity in a case of too 

much too soon. The stakeholders believe that this is driven by results, the betting 

industry and overall consumer impatience. Could this be coincidentally driven by 

wide-spread consumer use of smart technologies and availability of entertainment 

and services on-demand? It is worth considering how the availability of objective 

movement data might influence this trend. 

“I think times are changing big time, society wise and people want.. they don’t 

want to be waiting around for horses to run anymore. If your hobby is 

racehorses, they want their horses running now, they don’t want to wait for 

them until [they are] three years old” (TBS, 2). 

Thus, there is also an “opportunity cost” involved in the application of these 

technologies, given the pressurised environment described above. If there is time 

being invested in technology related workflows, there is time being taken away from 

somewhere else. The focus on the cost implication of using objective technologies 

evident in our data is also captured in a recent study investigating the application of 

sports science to training and management practice in the racing industry; 

stakeholders felt they did not have expensive enough horses to justify the investment 

in sports science [212]. 

 

5.3.1. Adoption of technology 

The Technology Acceptance Model is the most widely applied model of 

technology use and acceptance [249]. It has been applied to investigate the 

intentions for technology use across areas such as general information technology, 

education, sport and health care [189; 190; 250]. The model theorises that the two 

main criteria—the perceived ease of use and the perceived usefulness of a 
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technology—predicts behaviour intention and use. Ease of use pertains to the 

effortless usability of the interface while usefulness describes the ability of the 

technology to enhance productivity [249]. Tao et al., 2009 found that when the users 

had little experience of the technology, the focus should be ease of use, rather than 

usefulness. The intention is to allow the user to familiarise themselves with the 

technology before increasing system complexity. The user can decide at that stage if 

they would like to continue to implement the technology or re-evaluate their 

requirements. The authors state that the user’s behaviour and beliefs change over 

time and suggest the use of an evaluation system that may help to detect when 

additional training or system adaptation is required [190]. Venkatesh et al. (2000) 

outlined that successful technology integration can enhance productivity but system 

failure can also lead to economic losses and overall dissatisfaction [249]. The 

interviewees echoed strongly similar concerns around economic losses and potential 

overall dissatisfaction. They consistently looped back to the cost-benefit aspect of 

buying and applying these tools. The stakeholders from the elite equine performance 

setting who participated in this study are already highly competent and successful in 

their respective fields. Their expectations of technology solutions go above and 

beyond their existing equine management structures and must have a tangible 

impact to justify implementation. They contemplated the value of sophisticated 

longitudinal datasets but maintained caution around how the data would be 

interpreted. Who would interpret it? How valid, sensitive and accurate would the data 

be? Their expectation of a valuable technological support to their workflows thus 

appears to be a simple and cost-effective device that can integrate large multi-modal 

data sets, outputting intelligent, reliable and individualised information that enables a 

holistic view of a specific horse. This information would need to add considerable 

value to the existing knowledge base—both tacit and overt—contained within the 

professional team that supports the horse.  

“It is not that I wouldn’t use them, I would use a lot of these at jobs and 

training except they are just not cost efficient either time and motion, the time 

it takes to use them or the money it takes to purchase and run them. And they 

don’t make a significant quantum leap to my training regime for me to do it” 

(TBS, 4). 
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From the stakeholders’ perspective, it appears that in their current form, technology 

applications simply have not crossed their value threshold for widespread, daily use. 

 

5.4. Conclusions 

Our data highlighted tacit knowledge as an extremely important factor guiding 

analysis, monitoring and decision-making surrounding equine health and 

performance. Artificial intelligence research in business has investigated methods of 

converting implicit or tacit knowledge to explicit knowledge by using a knowledge 

exchange and extraction techniques. This facilitates the application of data mining 

approaches to explore trends and relationships with the potential to uncover new 

information [251]. From an equine perspective, these approaches could be used to 

develop data analytics infrastructures where longitudinal data is mined to uncover 

trends around injury risk and peak performance to support data-driven decision 

making. However, reaching this level of technology infrastructure and intelligence 

requires a deep understanding of stakeholders’ practices and culture. Future work 

should consider how best to engage industry stakeholders in technology design. 

Ethnographic observation of subjective information gathering, processing and 

decision-making in the day-to-day management of performance horses would 

provide a rich research basis on “the black art of horsemanship”, from which useful 

technologies and data pipelines could be designed. However, as with all elite athlete 

settings, such access and enquiry may not be realistic, desired or appropriate. 

This research probed the elite Irish equine industry stakeholders’ perceptions 

of objective technologies that capture locomotion data from equine athletes. This 

maps the cultural attitude regarding the use of technology in the Irish equine industry 

and therefore may not be directly generalisable across equine industries. A further 

limitation of this research was the lack of specific dressage perspectives included. 

There were elite dressage riders who initially indicated interest in being part of the 

study but were subsequently lost on follow-up. 

In their current format, technology solutions—particularly the more “hi-tech” 

tools as opposed to 2D-video analysis—do not appear to address stakeholder 

needs. Trusting in the data produced by sensor devices and being able to interpret it 

correctly were concerns that were raised across the cohort. Movement analyses are 
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valued as an important aspect of maintaining overall equine health and performance, 

but participants were conscious that movement analyses are one small aspect of a 

larger functional unit. These stakeholders felt that there is a disjoint between 

research, commercialisation and equine industry driven objectives. Working from the 

industry-out rather than the outside-in may provide researchers and equine 

stakeholders alike with a degree of ownership over technology development and 

would enable the creation of user-friendly, meaningful feedback interfaces. Current 

technologies do not appear to provide a suitable basis to holistically judge the 

progress of their horses beyond the existing knowledge base available within the 

multi-professional management structures, and as such, are not deemed worthy of 

investment. 

The participants foresee that technology will become increasingly important in 

supporting methods of equine management in the future. Many interviewees have 

translated sports science-based training principles, such as evolving their 

management programs, training methods, using video footage, photos and note-

taking to monitor equine movement and development over time. The appetite for 

continual improvement is clear. Their extensive experience in elite equine sport, 

often across several fields of expertise and contexts per participant, has provided a 

rich picture of the existing workflows and perceptions of objective technologies in a 

variety of elite equestrian settings. 
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Section C: An exploration of the feasibility of applied 

wearable technology in equines 
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Chapter 6 

 

Quantitative Research Methods  
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6.0. Participants 

This study was approved by the University College Dublin Animal Research 

Ethics Committee (AREC-16-29-Brama) and the Health Products Regulation 

Authority (AE18982/P105) in compliance with Irish legislation on animal experiments. 

This experiment was part of a larger study investigating recovery from induction of 

bilateral lipopolysaccharide (LPS) induced joint inflammation. Seven equines were 

included in this study (Table 8), six of which were free from lameness and carpal 

joint disease as judged by clinical exam and radiological screening by two boarded 

equine specialists (diplomates European College of Veterinary Surgeons (ECVS)), 

H4 bore a moderate mechanical hindlimb lameness. H6 sustained a kick at pasture 

following trial one and had to be excluded from trial two, therefore data for H6 is 

collapsed for two trials instead of three Animals were unshod and stabled individually 

in single boxes (4x4m) on wood shavings and were familiarised to the environment 

and routine for two weeks prior to data collection. They were not administered LPS 

for 14 days prior to this experiment. They were fed concentrate once daily, with twice 

daily hay and water provided ad libitum. Stables were enclosed in an American style 

barn where each individual stable had three walls and a front grid bar design 

allowing them to look out the front of their stable, place their head over the door and 

maintain observation of the yard and other animals. Subjects acted as their own 

controls, assuming “normal” behaviour at 0hrs and assuming by day 7 of our study, 

they were approaching or had reached a recovered state [252]. 

 

Table 8. Equine Metadata  

Horse Code Age Breed Sex Weight (kg) Height (cm) 

H1 12 Con. G 375 145 

H2 17 Con. M 370 145 

H3 16 xCon. G 341 143 

H4 13 Con. M 344 143 

H5 19 ISP M 400 148 

H6 13 UNK M 406 143 

H7 13 UNK M 336 135 

Table 8: Metadata presented on the 7 horses. A range of Irish type breed were included: 

Connemara ponies (Con.), Connemara cross (xConn.), Irish Sports Pony (ISP) and 

Unknown breeding (UNK). Equines listed under UNK were registered with the Irish 

passport issuing authority (Horse Sport Ireland) and received white books. Sex is defined 

by female/mare (M) and gelding (G).  
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6.1. Induced bilateral lameness protocol  

The left and right dorsal carpal regions of each equine were clipped and 

prepped for dorsal arthrocentesis. Transient induced bilateral lameness was induced 

using lipopolysaccharide from Escherichia coli O55:B5 (catalogue number L5418; 

Sigma-Aldrich Ireland Ltd., Arklow, Co. Wicklow Ireland) was diluted to a final 

concentration of 0.25 ng/ml in sterile lactated Ringer's solution. Animals were 

sedated, if necessary, with xylazine (0.2-0.5 mg/kg intravenously, Chanazine 10%®; 

Chanelle, Ireland) and butorphanol (0.02-0.04 mg/kg intravenously; Alvegesic vet 

10®, ALVETRA u. WERFFT GmbH, Boltzmanngasse 11, A-1090 Vienna, Austria). 

Arthrocentesis was performed with a 20 G × 40 mm needle and 1 ml LPS solution 

was delivered aseptically into both left and right intercarpal joints after withdrawal of 

a synovial fluid sample. Synovial fluid samples for biomarker analyses were obtained 

at timepoints: 0, 8, 24, 72 and 168hrs (table 9). Part of each synovial sampling was 

placed in EDTA tubes for white blood cell counts (WBCC) and total proteins (TP) as 

an objective indicator of joint inflammation occurring in the model over the timeline of 

the analyses. Synovial fluid WBCC counts were performed manually with the help of 

a counting chamber under a microscope. TP was measured using a refractometer. 

Heart rate and carpal circumference data were recorded at the following time points: 

0, 2, 4, 6, 8, 24, 72 & 168hrs by boarded equine specialists (ECVS) (table 9). Carpal 

circumference was measured at the level of the accessory carpal bone with a tape 

measure. The skin at this point was marked with ink to ensure consistency in 

measuring technique. 
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Table 9. Trial Structure  

 

6.2. CCTV Data Capture  

Video footage was continuously recorded for the first 12-hour period. Animals 

were recorded again under the same setup at 24, 72- and 168-hours post LPS for 

approximately 6-8 hours (table 9). A single Hikvision 4 Megapixel EXIR IP PoE turret 

Camera with 4 mm lens was fixed to the upper right side of each stable, wired out of 

reach of the animal (fig 8). This allowed for continuous recording without interfering 

with normal equine behaviour. Cameras recorded footage throughout the above 

specified time points to a 4 terabyte Skyhawk CCTV hard drive for download and 

offline analysis. Videos were sampled at 20 frames/s with a 1280 x 720 resolution.  

 

Day  1 2 4 7 

Timepoint  0 2 4 6 8 10 12 24 72 168 

Trial  LPS & SF       SF     SF SF SF 

Washout  
  

Table 9: LPS: Lipopolysaccharide administration, SF: Synovial fluid sampling. Day 1, 2, 4 

& 7 are defined by different cell colours. Stable fixed CCTV footage was captured 

continuously during each day & colour 'block'. Kinematics (walk & trot 30m x 2), heart rate 

& carpal circumference data were collected at intervals indicated by the broken bold line, 

corresponding to the start of each timepoint, where time 0 is the baseline measurement. 

This protocol occurred once in chapter 7 and was repeated twice times (i.e. trials 1, 2 & 3) 

in chapters 8 -10. 
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Figure 8. CCTV Camera Position  

 

6.3. Kinematic Data Capture  

Each horse was equipped with three IMU (SHIMMER, Shimmer Research, 

Dublin, Ireland), placed on the withers (fig. 9), left and right forelimbs (fig 10). The 

withers sensor was fitted using a custom-built attachment via a standard surcingle. 

The forelimb sensors were initially attached approximately 8cm below the lowest 

point of the lateral aspect of carpal joint on the cannon bone (fig 10a). However, for 

welfare reasons and ease of access to the joint for sampling, this was moved to 

approximately 8cm above the highest point of the lateral aspect of the carpal joint on 

the equine radius (fig 10b). The aforementioned anatomical points were marked to 

enhance reproducibility of repeated sensor application. Limb sensors where attached 

using sensor specific brackets on an elastic strip. To prevent damage to fragile limb 

structures, double sided table and under-wrap was applied prior to IMU application. 

This was reinforced externally by application of additional under-wrap and 

physiotherapy tape. 

 

Figure 8 CCTV Cameras were fixed to the front upper right-hand corner of each stable. 
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Figure 9. Withers sensor placement and attachment 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Limb sensor placement  

 

 

 

 

 

 

 

 

 

 

 

Figure 9: The withers sensor was fitted using a custom-built attachment via a standard 
surcingle 

A B 

Figure 10: Limb sensor placement. Panel A demonstrates senor placement on the 
lateral aspect of the cannon bone. Panel B demonstrates sensor placement on the 
lateral aspect of the radius. Images for positional demonstration purposes only. 
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IMU ranges were based on pilot data taken from standing, walking and trotting 

kinematics of 3 equines ranging in breed and size, repeated twice over a two-week 

period. A Fourier transform was applied, the spectral extent of the signals was found 

to be less than 50Hz and the sampling rate was set to 102.4Hz. IMU were configured 

to stream tri-axial low noise accelerometer (± 2g), wide range accelerometer (± 16 

g), gyroscope (± 2000 °/s) and magnometer (± 1.3 Ga) data. Each IMU was 

calibrated for these sensor ranges on the Shimmer 9 DoF calibration application. 

Data were collected using the SD log firmware as pilot work resulted in significant 

data packet loss when live Bluetooth streaming was used. IMU firmware and 

configuration settings were set in the ConsensysPROTM (v1.0.0) software 

(SHIMMER, Shimmer Research, Dublin, Ireland). Similarly, data was imported and 

downloaded for offline analysis using the ConsensysPROTM application. 

At 0 hrs i.e. pre-lameness induction, and at subsequent 2-hour periods post-

lameness induction up to 12 hours on day 1 (i.e. 2, 4, 8, 10 and 12 hrs), horses were 

led by one of three handlers over a straight 30 metre indoor hard even surface. A set 

of walk (30m x 2) and trot (30m x 2) data were captured at each timepoint as long as 

the horse was comfortable to do so. If a horse was perceived to be in too much pain 

or resisted leaving the stable, they were allowed to remain there. This was noted and 

generally coincided with the typical lameness peak associated with the LPS model (4 

horses in total were not trotted due to lameness severity over at least one time point 

across the three trials). The same protocol was used to collect walk and trot data at 

three time points after lameness induction (24 hrs, 72 hrs and 168 hrs post lameness 

induction). This time period i.e. 0hrs up to 168hrs represented one full trial. This 

protocol was repeated twice further on the same horses following 7 – 14 day wash 

out periods in which horses were turned out to pasture to enable full recovery from 

induced lameness (table 9). 
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6.4. Quiet standing data capture 

Bilateral lameness was induced as described in 6.1. and horses were 

monitored by CCTV footage (6.2.) and a withers fixed IMU (6.3.). Quiet standing 

activity was extracted from the original annotation excel file for trials 1-3, combined 

and organised into two-hourly time points (i.e. 0hrs, 2hrs, 4hrs, etc). Quiet standing 

was extracted and annotated under the following definition: the horse had all four 

hooves in contact with the ground or resting a hindlimb - weight shifts are included; 

not intently interested, head drooping, gentle ear flicker or looking or listening with 

intent/interest allowed, ears fully pricked, cannot be leaning on another surface or 

progress away from original position, quiet standing activity was not captured if the 

horses’ head the was over the door. Horses were not held or intentionally distracted 

by handlers and hoof/limb positions were not standardised. The acceleration signal 

for each horse was inspected alongside their own video footage to determine an 

appropriate acceleration threshold that represents quiet standing (i.e. no extraneous 

movement).  

Acceleration data were sampled at 102.4 Hz and bandpass filtered between 

0.1-10 Hz. The data were transformed into a global coordinate system using the 

gradient descent algorithm described by Madgwick et al. [253]. The acceleration 

signal for each horse was inspected alongside their own video footage to determine 

an appropriate acceleration threshold that represents quiet standing (i.e. no 

extraneous movement). Quiet standing activity was extracted from the original 

annotation excel file for trials 1-3, combined and organised into two-hourly time 

points (i.e. 0hrs, 2hrs, 4hrs, etc). A ‘quiet’ threshold of 0.3m/s2 in the ML direction 

was chosen based on this manual pairing and inspection of video and sensor signals 

across horses. This threshold also aligned to previous equine postural sway work 

[100]. Quiet periods lasting 65 seconds were then automatically extracted based on 

this threshold. The initial and final 2.5 seconds were removed, and the remaining 60 

seconds were used for further analysis. 
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Chapter 7 

 

Exploring stable-based behaviour and behaviour switching 

for the detection of bilateral pain in equines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on the following paper which is currently under review 

with Applied Animal Behaviour Science: 

Egan S, Kearney CM, Brama P, Parnell AC, McGrath D. Exploring stable-based 

behaviour and behaviour switching for the detection of bilateral pain in equines. 

Applied Animal Behaviour Science. 2019. Under Review 
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7.0. Abstract 

Background: Efficient and sensitive animal pain detection approaches are 

increasingly studied with the goal of improving animal welfare and monitoring the 

efficacy of treatment and rehabilitation.  

Aim: The aim of this study was to determine the potential of various behaviours as 

sensitive indicators of subtle pain states in the equine animal.  

Objective: This study represents a proof-of-concept investigation to ascertain what 

behavioural indices might be important to monitor using future technology-enabled 

approaches.  

Study Design: Cross-sectional observation research. 

Methods: Bilateral synovitis of the intercarpal joints was induced in seven equines 

using lipopolysaccharide (0.25ng) at time zero. Animals were confined to stables and 

monitored intermittently over seven days by video camera. White blood cell count, 

carpal circumference and food availability were recorded across the study. An 

ethogram was created to manually annotate behaviours from video footage following 

lameness induction at seven different sampling periods. Behaviour data were 

processed extracting the duration, frequency and variability of behaviours.  

Results: One-way repeated measures ANOVA revealed a significant time effect for 

white blood cell count and behaviour switching. There were no significant changes in 

carpal circumferences and heart rate measures over the sampling period. Food 

availability appears to be an important contextual factor that should be considered in 

pain-related behavioural studies.  

Main limitation: The grouping of behaviours was exploratory and may not be 

optimal. 

Conclusions: We conclude that while behaviour variability is a promising indicator 

of subtle pain states that should be further explored, no single behaviour is sensitive 

enough on its own to identify subtle levels of pain in equines. Future work should 

seek to optimise grouping of behaviours associated with pain that can be detected 

using wearable technologies for future remote monitoring protocols.   
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7.1. Introduction 

Evaluation of pain in the equine animal is notoriously difficult yet a 

fundamental aspect of clinical decision making. Recently the focus of equine pain 

detection has expanded towards grading of equine facial expressions [254] 

supported by clinical indicators. Pain scales have been developed to include the 

Horse Grimace Scale, EQUUS-COMPASS and EQUUS-FAP pain [255] [256]. 

Additionally, the composite pain scale (CPS) was developed for orthopaedic pain 

under an induced lameness model [257], created in an effort to reduce rater 

perception and improve reliability. Gleerup and Lindegaard [258] stated that the CPS 

takes approximately 10 minutes to administer, too long for a busy equine practice. 

They developed a universal pain scale, the common equine pain scale which could 

be administered in two minutes. These scales have improved our understanding of 

pain, however the assessment requires time and experience, given the subjective 

judgements involved.  

Physiological parameters in horses have weak to moderate strength when 

detecting pain related changes while behaviour is deemed a much stronger indicator 

of pain [258]. Changes in gross physical behaviours have been investigated as 

indicators of health status in human and animal research [259-261]. Equine activity 

budgets involve the measurement of behaviour frequency and duration using 

intermittent video annotation, continuous video annotation or accelerometery. These 

measures appear sensitive to mild pain and effects of treatment [261-264]. However, 

video-based methods are time consuming and have precluded real-time pain 

detection, discouraging their application in clinical or performance settings.  

Animals in painful or stressful situations may engage in avoidance, withdrawal 

behaviours or inactivity [265]. Therefore, this study investigated durations (in time) of 

active/non-active behaviours and behaviours previously associated with pain 

following bilateral lameness induction, e.g. locomotor and feeding activity. Bilateral 

lameness increases case complexity as typical kinematic asymmetry parameters 

cannot be used as a diagnostic indicator. Therefore, it is important to explore other 

non-invasive indicators of this condition. Additionally, we explored the concept of 

variability of behaviours and how this might change as the equine moves from high 

levels of joint inflammation to returning to its normal state. Variability of behaviours 
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i.e. how frequently an animal switches from one behaviour to another has been 

shown to be an adaptive strategy that denotes an exploratory and thus healthy 

disposition in an animal. Behaviour switching has been investigated to examine 

equine stereotypies, knowledge acquisition [266], anxiety and food related 

behaviours [267; 268].  

This work could lay the foundation to understand how best to objectively 

classify subtle levels of equine pain using a technology-enabled automated system. 

This could remove the human resource required by existing composite scales and 

enable decisions that are based on many more hours of behavioural data than is 

common in current practice. Such a system could be used for early detection of 

injury/illness risk and monitor recovery. Exploiting technology for data-driven 

decision making has been recognised as a frontier within the field [36; 38; 193]. The 

purpose of this exploratory study was to induce mild bilateral lameness in seven 

equines and observe through video annotation what gross behaviours, or set of 

behaviours, might emerge in relation to pain. This study is based on video annotation 

however, our focus was specifically on behaviours that could be detectable by 

wearable inertial sensors with future remote-monitoring applications in mind. Thus, 

suitable behaviours that can provide important information about pain and levels of 

pain needed to be identified in the first instance.  

In chapters Four and Five industry stakeholders identified that existing 

technologies i.e. gait technologies, are to narrow alone in their analysis of the horse. 

Stakeholders outline that they prefer to take a holistic analysis approach. Thus, I 

sought to understand what pertinent behaviours exist during the inflamed period and 

sought to identify if there is any potential to use an accelerometer signal to classify 

these pain related movements, providing an additional layer of information to the 

end-user. Lameness was induced using the established transient lipopolysaccharide 

(LPS) model and recovery was tracked over one week [269-273]. Currently, few 

published studies incorporate behavioural aetiology alongside bilateral LPS models. 

Van Loon et al. [273] documented that horses spent more time in recumbency, 

reduced limb loading and spent less time eating in the 4 to 8-hour timepoints 

following unilateral LPS administration. It was thus expected that the equines would 

experience a typical ‘pain peak’ previously associated with induced lameness 

models. We discuss the merits and challenges of identifying pain-related behaviours 
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and how they may be harnessed for future technology-based pain classifier 

applications. 

 

7.2. Methods 

Methods were as described in Chapter 6 where the data included in 

exploration of pain behaviours was extracted from CCTV footage as described in 

Chapter 6, 6.2. This experiment only occurred on one occasion as detailed in 

Chapter 6, table 9. 

7.2.1. Annotation framework 

A bespoke annotation framework was designed through an iterative deductive 

and inductive analysis of the data. Two research assistants were engaged to work 

with the principal annotator. Both individuals were students of veterinary medicine, 

previously experienced in annotating animal footage under the supervision of a 

consultant animal behaviourist. Expected ‘gross’ behaviours i.e. eating, drinking, 

defecating, lying, stepping, etc. were supplemented by a review of existing equine 

pain literature. Research in laminitic horses or horses presenting with navicular 

syndrome provide the clinical basis of many bilateral lameness cases, although it 

was expected that pain experienced by horses under our induced lameness model 

could be different to that experienced in laminitis or navicular syndrome. Laminitis 

and navicular are chronic conditions which originate in the hoof whereas the induced 

bilateral model applied in this experiment was artificial, transient and injected into the 

carpal joint (i.e. the horses’ knee).The included behaviours all needed to be 

detectable by inertial sensor units in order to address our research question. 

A modified excel sheet was created for behavioural coding, containing: trial 

date, session, horse code and joint, food availability, position in the stable, 

behaviour, actual start time (24-hour clock corresponding to experiment real-time), 

actual end time, video start time, video end time, time point (e.g. 0hrs, 2hrs, 4hrs, 

etc.). Drop down menus were instated for behavioural codes, food availability and 

position in the stable to limit typographical and human error. Formulae were applied 

to automatically calculate experiment real-time and behaviour duration. A total of 12 

behaviours were listed in the original ethogram. The principal annotator randomly 

chose 4 hours of footage from different animals for annotator training and to trial the 
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ethogram. A week later, annotators met and examined the training footage and their 

separate excel files to highlight any disagreement or misunderstanding of existing 

operational definitions. Definitions were refined to convey certain behaviours with 

enhanced specificity; for example, walking activity was split to account for head and 

neck position, number of consecutive steps and pacing/box walking and ambling 

activity were considered separately. The literature was consulted a second time to 

improve the clarity of operational definitions. The ethogram was finalised at 15 

behaviours (Table 10). Once the ethogram had been piloted and finalised, video 

annotation thereafter required >250 hours to complete. This supports the findings of 

Mills and Nankervis [274] outlining that continuous sampling is usually the most 

accurate however comes at a significant time investment.  

Annotators coded together for approximately 24 hours of footage, then began 

working separately. If an annotator was unsure about coding a given activity, they 

would share the clip in a private online forum. The activity would be discussed and 

defined under one of the existing behaviours or deemed unimportant for coding. On 

completion of each video file, the principal annotator checked each file, randomly 

selecting behaviour samples to ensure behaviour time points matched the footage 

and the formulae were calculated correctly in the file. Behavioural coding only began 

at least 30 minutes post sedation when the animal returned to full normal behaviour 

(head above withers, walking normally, interest in food/environment, etc). Sedative 

effects of a higher dose of xylazine (1.1mg/kg) are expected to last an average of 20 

minutes [275].  

The equine data was then stacked in a separate excel file in order of horse 

(H1 – H7) and session (0-12, 24, 72 and 168hrs) to facilitate behavioural modelling, 

time and frequency analysis.  
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7.2.2. Data Processing 

The 15 individual behaviours were collapsed into exploratory sets of similar 

behaviours. Pain indicators were selected according to existing equine orthopaedic, 

bilateral limb and hoof pain indicators, i.e. frequent lying episodes and limb pointing 

or holding indicating severe limb pain [154; 258; 273] and pawing as an indicator of 

orthopaedic pain [257; 277]. Standing agitation was initially included in the pain 

indicator set however it was flagged through preliminary data visualisation and 

Table 10. Final Ethogram 

Behaviour Code Definition 

Quiet Standing QS The horse has all four hooves in contact with the ground, resting a hindlimb 
and weight shifts are included. Not intently interested, head drooping, gentle 
ear flicker or looking or listening with intent/interest, ears fully pricked. 
Cannot be leaning on another surface or progress away from original 
position. 

Eating E Eating hay from the hay rack or concentrate from the feed bowl. Can also 
be coded as 'E' when food is not available, therefore foraging. 

Drinking D Drinking from the automatic drinker, coded as soon as the horses places it 
head in the bowl, ends when head is lifted out.  

Lying Down half LDH When the horse begins to initiate the getting down action, ending when then 
return to and upright standing position. Lying on one side with legs flexed 
towards the body (half recumbency). 

Lying down Full LDF As above but the horse is lying down flat, on either side, with all four legs 
splayed (total recumbency). 

Rolling R When the horse begins to initiate the getting down action, rolling action and 
ending when they return to the upright standing position. 

Resting/holding 
Forelimb (L) 

QSFLL Pointing, lifting or holding the left forelimb above the ground, not a typical 
behaviour and typically correlated to serve pain or dysfunction [154]. 

Resting/holding 
Forelimb (R) 

QSFLR As above but in the right forelimb. 

Pacing P Horse is actively walking around the perimeter of the stable with head 
above withers height. Can include repetitive and back and forth action 
where the horse moves past the point of origin. 

Head over Door HD Horse’s head is placed over the door, coded from the time it lifts its head 
over the grid, to when it lifts it back in again. 

Urination U  

Defecation POO  

Standing 
Agitation 

SA Not progressive movement, includes: shuffling, tail-swishing, excessive 
head motion & shaking, frequent weight shifting in the forelimbs [154; 258; 
263; 276; 277]. 

Ambulation A Slow movement around the stable consisting of at least 5 consecutive 
steps, involving all four legs; horse is moving progressively. Pauses of ≤5 
seconds are included if followed with further stepping [278]. Includes 
walking slowly with neck horizontal or lower, ready to investigate.  

Pawing PAW Repetitive striking of the ground with a forelimb, associated with weight 
distribution and [seeking] comfort. Has moderate-good specificity and high 
sensitivity pain scale (NRS) and a good indicator of orthopaedic pain [277].  
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confirmed through video observation that this behaviour is also influenced by food 

availability. Quiet standing was analysed separately to determine if it indicated an 

unwillingness to move, as seen in previous pain studies [267]. Finally, there were 5 

categories of behaviours created and analysed and outcome variables were 

subsequently derived based on these categories of behaviours (Table 11. i.e. Eating, 

Locomotor Activity, Quiet Standing, Pain Indices, Standing Agitation). Durations of 

behaviours across time periods were summed and expressed as proportions of time. 

These proportions were expressed in two-hour blocks to align with sampling periods. 

Seven separate time periods were created for the purpose of qualitative data 

visualisation i.e. 0-2hrs (no LPS effect assumed), 2-4hrs, 6-8hrs, 10-12hrs, 24hrs, 

72hrs and 168hrs. LPS injection occurred on day 0 of the experiment; then 24hrs, 

72hrs and 168hrs were labels that denoted time periods each consisting of 6 hours 

of continuous data collection on days 1, 3 and 7 of the experiment, respectively. 

Heart Rate, carpal circumference and WBCC were analysed using mean, standard 

deviation and confidence interval calculations. Five outcome variables were 

calculated based on behaviours that were grouped into categories as per Table 11. 

A sixth outcome variable, behaviour variability i.e. number of behaviour switches per 

two hours was calculated where behaviour switches were comprised of moving from 

any of the 15 behaviours to a different behaviour. The relationship between the 

proportion of time spent eating and foraging against the proportion of time that food 

was available was explored graphically across the experimental time points to 

understand the impact of food availability. 

 

 

7.2.3. Statistical analysis 

A one-way repeated measures ANOVA was performed to analyse changes in 

behaviour across the 7 time points in the following outcome variables: Proportion of 

Table 11. Behaviours collapsed into categories 

Eating  Locomotor 
Activity  

Quiet 
Standing 

Pain Indicators Standing Agitation  

D A QS LDH SA 

E P  LDF  

  PAW 

QSFLR 

QSFLL 

Table 11: See table 10 for list of abbreviated terms  
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time spent eating, Proportion of time spent walking, Proportion of time in quiet 

standing, Proportion of time in standing agitation, Proportion of time exhibiting pain 

behaviours and behaviour variability. Mauchly's Test of Sphericity was used to test 

the assumption of sphericity in each case. Where sphericity was violated, the Huynt-

Feldt adjustment is reported. Where a significant effect (α = 0.05) was detected the 

Bonferroni adjustment for multiple comparison analysis was undertaken to 

investigate how each condition compared to the first and last conditions i.e. 0hrs and 

168hrs, where horses were assumed to be in their normal/recovered state, or at 

least approaching this state.  

 

7.3. Results 

White blood cell counts peaked at 8 hours (Figure 11), similar to reported 

previously [261; 270; 272; 279] indicating joint inflammation with a suspected 

association to pain. This was reduced by 24hrs-72hrs and returned to normal at 

168hrs (Table 4). A one-way repeated measures ANOVA revealed a significant (p = 

0.046) effect of time. Our assumption is that the horses were experiencing a degree 

of pain that subsided as the week progressed. Carpal Circumference (Figure 12) 

bears a similar trend to mean synovial WBCC, but with no statistically significant 

differences. Carpal circumference increased 0.85±0.27cm. Heart rate values 

remained within normal limits, 39 ± 3 beats per minute. Overall change in heart rate 

values across the experimental period were 6±2 beats per minute and did not 

deviate outside of normal range.  
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Figure 11. White Blood Cell Count 

 

 

Figure 12. Carpal Circumference 

 

 

 

Figure 11. White Blood Cell Count plotted with 95% confidence interval bars. Inflammation peak 
evident at 8hrs following LPS administration. Repeated Measures ANOVA shows a significant 
effect for time (p=0.046) 

Figure 12. Carpal Circumference plotted with 95% confidence interval bars exhibits a peak at 8 hours 
post LPS injection, indicating mild inflammation. 
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Behaviour trends are illustrated in Figure 13 (a & b) as individual horse data 

and averaged data (Appendix A.3). A one-way repeated measures ANOVA was 

undertaken for each variable. Behaviour variability returned a significant effect of 

time p = 0.033 with contrasts analysis indicating that as the horses recovered, their 

behavioural variability increased significantly (Table 12). The number of times an 

animal switched from one behaviour to another provides a perspective on how 

responsive their disposition was to their internal and external environments.  

Locomotor activity and quiet standing, or active/inactive behaviours that are 

typically measured in actigraphy type approaches did not exhibit statistically 

significant trends as the experiment progressed. It is interesting to note that large 

inter-horse variability at 0hrs and again at 168hrs for locomotor activity (sphericity 

was violated in this case) and quiet standing, reduced considerably in the 10-12 hour 

period, where behaviour across subjects clustered around a reduced value in both 

cases.  

 

 

 

 

 

 

Table 12. One-way repeated measure ANOVA of behaviours and White Blood Cell 
Count  

Outcome Measure Effect of Time: p-value Contrasts 

Eating 0.079 NS 
Locomotor Activity 0.078 NS 

Quiet Standing 0.063 NS 
Pain Indices 0.338 NS 

Standing Agitation 0.087 NS 
Behaviour Variability  0.033* 0hrs v 10-12hrs: p=0.03 

168hrs v 10-12hrs: p=0.017 
168hrs v 6-8hrs: p=0.018 

White blood cell count  
(x 10 9 cells/L) 

0.046* 0hrs v 8hrs: p=0.039 
0hrs v 24hrs p=0.041 
8hrs vs 168hrs p=0.040 
24hrs v 168hrs p=0.041 

Table 12: NS=non-significant; Significance denoted by * where p < 0.05. Sphericity violated in 
Locomotor Activity and Standing Agitation analysis 
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Figure 13a Behaviour Trends 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13a. Collapsed sets of behaviours shown for individual horses and average values plotted with 95% 
confidence intervals. Behaviour variability yielded a significant effect indicated by the * p > 0.05 with 95% 
confidence. Data tables in appendix A.3 contain raw and averaged data.    
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Figure 13b. Behaviour trends 

 

 

 

 

 

Figure 11b. Collapsed sets of behaviours shown for individual horses and average values plotted with 95% 
confidence intervals. Behaviour variability yielded a significant effect indicated by the * p > 0.05 with 95% confidence. 
Data tables in appendix A.3 contain raw and averaged data.    
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It is important in these types of studies to understand how behaviours interact 

with each other and/or with environmental and other contextual factors. To this end, 

we sought to explore how eating behaviours related to food availability, and whether 

this was influenced by stage of the experiment. Our data suggests that indeed, food 

availability is something that that should be considered in detecting subtle levels of 

pain. Figure 14 shows that when food was available, the animals usually ate it, 

regardless of what stage in the experiment is observed, such that subtle pain did not 

appear to vastly impact the appetite of these horses.  

 

Figure 14. Food Availability and Eating Behaviour 

 

Figure 12: The proportion of time spent in eating behaviour (which includes foraging) against the 
proportion of time that food was available, expressed as a function of time since bilateral joint 
inflammation induction. Eating behaviour when food was available appears to have no relationship 
with time period. 
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7.4. Discussion 

Equine behaviour analysis is a prevalent area of research, frequently 

implemented to better understand behavioural patterns associated with welfare and 

pain. It was expected that the equines in our study would experience a typical ‘pain 

peak’ previously associated with induced lameness models. This was exhibited as a 

spike in WBCC in synovial fluid during 6-12hrs post LPS injection, returning to 

normal thereafter. Thus, these equines experienced mild joint inflammation in the 

latter part of the first 12-hour sampling period that had attenuated by the next day. 

Our set of specific pain behaviours occurred infrequently, with a weak, non-

significant trend towards reduced incidence as the week progressed from initial 

lameness induction. Quantification of walking and quiet standing behaviours were 

not found to be sensitive markers of bilateral joint inflammation as large inter-subject 

differences were noted between horses. Behaviour switching was found to be 

significantly different during the 6-8, 10-12hr bilateral joint inflammation period, 

compared to 0hrs and 168hrs i.e. more behaviour switching when the joints were 

less inflamed. The heart rate data collected in our study also mirrors the trends found 

in Lucia et al. and supports findings from other pain-behaviour research outlining that 

physiological measures are not a salient indicator of pain status [257; 258; 267]. 

Bilateral lameness is an understudied condition with respect to behavioural analysis, 

thus this study provides a new insight into behaviour in mild bilateral lameness, 

captured through extensive video annotation. Limitations of this research include that 

data capture only occurred during daylight hours therefore the horses’ diurnal cycle 

cannot be described; the grouping of behaviours was exploratory and may not be 

optimal. As a proof-of-concept study, there was no control group included in the 

investigation.  

Peters et al [280] determined that increased behaviour switching of horses in 

the stabled environment was associated with anticipation behaviours. The authors 

found that there was increased exploratory behaviour during the anticipation phase 

of their experiment, suggested to be associated with arousal around reward learning. 

Behaviour switching may be indicative of more redundancy – or abundance - in the 

system as levels of pain decreased, if viewed through the principle of motor 

abundance described in the motor control literature [281]. Thus, we interpret 

behaviour switching in our data as a return to a healthy, adaptive state of being. 
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Behaviour switching appears to be a promising marker of bilateral joint 

inflammation/pain that could be exploited in future work.  

The findings illustrated in Figure 14 suggest that food availability is a 

contextual factor that may need to be considered when analysing subtle pain 

behaviours. In this study, forage was administered twice daily in a corner hayrack to 

promote graze style feeding and natural positioning of the animal. Research 

undertaken by McGreevy et al [282] across thoroughbreds in race training yards 

found that horses offered greater amounts of forage more frequently across the day 

engaged in less abnormal behaviours. They suggested that if the horse’s satiety had 

not been reached, they engaged in greater food searching and oral-based vices 

(wind sucking/crib biting). Although stabled feeding behaviour is known to be 

different to pasture style grazing [283], Figure 14 shows that the equines in this study 

engaged in food searching behaviour when food was not available. There does not 

appear to be an effect of timepoint on eating when food was available..  

Recent research in humans found only weak correlations between functional 

ability tests (the timed up and go test and 40 metre walking test) to overall step 

counts in osteoarthritis patients [284]. An “event-based” approach, i.e. examining 

events such as ascending or descending stairs and short walking bouts (< 10 

seconds), was more fruitful in discriminating between males, females and respective 

weight categories. The authors stated that it is important not to simply quantify 

amounts of active periods alongside sedentary or quiet periods, as the event-based 

activities have little influence on overall step count. This association between 

increased variability and health status has been reported in previous animal and 

human studies [285; 286]. Atallah and Yang [260] describe clustering and variability 

probability models in humans as going beyond the standard active/sedentary periods 

to incorporate contextual information, such as human interaction, environmental and 

time-of-day factors. Previous authors have identified variability of joint angles and 

heart rate in equines as meaningful parameters in particular situations [287; 288]. 

Our data on quantification of locomotor activity, quiet standing and standing agitation 

highlight the complexity that underpins these behaviours. For example, during the 

horses’ “pain peak” both locomotor activity and quiet standing reduced considerably 

– uniformly across all horses – while standing agitation increased, but not uniformly.  
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The increase in standing agitation activity could be association with more 

frequent left to right forelimb switching in these bilaterally lames horses. At baseline 

6 horses expressed standing agitation 0% of the time, a single horse (H5) expressed 

it .34% of the time. From 2- 12 hrs this behaviour was expressed in more horses and 

at greater percentages as displayed in figure 13b and Appendix A.3.; at 10-12 hrs 

three horses expressed standing agitation for more than 15% of the time. However, 

standing agitation could be associated with learnt anticipation behaviours associated 

with feeding etc which may explain the slight increase at 168hrs, but this was not 

investigated in detail in this experiment.  Our analysis of food availability confirms 

that this contextual factor does influence behaviour at this level of pain and may 

have impacted standing agitation measures. Thus, we conclude that based on 

existing human research and the behavioural switching results presented that simply 

quantifying active/non-active behaviour is not an adequate window into subtle pain 

behaviour on its own.  

 Distinguishing parameters of “normal” and “abnormal” activity in equines has 

proven challenging. Several behavioural monitoring methods have been employed, 

many of which focus on interval based focal or scan sampling [261]. Focal sampling 

is defined as noting all behaviours and physical features occurring within a given 

time frame [289]; for example, five minutes per horse in two-hour windows. Focal 

and scan sampling styles are used to reduce the time required to assess 

pain/behaviour. However, it can be argued based on our results that this method is 

insufficient when pain is not severe and pain indicators like those identified in our 

study occur infrequently. Given the amount of time that was required to monitor 

these equines using video annotation (>250hrs in total), continuous monitoring is 

clearly not a feasible solution to the issue of potentially missing important, infrequent 

behaviours if using focal sampling. Indeed, it has previously been reported to be a 

time consuming and inefficient method of pain detection [261]. In addition to practical 

monitoring challenges, our results have shown an important influence of individual 

difference across equines for active versus inactive behaviours. For example, H6 

and H2 spent a greater percentage of time in walking type/locomotor activity (1.5% - 

17.5% of time) versus all other horses. H7 displayed a much lower percentage range 

of locomotor activity throughout the experiment (0 – 3%) but much greater time in 

quiet standing versus any other horse (26 – 72%).  
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This individual difference has been also demonstrated by previous authors. 

McDuffee et al [290] used wearable technology to monitor limb loading in 5 normal 

horses and one with a repaired metatarsal fracture over a 24 hour period and found 

that loading rates were hugely variable across normal horses. Holcombe et al [252] 

investigated the residual impact of repeated application of 30ng LPS. The authors 

captured biomarkers and pain behaviours. They found that each horse expressed a 

level of pain but alluded to large inter-individual but consistent intra-individual 

behaviours, i.e. each horse would express their own suite of pain-behaviours each 

time. Researchers have emphasised the importance of knowing what is normal or 

abnormal on an individual horse-by-horse basis [274]. This is particularly relevant 

when clinicians are investigating a horse’s health status, where owner knowledge is 

an important aspect of the clinical assessment as it provides the benchmark of what 

is normal or abnormal for the individual horse [291]. Thus establishing “normal” and 

“abnormal” thresholds for the “average horse” is somewhat artificial and would be of 

questionable value in the applied setting.  

A possible solution to the above challenges would be the application of 

wearable sensor devices for longitudinal, remote monitoring of individual horses. 

These technologies have been investigated in equine research to reduce the human 

subjectivity of assessment and the time required to monitor individual activity 

patterns [31; 292]. Automatic behaviour detection using sensor technology is a 

frontier that is primed for exploitation in equine clinical and sporting settings. Lloyd 

Morgan’s canon states that we should not seek to explain behaviour in terms of 

complicated physiological processes if a simple explanation will do [274]. Behaviour 

switching may represent a holistic measure of adaptive behaviour which could 

provide this simplicity. McGreevy et al [291] acknowledge that technological 

advances are likely to improve education. Investigation into behaviour variability, 

through actigraphy-type methodologies, opens the opportunity to automate 

longitudinal behaviour monitoring. We conclude from this exploratory study that the 

analysis of gross behaviours - as captured using the ethogram developed for this 

study - may be valuable in the detection of subtle pain in equines, but not sensitive 

enough on their own. Future work will seek to optimise grouping of behaviours 

associated with subtle levels of pain. Existing pain-behaviour grimace and composite 

scales have been validated and used accurately to assess pain threshold in horses. 
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The potential for automation of such scales exist through face recognition 

technology, however this technology tends to malfunction if the face it identifies is 

distorted or partially concealed. Gross behaviours augmented with in-depth analysis 

of sensor signals e.g. accelerometer, gyroscope or load based signals would provide 

further insights into the quality of movement.  

Future work will refine this behavioural model and investigate its repeatability. 

Approaches to develop more individualised profiling could incorporate kinematic data 

and further indices of variability to enhance the power of the model in detecting 

subtle levels of bilateral lameness/pain. Severe and unilateral lameness/pain can be 

easily discerned by the naked eye. The value of identifying subtle levels of bilateral 

lameness/pain lies in the opportunity for early intervention and resolution of major 

equine health issues such as laminitis, navicular disease and osteoarthritis that often 

have a multi limb component. This could be possible through the objective, remote 

analysis of hours of stable-based behaviour data that would otherwise go unseen.  
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Chapter 8 

 

Changes in walk and trot gait parameters observed in 

induced bilateral lameness and recovery 
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8.0. Abstract  

Background: Equine bilateral lameness is notoriously difficult to quantify due to its 

apparent symmetry, and there is limited research describing locomotor changes 

during bilateral impairment. Current equine industry best practice is subjective 

movement analysis, however human optical resolution is limited in identifying 

aspects of movement at higher speeds. Inertial Measurement Units (IMU) are small, 

powerful devices which facilitate remote capture of tri-axial acceleration and 

positional information. There is a growing body of research using IMU to detect 

unilateral lameness underpinned by Newtonian principles. This method cannot be 

effectively applied in bilateral cases and thus there are few sensitive objective 

measures available for detecting and monitoring bilateral lameness related changes.  

Aim: The aim of this research was to determine if three IMUs can detect locomotor 

changes related to bilateral lameness  

Objectives: Investigate gait related changes using traditional and alternative 

methods of movement analysis in a thrice repeated bilateral lameness model.  

Study Design: Repeated observational study. 

Methods: The lipopolysaccharide model was used to induce transient bilateral 

lameness in seven equines. Horses were monitored intermittently by three IMUs 

over seven days.  

Results:  There were significant changes evident for the magnitude of change for 

stride and stance time in response to bilateral lameness. The standard deviation of 

acceleration and root meat squared were better indicators of change versus the 

coefficient of variation. There were greater overall significances evident in walk. 

Approximately 9% of potential trotting data points were lost due to obvious lameness 

in walk or reluctance to trot. 

Main Limitation:  Data collection was limited to IMU technology and a small number 

of videos. Thus, there are no ground truths available for data comparison, aside from 

published research. Technological errors lead to the loss of a small number of data 

points. 
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Conclusions: The magnitude of change of temporal and variability parameters 

should be incorporated into equine gait analyses to support the understanding of 

natural gait variability. This would enhance the potential to detect deviations from 

‘normal’ gait kinematics. Limb fixed sensors are not appropriate for applied 

longitudinal monitoring. Thus, future work should investigate sensor fusion or axis 

integration too improve gait classification in the midline.  

 

8.1. Introduction 

Characterisation of movement dysfunction in humans and animals is an 

advanced field of research [293-295]. However, when movement abnormality is 

bilateral, quantification of movement dysfunction becomes increasingly difficult due 

to its apparent symmetry. Lameness is the most prominent issue facing all equine 

populations, contributing to animal wastage and reduced value largely due to 

degeneration of performance potential [41; 142; 296-298]. Visual inspection of 

horses remains the industry best practice, despite progression in objective 

measurements [299]. Subjective analysis of unilateral lameness has been shown to 

be unreliable [34; 143; 209] and this is further exacerbated when there are subtle 

movement alterations or bilateral lameness present [143; 300]. Analgesic nerve or 

joint blocks can assist bilateral dysfunction assessment. However, this is time-

consuming and not all horses will tolerate the procedure. Despite progress in 

objective gait analysis methods, there is still relatively little reported on changes in 

gait parameters due to bilateral lameness [35; 38; 210; 300].  

The introduction of wearable inertial measurement units (IMUs) has forged the 

path to improving objective analysis of equine gait in the field for the enhancement of 

health and performance [38; 301]. Previous research has applied IMUs to improve 

objectivity in the measurement of asymmetry in lameness assessments, where 

analyses to date have investigated the left-right asymmetries by means of vertical 

displacement of the head and hip [38; 42]; signal decomposition [302], change in 

hoof angle [303], wavelet transformation and neural networks [304]. In terms of 

bilateral lameness, Keegan et al (2012) found that vertical head movement 

asymmetry measured using an IMU has adequate analytic sensitivity for clinical use 

in determining the more affected limb. However, the authors stated that horses with 
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bilateral lameness of equivalent severity may be evaluated as not lame with the 

inertial sensors if evaluated only when trotting in a straight line [35]. In any 

movement assessment - whether it is in humans or animals, or whether it is 

subjective or objective - a once-off snapshot of gait performance can lead to 

erroneous conclusions because the baseline “normal” confidence interval is 

unknown and is going to be different for each individual. Advances in wearable 

technology has opened the possibility of longitudinal monitoring of equines, whereby 

subtle movement changes can be reliably detected enabling early intervention in 

potential problems. This study was undertaken to deepen our understanding of what 

gait parameters can be usefully monitored in the field to detect subtle changes 

related to bilateral lameness.   

The aim of this research was to determine if data from three accelerometers 

can be used to detect changes in equine locomotion following induction of transient 

mild bilateral lameness and subsequent recovery. Gait kinematics were captured in a 

real-world setting in three separate induced transient bilateral lameness experiments 

on the same set of 7 horses, enabling the analysis of a representative data set for 

bilateral lameness in study participants. Given that limited research exists on 

changes in gait parameters associated with induced bilateral lameness and 

recovery, no direction of change was hypothesised for the outcome variables. 

Instead we hypothesised that longitudinal monitoring of induced bilateral lameness 

and subsequent recovery using wearable IMUs would enable the detection of subtle 

changes in walk and trot locomotion. 

   

8.2. Methods 

Methods were as described in Chapter 6 where the kinematic data was extracted 

from three IMU as described in Chapter 6, 6.3. This experiment was repeated on 

three occasions as detailed in Chapter 6, table 9. 
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8.2.1. Data processing 

The kinematic data from the Shimmer SD card was extracted and converted 

into the native Matlab .mat file format, with the sensor data for each axis saved as a 

field in a structure array datatype. The IMUs from the withers, left and right limbs 

were synced using a Unix timestamp. Equine kinematic timepoint data were stacked 

in a separate excel file in order of horse (H1 – H7), session (0, 2, 4, 6, 8, 10, 12, 24, 

72 and 168hrs) and trial, to facilitate acceleration signal extraction. Custom Matlab 

(2019b) scripts were then used to automatically cut the kinematic acceleration data 

informed by the excel sheet with a 1-minute window either side. Kinematic data were 

then manually selected and cut from the acceleration signal to verify that it was 

indeed kinematic data. This manual data selection and cutting process was 

undertaken for each horse at each timepoint during each trial. Sensor related 

technical issues accounted for the loss of approximately 9% of walking and 8% of 

trotting data. 

  The following outcome measures were derived from the raw forelimb  

accelerometer walk and trot data using total acceleration and gyroscope signals: 

stride frequency [305], stride and stance times (left and right) [306], coefficient of 

variation (CoV) of stride times, the root mean squared (RMS) and the standard 

deviation of the total acceleration (SDA) signal. After segmenting the data into trials, 

the total acceleration and total angular velocity were obtained by calculating the root 

sum of squares from tri-axial angular velocity signals. Stance and swing phases 

were then estimated based on thresholding of the variance of the total acceleration 

and total angular velocity signals, as in Tijssen et al (2020). When the variance fell 

below the threshold the signal was classed as stance phase, while the remaining 

timepoints were classed as swing phase. The hoof off and hoof on timings were then 

detected as the first and last peak, respectively, of the acceleration signal during this 

identified swing phase (fig.15) [306].  
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Figure 15.  Tijssen et al. (2020) algorithm applied to walking data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The CoV of the stride times was calculated as the standard deviation divided 

by the mean of the left and right stride times. Stride frequency was calculated as the 

number of strides per minute. RMS was calculated as the square root of the mean of 

square of the total acceleration signal. The standard deviation of the total 

accelerometer signal was completed to provide the standard deviation of the 

accelerometer signal. 

 

Figure 15: Walk data presenting total acceleration and total angular velocity in the top panel. The 
black circles represent the peaks in acceleration signals used to obtain hoof on (green dashed line) 
and hoof off (red dashed line). The bottom panel demonstrates the variance of the two signals, where 
the blue dashed line indicates the threshold used to classify the stance phase and the grey circles 
represent where the signals crossed the threshold.  
NOTE: the variance of the angular velocity is downscaled by a factor of 25 to account for different 
scales between the two signals, as in Tijessen et al (2020). 
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Withers displacement was calculated as in Pfau et al. (2018).The filtered data 

was first transformed into a right-handed Cartesian gravity based global coordinate 

system (x - positive forwards, z - positive upwards and y perpendicular to x and z). 

This was carried out using sensor fusion based on triaxial acceleration, angular 

velocity, and magnetic field data. This transformed data was then integrated twice to 

obtain a displacement signal. Low frequency drift was reduced using a second-order 

polynomial fit. The signal was high pass filtered at 0.1 Hz and the mean amplitude of 

the signal was subtracted before and after each integration procedure. Local maxima 

and minima were identified from this displacement signal which was segmented into 

strides based on the previously calculated stride times. This resulted in two maxima 

and minima per stride. The withers displacement maxima (WDmax) and minima 

(WDmin) were calculated [307] as the difference between these two peaks (fig 16). 

 

Figure 16. Withers displacement  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: The calculation of withers displacement maxima and minima.   
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Data were first averaged with respect to time points within trials, labelled as 0, 

2-4, 6-8, 10-12, 24, 72 and 168. Analysis across the three trials demonstrated a 

within-horse reproducible response to the LPS model. The three trials were thus 

collapsed and treated as a single dataset. 

 

8.2.2. Statistical analysis 

Data were plotted and examined visually on a grouped and horse-by-horse 

basis across trials to understand the trends that were present. WDmin and WDmax 

were calculated to provide an objective indication of equine soundness at baseline. 

Given that the direction of change in outcome measures was somewhat variable 

across horses, but relatively consistent within horses, the data were transformed to 

represent absolute change. This enabled the use of a one-way repeated measures 

ANOVA to investigate whether a change in kinematics due to bilateral lameness can 

be detected using forelimb fixed IMU. Mauchly's Test of Sphericity was used to test 

the assumption of sphericity. If sphericity was violated, the Huynt-Feldt adjustment is 

reported. Where a significant main effect for time was detected, pairwise 

comparisons were undertaken to understand where the differences occurred, and a 

Bonferroni adjustment for multiple comparisons was applied. A planned comparison 

using the polynomial contrast function in SPSS was undertaken to test if there was a 

quadratic trend present in the data i.e. we hypothesised that the absolute change in 

variables would go from low to high (during the acute inflammation period) and return 

to low by the end of the experimental monitoring period. The alpha level for statistical 

significance was set at α = 0.05.    

 

8.3. Results 

8.3.1. Bilateral lameness: temporal parameters 

Horses are referred to alongside their identifying number e.g. horse 1 is H1, 

etc. Following preliminary data analysis H4 was excluded from full analysis due to 

her impact on the data output resulting from a pre-existing mechanical hind limb 

lameness, as described in chapter 6 (6.0). Baseline walk and trot temporal 

parameters from the remaining six horses are presented in Table 13. Absolute WDmin 

(7.7 ± 1.8mm) and WDmax (6 ± 1.5mm) trotting values indicated the horses were non-
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lame at baseline (appendix A.5.) [308-310]. Individual horses demonstrated differing 

responses to bilateral lameness induction i.e. some were more affected than others 

by the LPS model and some horses demonstrated changes in kinematics sooner 

than others. Thus, horses do not show a generalisable response to bilateral 

inflammation.  

 

Table 13. Baseline temporal parameters  
Walk  

 Left  Right 

 

Stride time 
(ms)  

Stance time 
(ms)  

Stride frequency  
(per min)  

Stride time 
(ms)  

Stance time 
(ms)  

Stride frequency 
(per min)  

Average 1110.29 660.69 42.43 1133.79 677.60 41.31 

SD 41.08 31.86 1.88 42.18 32.05 1.68 
       

Trot  

 Left  Right 

 

Stride time 
(ms)  

Stance time 
(ms)  

Stride frequency 
(per min)  

Stride time 
(ms)  

Stance time 
(ms)  

Stride frequency 
(per min)  

Average 655.31 323.75 60.30 624.73 313.78 59.30 
SD 26.63 22.29 4.93 45.98 37.63 7.12 
       

Table 13. Baseline data points for trotting temporal parameters, see appendices (A.4.1. & A.4.2.) for 
individual horse walk & trot data.  

 

8.3.1.1. Bilateral lameness: walk  

There was a general trend of increased stride and stance times for both left and right 

limbs. On the left side this average increase in stride and stance time peaked at 10-

12hrs declining toward baseline thereafter. The right limb stride and stance time 

increase appeared to peak at 6-8hrs and remain elevated until 24hrs post lameness 

induction. Stride frequency deviated on average by approximately 2-3 strides per 

minute across the duration of the experiment. A repeated measures ANOVA 

determined a significant main effect of time for left stride time (p = .016), right stride 

time (p = .023), left stance time (p = .005) and right stance time (p =.002). There was 

no main effect of time for stride frequency. Pairwise comparisons identified 

significant differences (Fig. 17) for left stride time between 0hrs and 10-12hrs (p 

=.007); right stride time between 0hrs and 24hrs (p = .002) and right stance time 

between 2-4hrs and 6-8hrs (p = .000).
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Figure 17. Temporal walk parameters  

Figure 17: Stride time, stance time and stride frequency in walk are presented for left and right limbs. Individual horses are represented by the greyed lines, 
where the black dashed line represents the average of six horses. * denotes significance of p <.05, ** p <.005, see appendices (A.4.1.) for individual horse 
walk data. 
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8.3.1.2. Bilateral lameness: trot  

Left stance and stride time initially decreased from baseline to 2-4hrs. Left stride time 

then increased until 24hrs before decreasing toward 168hrs post lameness 

induction. Left average stance time peaked at 10-12hrs decreasing again until 

168hrs. Right average stride time demonstrated two peaks, the first at 2-4hrs and a 

slightly larger peak at 24hrs post LPS, returning to baseline range by 168hrs. Right 

average stance time demonstrated a small increase at 2-4hrs and again at 24hrs 

returning to baseline range by 168hrs. Stride frequency was variable between 

horses. A repeated measures ANOVA identified a significant main effect (p < .005) of 

time for left stance time (p =.002) only. Pairwise comparisons identified a significant 

difference (Fig. 18) for left stance time between 2-4hrs and 10-12hrs (p = .024). 

There was no significant main effect of time on left stride time (p = .058) however, 

pairwise comparisons revealed a significant difference (where p < .05) between 

timepoints 2-4hrs and 24hrs (p = .038).
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Figure 18. Temporal trot parameters 

 

Figure 18: Stride time, stance time and stride frequency in trot are presented for left and right limbs. Individual horses are represented by the greyed lines, 
where the black dashed line represents the average of all six horses. * denotes significance of p <.05, see appendices (A.4.2.) for individual horse trot data. 
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8.3.2. Inflammation marker: white blood cell count 

White blood cell concentration (WBCC), sampled at 0, 8, 24, 72 and 168hrs, 

demonstrated a peak for all horses at 8hrs, reducing for five horses at the 24hrs 

sampling period. H1 maintained an elevated WBCC at 24hrs, where all horses 

reduced back to baseline values by 72-168hrs (Fig. 19). Repeated measures 

ANOVA determined a significant effect (where p < 0.05) of time on WBCC between 

baseline and 8hrs (p = 0.008), 8hrs and 72hrs (p = 0.009) and 8hr and 168hrs (p = 

0.008). These results indicate joint inflammation with a suspected association to 

pain. Our assumption is that the horses were experiencing a degree of pain that 

subsided as the week progressed, evident in the baseline-peak-recovery curve. 

 

Figure 19. Synovial white blood cell count 

 

 

 

Figure 19. Individual and average (dashed black line) synovial WBCC plotted over each timepoint. The 
inflammation peak occurred at the 8hrs sampling period following LPS administration. * denote 
significance where p <.05. 
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8.3.3. Magnitude of change: walk 

  

8.3.3.1. Temporal parameters: stride time, stance time and stride frequency  

The greatest change in left and right limb stride times occurred between 2 – 

24hrs. Similar alterations were present in stance time data (Fig. 20). Repeated 

measures ANOVA revealed a significant main effect (where p < .05) of time for the 

magnitude of change of left stride time (p = .007) and stance duration (p = .002). 

There was also a significant main effect for time on the magnitude of change of right 

stride time (p = .042) and stance duration (p = .007). There was a significant main 

effect of the magnitude of change for right stride frequency (p = .009) only. Pairwise 

comparisons identified significant differences for magnitude of change for left stride 

times between 0hrs and 10-12hrs (p = .007), 0hrs and 24hrs ( p = .000); right stride 

times between 0hrs and 24hrs (p = .002), 24hrs and 72hrs (p = .049),  24hrs and 

168hrs (p = .043) and left stance times between 0hrs & 24hrs (p = .046).   
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Figure 20. Magnitude of change: temporal walk parameters  

Figure 20. Magnitude of change for stride time, stance time and stride frequency in walk are presented for left and right limbs. Individual horses are represented 
by the greyed lines, where the black dashed line represents the average of all six horses. * denotes significance of p <.05, ** p < .005, see appendices (A.4.3.) for 
individual horse walk data. 
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8.3.3.2. Variability parameters: RMS, SDA and CoV 

 

Root mean square 

RMS is a linear measure of variability, which assessed the stability of gait 

from the total acceleration signal by describing the true average of a constantly 

moving value. The greatest levels of RMS change in left and right limbs occurred 

from 2-24hrs decreasing to just above baseline levels at 168hrs post lameness 

induction (Fig. 21). There was a significant main effect of time for magnitude of 

change in left (p = .000) and right (p = .038) total acceleration RMS values. Pairwise 

comparison identified significant differences (where p < .05) in the left limb between 

0hrs and 6-8hrs (p = .031), 0hrs and 24hrs (p = .033), 0hrs and 168hrs (p = .035), 6-

8hrs and 24hrs (p = .048) and the right limb between 0hrs and 24hrs (p = .044). 

 

 Standard deviation of acceleration 

The SDA demonstrated the greatest change in the left limb 24hrs post LPS. 

Most horses returned to just above with baseline levels by 168hrs (Fig. 21). 

Repeated measures ANOVA revealed a significant main effect of time on both left (p 

= .000) and right SDA (p = .007). Pairwise comparisons identified a significant 

difference in the left limb SDA only, between 0hrs and 168hrs (p = .006). 

 

Coefficient of variation of stride times 

CoV was calculated based on the mean of stride times for both left and right 

limbs. There was a large discrepancy between horses and timepoints on the left side 

for CoV of stride times, however the actual CoV value remains low. The right CoV 

values were on average lower than the left limb (Fig. 21). There was a significant 

main effect of time for left CoV (p = .037). Application of the Bonferroni adjustment 

for multiple comparisons revealed no significant differences between timepoints.   
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Figure 21. Magnitude of change: variability walk parameters  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 21: Magnitude of change for RMS, SDA and CoV in walk are presented for left and right limbs. Individual horses are represented by the 
greyed lines, where the black dashed line represents the average of all six horses. * denotes significance of p <.05, see appendices (A.4.5.) for 
individual horse walk data. 
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8.3.4. Magnitude of change: trot  

 

8.3.4.1. Temporal parameters: stride time, stance time and stride frequency 

The greatest change in left stride times occurred between 2-8hrs with an 

average increase again at 168hrs. There was greater overall change in the right limb 

stride times, as reflected in the average trend. Repeated measures ANOVA revealed 

a significant main effect of time for left (p = .014) and right stride times (p = .000), 

following Bonferroni adjustment for multiple comparisons, there were no significant 

differences between timepoints (Fig. 22). Stance time demonstrated a similar trend 

to the above with greater variability of these changes for individual horses evident in 

the right limb. H2 saw the greatest change in the left limb at 2-4hrs and 72hrs; H3 

demonstrated the greatest change in the right limb with a peak evident at 24hrs. 

Repeated measures ANOVA revealed a significant main effect of time for the left 

stance time (p = .040), where right stance time was just above the significance 

threshold (p = .067). Pairwise comparisons identified significant differences in the 

magnitude of change for the left stance time between 0hrs and 6-8hrs (p = .010), 

0hrs and 10-12hrs (p = .014) and the right stance time between 0hrs and 72hrs (p = 

.039) (Fig. 22). Repeated measures ANOVA identified a significant main effect for 

left (p = .047) and right (p = .022) stride frequency. Following Bonferroni adjustment 

for multiple comparisons, there were no significant effects for stride frequency 

between timepoints (Fig. 22).  
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Figure 22. Magnitude of change: temporal trot parameters  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 22. Magnitude of change for stride time, stance time and stride frequency in trot are presented for left and right limbs. Individual horses are represented by 
the greyed lines, where the black dashed line represents the average of all six horses. * denotes significance of p <.05, see appendices (A.4.4.) for individual 
horse trot data. 
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8.3.4.2. Variability parameters: RMS, SDA and CoV  

 

Root mean square 

The average magnitude of change for RMS reflected a variable patterning for 

left and right limbs, peaks occurring at 6-8hrs, 24hrs and changing again at 168hrs 

post lameness induction (Fig. 23). Repeated measures ANOVA did not reveal a 

significant main effect of time on change in RMS values in left or right limbs.  

 

Standard deviation of acceleration 

Repeated measures ANOVA revealed a significant main effect of time for left 

limb (p = .005) and right limb SDA (p = .040). Pairwise comparisons revealed 

significant differences for left limb SDA only, between 0hrs and 6-8hrs (p = .029), 2-

4hrs and 6-8hrs (p = .006) and 6-8hrs and 168hrs (p = .002).   

 

Coefficient of variation of stride times  

There was greater variability in the right limb, horses demonstrating most 

variability between 2-4hrs and 24hrs. Repeated measures ANOVA revealed a 

significant main effect of time for left limb (p = .028) and right limb CoV (p = .001). 

Pairwise comparisons identified no further significances between timepoints (Fig. 

23). 
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Figure 23. Magnitude of change: variability trot parameters

Figure 23: Magnitude of change for RMS, SDA and CoV in trot are presented for left and right limbs. Individual horses are represented by the greyed lines, 
where the black dashed line represents the average of all six horses. * denotes significance of p <.05, ** p < .005. See appendices (A.4.6.) for individual 
horse trot data. 
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8.3.5. Polynomial contrast analysis  

Table 14. Polynomial contrasts 

Walk - temporal parameters Quadratic  Cubic  Trot - temporal parameters Quadratic  Cubic  

Left Stride time .018* .164 Left Stride time .257 .046* 

Right Stride time .006* .482 Right Stride time .060 .950 

Left Stance time .044* .035* Left Stance time .074 .132 

Right Stance time .002** .191 Right Stance time .023* .801 

Left Stride frequency  .396 .286 Left Stride frequency  .839 .838 

Right Stride frequency .349 .848 Right Stride frequency .259 .461 

Walk - temporal MOC parameters Quadratic  Cubic  Trot - temporal MOC parameters Quadratic  Cubic  

Left Stride time .002** .185 Left Stride time .039* .024* 

Right Stride time .005* .420 Right Stride time .027* .016* 

Left Stance time .010* .063 Left Stance time .012* .004** 

Right Stance time .002** .441 Right Stance time .007* .955 

Left Stride frequency  .032* .217 Left Stride frequency  .003** .310 

Right Stride frequency .893 .280 Right Stride frequency .099 .342 

Walk - variability MOC parameters Quadratic  Cubic  Trot - variability MOC parameters Quadratic  Cubic  

Left RMS .023* .158 Left RMS .004** .257 

Right RMS .029* .843 Right RMS .129 .308 

Left SDA .039* .146 Left SDA .010* .173 

Right SDA  .009* .638 Right SDA  .020* .297 

Left CoV .013* .218 Left CoV .056 .065 

Right CoV  .040* .158 Right CoV  .036* .003** 

Table 14. Repeated measures ANOVA polynomial contrasts were applied across temporal and variability parameters in walk and 
trot to investigate data trend lines. The Quadratic trend investigates how the data fits an inverted U-curve shape, reflecting 
baseline, inflammation, and recovery patterning. The Cubic trend investigates two changes in the trend line, which here may be 
related to inherent variation in the signal. * denotes significance at < .05. ** < .005, Magnitude of change (MOC). 
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8.4. Discussion 

Equine movement analysis remains challenged by subjective and objective 

detection of bilateral lameness, primarily due to the apparent gait symmetry and 

limited data describing gait related changes in bilateral lameness [38; 210; 311]. This 

study presented longitudinal monitoring of gait changes and consistency of these 

changes in six equines in response to repeated bilateral lameness induction. We 

sought to examine the feasibility of tracking temporal gait parameters and 

parameters related to movement variability using limb fixed IMUs during induced 

bilateral lameness, successfully achieved under the low dose LPS model. 

Synovial fluid WBCC demonstrated a transient intra-articular joint 

inflammation, peaking at 8 hrs post LPS injection, although it is not known when the 

‘true’ peak occurred as it may have been outside of the sampled time points. This is 

similar to trends seen in Cokelaere et al. [279], suggesting the horses were 

experiencing a degree of inflammation-related bilateral pain and resultant bilateral 

lameness. Our results show that it is possible to detect changes in the locomotor 

system associated with bilateral lameness using two limb fixed IMU, and that gait 

variability metrics are a promising way to capture such changes, in addition to 

standard gait metrics. Our findings provide a novel, comprehensive overview of the 

changes associated with transient bilateral lameness and recovery captured in the 

horses usual stabled environment, addressing a significant gap in the literature. 

Assessment of the magnitude of change in temporal and variability parameters 

consistently identified statistically significant changes in both walk and trot, 

demonstrating a quadratic trend in the data for many of the gait parameters, with 

greater cubic trends in the movement variability parameters (table 14). This suggests 

that wearable IMUs can feasibly be used in a longitudinal monitoring paradigm to 

detect subtle changes in locomotion that point to changes in health status.   

 

8.4.1. Temporal gait parameters  

Baseline stride and stance times were within range of previous research 

(Table 13.) [11; 32; 312]. Stride frequency values were slightly below that of existing 

IMU research [313], this may be due to the estimation of the value on a per minute 

basis - the horses under investigation in our study did not walk or trot for a full 

minute. Additionally, horses travelled at their preferred speeds.  
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Research has suggested that little to no change in trot stride and stance 

duration occur during bilateral lameness versus the sound condition [300]. Instead 

horses elect earlier advanced placement, stepping and toe first landing in the 

forelimbs [300; 314]. This ambiguity in research findings may well be associated with 

individual movement strategies employed by the animal to cope with the specificities 

of their particular patterns of pain and/or dysfunction. Unilateral lameness is typically 

characterised by reduced vertical impulse and selective reduced diagonal vertical 

impulse through the increase of stance duration [279; 315]. Bragança et al (2017) 

highlighted that stance duration as a proportion of stride duration in lame horses 

increases by approximately 2% in the forelimbs, with increases in absolute stance 

duration also present [32], however these changes often fall below the limits of 

detection. This is similar to the data presented in figure 18, where only left stance 

time revealed a significant difference between 2-4hrs and 10-12hrs. However, 

analysis of the average magnitude of change in trotting stance duration identified 

significant changes in the stance time of left and right limbs (fig. 22). The greatest 

average change in left stance time was 41.7ms in the left limb (6-8hrs) and 46.8ms in 

the right limb (24hrs); 40ms represents an absolute change of 12.5% from the 

approximate average baseline stance duration of 320ms. A 40ms change sits just 

outside the standard deviation of the trot stance time for this cohort, as outlined in 

table 13, suggesting a potentially meaningful change.  

Duty factor analysis of stance duration expressed as a percentage of stride 

duration is presented in appendices A.4.7.(figs 31 and 32). These graphs outline that 

there was a gradual increase in stance duration as a percentage of stride duration in 

both walk and trot. Repeated measures ANOVA identified that there was a significant 

main effect of time on stance duration percentage in walk, but no additional pairwise 

differences. There was no significant main effect for time in trot. These findings 

replicate the Bragança et al (2017) study, where small but meaningful stance 

duration changes of 2% often go undetected [32]. In walk both limbs appear to be 

affected almost uniformly until 10-12hrs, where the increase in stance duration as a 

percent of stride duration reflect the inflammation peak. At 24hrs there is a deviation 

between left and right sides, where the right limb remained elevated suggesting that 

it may have been the more painful of the two sides. The true difference however is 

less than 1%, thus greater understanding of inherit variability is required to interpret 

these overall and interlimb differences. In trot the interlimb difference in stance 
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duration percentage is greater than that in walk at 24hrs. This may be related to right 

limb pain; however, the right limb curve appears to remain relatively stable compared 

to the left side – which demonstrates a 2% overall increase between 0hrs and 10-

12hrs. As in figure 22, this suggests that limbs may have responded slightly 

differently to the LPS model and therefore elected different compensation strategies 

to cope with painful/inflamed carpal joints. In bilateral lameness, there is no sound 

forelimb, making load distribution more difficult. The increase in stance duration 

percentage during the acutely inflamed period in both limbs aligns with existing 

unilateral lameness research that has shown increased stance times in both the 

affected and sound limbs alongside decreased ground reaction force and reduced 

impulse in the affected limb. We did not capture kinetic data in this study, so it is 

difficult to verify the horse’s efforts to unload their limbs. There was a non-significant 

trend towards increased maximum difference of withers height during the acute 

phase (A.5., fig.33),this may suggest that unloading the limb(s) via head and neck 

movement was not a primary strategy adopted by these bilaterally lame horses to 

cope with pain. Rather, the horses seem to have attempted to relieve their bilateral 

pain through adjustment in stride patterns. It appears that the inflamed forelimbs 

were less capable of dynamic movement in the sagittal plane, reducing the impulse 

through longer stance times, thus reducing the swing phase and evading a large 

range of motion at the inflamed knee [316]. 

There were more overall ‘significant events’ for stride and stance time 

magnitude of change in walk versus trot. This may be due to the loss of trot 

kinematics resulting from pain. A review of all of the raw data ,alongside the detailed 

experimental notes that were taken for every walk and trot, revealed that 

approximately 9% of available trotting data points were lost due to individual horse’s 

reluctance to trot or obvious lameness in walk. While this data was not included in 

our statistical modelling, it would be considered a clinically important feature in the 

assessment of lameness severity. There were more significant findings based on the 

average of changes on the left side, suggesting the severity of lameness was worse 

in this limb. However, inspection of figure 22 reveals that most changes in trot in the 

left limb occurred between 2-8hrs. In the right limb these changes are shifted to the 

right side of the graph. There were right limb changes beginning at 2-4hrs, however 

these remained elevated in some horses right up until 72hrs. Perhaps this was a 

compensation strategy elected by the horses to alleviate pain or inflammation in the 
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more effected left limb. This contributes to the complexity of evaluation and 

monitoring of bilateral lameness, which appears to be characterised by individual 

horse compensation strategies. 

 

8.4.2. Spatial gait parameters – withers height 

Vertical displacement of the head and hip is typically used as an objective 

method to discern gait asymmetry and its severity. However, in the presence of 

bilateral lameness this becomes increasingly difficult. Rhodin et al (2018) stated that 

withers asymmetry measures are less prominent versus changes in head and pelvic 

motion and may not contribute to the detection of mild lameness [317]. WDmin and 

WDmax are consistency used in equine lameness literature as an objective method of 

ruling out or considering the presence of asymmetry and or lameness. However, the 

value of this metric in isolation is becoming increasingly problematic. Many authors 

have highlighted an inherent degree of variability in withers height difference, and 

much larger absolute ranges than originally considered to be clinically meaningful 

[307; 310]. The withers height metrics are further challenged by bilateral gait 

abnormality and therefore its’ value is unclear in bilateral lameness assessment.  

Analysis of the change in WDmin and WDmax over the duration of the 

experiment (Appendix A.5, fig 33.) identified that withers height difference was not a 

sensitive metric in determining bilateral lameness in this cohort of horses. Previous 

research has indeed identified that WDmin and WDmax is a useful metric in unilateral 

lameness. This study is the first of its kind to investigate withers height over time in 

bilateral lameness, thus more research is required and in a greater number of 

horses, to improve our understanding of the relationship between bilateral lameness 

and changes in withers height. 

 

8.4.3. Movement variability in equines as an outcome measure 

 Findings from human movement research in recent years have suggested that 

movement variability facilitates motor flexibility and adaptation and is an integral part 

of system dynamics. Variability has been associated with the system’s coping 

potential while loss of variability has characterised aging and disease [318]. Thus 

variability in biological signals is increasingly regarded as a meaningful phenomenon, 

rather than noise or erroneous information that should be removed from the data 
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through filtering [319]. Previous authors have looked at variability in equine lameness 

parameters and the impact of sedatives on gait [87]. Comparison of sound and lame 

gait revealed significantly decreased variability in the lame versus the sound 

condition. It was of interest in this study to investigate changes in movement 

variability in bilaterally lame horses.   

The use of IMUs to characterise pathological gait has traditionally been based 

on the calculation of temporal and spatial gait variables (i.e. stride and stance 

duration, stride length and anthropometric height differences) from inertial sensor 

data [36; 320]. However, a study by Patterson et al (2014) in humans demonstrated 

that quantification of features contained within the raw IMU signal itself successfully 

identified subtle changes associated with anterior cruciate ligament injury in human 

gait, which was not possible using spatial or temporal variables [321]. It would be 

prudent then in equine gait analysis to examine the raw IMU signal itself (e.g. 

acceleration or angular velocity) as well as deriving the standard gait parameters. As 

such, three metrics of variability were included in this study: RMS of the acceleration 

signal, CoV of stride times and the SDA across strides. These metrics have been 

extensively applied in human research to examine the dynamic stability of gait, often 

used to compare across aged, diseased and healthy population groups. RMS 

transformed acceleration data facilitates comparison to the standard deviation of the 

signal. Prior to data integration, RMS expresses the dispersion of the data in relation 

to zero, while measures of standard deviation investigate dispersion in relation to the 

mean. RMS signal transformation allows direct comparison due to the creation of a 

synonymous dataset, where RMS represents acceleration amplitudes in the signal 

[322; 323]. RMS has been used in human research to investigate the variability of the 

acceleration signal [324]. For example, optimal dynamic balance is suggested to be 

expressed in low RMS values, which in turn, are considered representative of healthy 

gait [325]. RMS values have been highly correlated with gait speed and 

demonstrated discriminate power between healthy, balance- impaired, visual 

deprivation and stroke patients [326; 327]. Much of the RMS data reported in horses 

is RMS error or RMSE, used to identify error in the dataset. In this study we have 

used it as an outcome measure of its own. The RMS values observed in our data, 

which determine the stability of gait over time, presented significant between 

timepoint changes in walking kinematics only. RMS analysis was applied on the 

entire signal rather than windowed, therefore changes presented may be associated 
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with a reduction in gait speed resulting from inflammation or pain rather than gait 

stability changes.  

Peham et al (2001) used the standard deviation of stride length to examine 

stride length consistency during lameness. The authors determined that horses 

experiencing pain demonstrated reduced stride variability by maintaining a particular 

compensatory gait pattern, thus suggesting that deviation from this pattern would 

induce greater pain [88]. This experiment was completed on a treadmill which may 

have stabilisation effects. However, on receipt of perineural anaesthesia stride length 

variability increased. This demonstrates increased rigidity in the equine locomotor 

system in response to pain. In our experiments, SDA resulted in significant changes 

in left limb trot values from baseline (fig. 23). Walking SDA demonstrated the greatest 

changes at 24hrs, suggesting the horses were still not fully recovered from lameness 

induction (fig. 21). However, the variability in walk was narrower than in trot. The SDA 

of trot in left and right limbs could be reflective of an alteration of variability patterns 

to cope with lameness induction. In trot SDA peaked initially at 6-8hrs and again at 

24hrs. Magnitude of change data cannot reflect the direction of this change 

(increase/decreased variability) but it does suggest that the degrees of freedom of 

movement variability or adaptive capacity, which may enable the horses to obtain 

information regarding their environment [328], were impacted by the LPS model. CoV 

has been used to discriminate between younger, older and dementia patients during 

dual tasking through changes in gait stability and cognitive functioning [329]; and gait 

stability in horses [288]. However, in this experiment CoV of stride times remained 

low and produced no significant pairwise comparisons in either gait. It is thus 

submitted that variability of the acceleration signal itself may be more useful in 

monitoring changes in inflammation, rather than variability in the derived stride times.  

Human research has suggested that locomotor variability exists on an inverted 

U-curve, such that the curve peak represents optimal variability while the lower tails 

describe musculoskeletal injury or pathology [330] i.e. lower levels of variability reflect 

a rigid system, while too much variation represents a disordered system. The 

importance of variability has been alluded in previous equine research. Nauwelarts et 

al (2013) used the CoV to demonstrate brief peaks of disordered variability during 

gait transitions, reflecting temporary gait instability [288]. Keegan et al (2011) showed 

that the greater the number of strides collected the greater stride-to-stride variability 

evident [33]. Gorissen et al [331] found a substantial reduction in variability of hoof 
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loading patterns over time in foals up to 24 weeks, aligning with research on human 

toddlers suggesting that changes in variability are associated with maturation and 

development of motor control. In an earlier study, Gorrisson et al [332] found that 

foals who had osteochondrosis lesions had significantly lower CoV in walk and trot 

versus foals who tested negative for the condition. Research investigating the use of 

IMU and a force plate to evaluate bilateral forelimb lameness stated that multi limb 

lameness are likely to contribute to variability in findings [35].  

Research from Persson-Sjodin et al (2019) suggested greater research needs 

to be undertaken to further our understanding of influences of biological variation on 

equine gait parameters and how they are related to pain [333]. The authors 

highlighted that some of their equine subjects showed considerable variation over 

time; irrespective of treatment applied thus clouding whether the variation resulted 

from typical biological variance or pain. Additionally, Rungsri et al (2014) determined 

that baseline naturally occurring forelimb lameness displayed high variability, with 

some horses exhibiting more severe lameness on day 1 than day 2 or vice versa 

[334]. Similarly, changes in stride length of horses with naturally occurring forelimb 

lameness displayed no clear pathological definition. Thus, the authors stated that 

stride length variation is an individual parameter and only intra-individual changes 

contain relevant information with regards to treatment [88]. Our data reflects this 

important point. The horses presented here did not appear to display ‘normal’ 

kinematics at 24hrs post lameness induction and in some cases remained different 

from baseline at 72hrs and 168hrs. Further to this, the cubic modelling pattern 

displayed in certain parameters (stride frequency, CoV and RMS) suggest that some 

changes may be reflective of inherent, natural variability alterations (table 14). 

Research needs to establish a clearer understanding of normal and abnormal equine 

variation. This will assist the development of knowledge concerning the impact of 

variability and enhance the value of longitudinal data sets. Clearly equine locomotor 

variability is a meaningful and valuable within-subject metric that is yet to be fully 

elucidated and understood in relation to both pain, injury and maturation. Our study is 

the first study to examine the time course of changes in the amount of variability 

observed due to induced bilateral lameness and subsequent recovery. While our 

study quantified the amount of variability present in the gait patterns, the dynamics of 

the gait time series also represents a promising avenue of research, in line with 

research developments in human movement variability [93; 94].  
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8.4.4. Control group or self-referential data? 

Pfau et al (2018) outlined that typical thresholding originally intended for 

lameness detection is not universally applicable. The authors monitored 25 

thoroughbreds on six occasions; the horses’ kinematic variability over time exceeded 

clinical lameness thresholds [307]. Pfau outlined the importance of knowing ‘normal’ 

on a horse-to-horse basis and the value of longitudinal monitoring for determining the 

individuals’ normal. As mentioned above, it is important that monitoring of horses is 

applied consistently and longitudinally to elucidate the reasons for change. 

Additionally, by documenting persistent variability changes outside of individual 

normal range, one may be able to anticipate early onset of abnormalities, over-

training or performance related decrements. The greatest source of variability in our 

kinematic data set was between-horses, hence the value of representing change on 

a horse-by-horse basis, rather than a mean value alone. It is clear from our data that 

certain horses displayed greater changes across all outcome measures, such as H7, 

while others appeared to show change in certain variables but not in others. The 

longitudinal individualised approach allows one to inspect which outcome measure or 

combination of measures are indicative of changes occurring in individual locomotor 

systems. This approach could provide the foundation for the development of specific 

targeted treatments and rehabilitation programmes rather than relying solely on 

population-based treatments. Longitudinal data sets facilitate the ability to move 

away from thresholding associated with existing asymmetry and lameness measures, 

instead examining change over time. Therefore, it is important that we investigate the 

complex interplay between movement features over time when seeking to quantify 

change and abnormality in gait. This would bring us closer to the concept of 

individualised medicine, analogous to modern medical approaches, where genomics 

in particular have driven the investigation and application of individualised medical 

treatments [294]. 

 

8.4.5. Can technology improve ecological validity? 

Equine biomechanics research is gradually stepping away from laboratory-

based research in favour of field-based assessment to improve the ecological validity 

of movement research [193]. Starke et al (2013) found a significant impact of speed 

on lameness grade during subjective assessment; however, there was no meaningful 

impact of speed on withers’ inertial measurement unit output. This suggests that 
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controlling speed of movement was not necessary in their experiment. Keegan et al 

(2011) did not rigidly standardise movement speed or handlers when investigating 

the repeatability of an IMU system for field and clinical uses [42]; noting the system 

was acceptable for use in the absence of strict standardisation. Diosdado et al (2018) 

provide an example of how Holstein dairy cows can be assessed for lameness using 

wireless movement sensors and space-use patterning [335]. This integrated 

approach effectively distinguished non-lame from lame cows using movement 

patterning on an individual basis. Ambient sensing also offers the potential for 

classification of other factors associated with movement, such as food availability. 

Integration of sensor data from a variety of data streams to create actionable insights 

about equine movement and behaviour thus seems to be a very real prospect in 

future equine management structures.  

Our study demonstrates that day-to-day monitoring of horses in the field is 

both possible and worthwhile in terms of detecting subtle movement abnormalities. 

However, the lack of ‘ground truth’ in this experiment presented a challenge when 

evaluating IMU derived gait events. The accuracy and precision of IMU gait data is 

under constant reflection and development in the research domain [32; 306]. This is 

promising given their potential for remote use. Extensive work was undertaken in this 

experiment to extract meaningful gait information from the wither’s sensors alone. A 

sensor placed at the withers provides global information about the horse’s movement 

versus sensors placed on the legs or poll [336], due to its proximity to the body 

centre of mass [337]. However, due to its position on the midline and distance from 

the point of impact it was difficult to accurately identify limb based gait features [32]. 

Limb fixed sensors are a firm feature of the existing commercial offering [338]. 

However, due to their position over fragile structures and the potential for tourniquet 

effects, they are not suitable for longitudinal monitoring using currently available form 

factors. The hoof wall offers a potential solution. However, natural behaviours such 

as lying would challenge the robustness of IMU hardware and pose a potential risk of 

injury to the horse. Until sensor technologies are almost imperceptible it is unlikely 

that they will be fit for longitudinal limb or hoof fixed monitoring. This study shows 

however that it is a worthwhile undertaking to develop sensor research in this 

direction as more meaningful insights on subtle gait abnormalities can be gleaned 

from individual horses using wearable technologies. 
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8.5. Limitations 

There were a number of limitations encountered during the course of this 

research. Technical error led to the loss of a small number of kinematic data points, 

approximately 9% overall. The initial sample of seven horses was small however this 

had to be further reduced in this study due to H4’s mechanical lameness. Research 

is required in a larger sample size to further understand the value of the magnitude of 

change and the amount of variability in equine kinematic acceleration signals as an 

outcome measure associated with mild inflammation and recovery. The sensors 

applied in this research have not been extensively validated for use in equines. 

However, piloting was undertaken and the sensors were deemed suitable for use. 

One of the main limitations of this study was the lack of ‘ground truth’ available to 

compare with the IMU data. Much of the existing IMU research have used motion 

capture systems and or force plates to ex/internally validate their IMU results [32; 

306]. This study relied on existing research to guide appropriate algorithm selection 

and verify the accuracy and precision of kinematic data. This issue was somewhat 

mitigated by verifying a sample of kinematic parameters against the simultaneous 

gait videos captured by veterinarians during the experiment. However, it is important 

to acknowledge that these videos were captured with a basic smart phone and not at 

ideal angles for 2D kinematic analysis. Thus, these comparisons were used as guide 

rather than explicit validation. Finally, the bilaterally lameness under investigation 

was an artificial model, thus results cannot be extrapolated to true bilateral lameness 

cases. 

 

8.6. Conclusions 

Bilateral lameness presents frequently and is a symptom of prevalent clinical 

pathologies such as navicular syndrome, laminitis, and other complex lameness 

cases. These conditions can be identified using radiography and distal limb blocking 

techniques however these are often expensive, invasive exploratory methods. Our 

findings demonstrate that acceleration data from two limb fixed sensors are sensitive 

enough to detect movement changes in horses with mild induced bilateral lameness. 

There is some ambiguity in the literature regarding bilateral lameness related 

changes in terms of stride and stance times. The horses in this experiment increased 



 

150 
 

both stride and stance duration as a consequence of the joint inflammation resulting 

from the LPS model.  

Most of the temporal and variability locomotor changes across the experiment 

reflected the quadratic trend observed in the WBCC marker of inflammation; 

kinematic changes and inflammation were still present to some degree at 72hrs. The 

resolution of variability calculated in our experiment is not something that would be 

discernible by eye. Therefore, RMS and SDA metrics could provide additional 

information regarding normal and abnormal gait which can complement existing gait 

analysis methods. The CoV values presented did not appear to be sensitive to gait 

changes under the LPS model. Between-horse differences accounted for the largest 

amount of variability in the data set, which highlights the difficulty in assigning 

generalised norms outside of specific populations. Thus, it is important to consider 

individual gait alterations overtime in the development of individualised equine 

monitoring systems. 

 This research demonstrated that it is possible to detect change relating 

to bilateral lameness using limb fixed IMU. However, attaching IMU to the limbs, in 

their current form, is not a realistic prospect for longitudinal monitoring. Future 

research should investigate sensor fusion and axis integration techniques to 

determine the efficacy of a single withers fixed sensor in defining features of equine 

movement related to bilateral gait changes. Additionally, future analysis of gait 

adaptations due to bilateral lameness captured in an applied setting could be 

augmented with force transducers in the hoof. We have shown that our data 

collection protocol using inertial sensors attached to the withers and forelimbs is both 

feasible and useful. Integrating kinetic data would provide a more complete picture of 

the specific unloading strategies adopted by bilaterally lame horses, and the time 

course of these adaptations in transient lameness. 
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Chapter 9  

 

The feasibility of equine field-based postural sway analysis 

using a single inertial sensor attached to the withers  
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9.0. Abstract  

Background: Postural sway is frequently used to quantify human postural control, 

balance, injury, and neurological deficits. However, there is considerably less 

research investigating the value of the metric in horses. Much of the existing equine 

postural sway research uses force or pressure plates to examine centre of pressure, 

making inferences toward changes at the centre of mass. This study looks at the 

inverse, using an IMU on the withers to investigate change at the centre of mass. 

IMU and wearable technology would improve the potential for examination of postural 

sway in the applied domain.  

Aims: To use concurrent video annotation and an inertial sensor to determine the 

frequency of completely quiet standing in equines and to explore the impact of 

induced bilateral lameness on equine postural sway.  

Objectives: Investigate the frequency of, and potential changes to, postural control 

using a withers fixed IMU in a bilateral lameness model. 

Study Design: Repeated observational study. 

Methods: The lipopolysaccharide model was used to induce transient bilateral 

lameness in seven equines. Horses were monitored intermittently by a withers IMU 

over seven days.  

Results: There was a significant effect of time on total protein, carpal circumference 

and white blood cell count in the horses, indicating the presence of, and recovery 

from, inflammation. Horses settled into a 60 second period of quiet standing 

approximately twice per hour; the frequency of which was not affected by the 

induction of bilateral lameness. There was a greater amplitude of displacement in the 

craniocaudal versus the mediolateral direction. A significant difference was observed 

in the amplitude of displacement in the mediolateral direction between 4-12hrs and 

168hrs.  

Main Limitation:  Foot position was deliberately not controlled.  

Conclusions: The significant reduction in ML displacement during the acute 

inflammation period alongside greater overall CC displacement may be a 

compensatory behaviour for bilateral lameness. Future research should investigate 
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day-day variability of equine postural sway using IMU and examine sensor-video 

integration options to enable unsupervised sway monitoring.  

 

9.1. Introduction 

Postural sway (PS) has been described as the subtle sway during quiet stance 

[95], which facilitates the body’s ability to balance in any posture or activity [339]. PS 

is thought to provide information regarding postural control i.e. the ability to maintain 

the body’s centre of mass (COM) within the base of support using somatosensory, 

vestibular and visual sensory networks [340]. Perturbations such as visual occlusion 

have been reported to increase sway by up to 50% [341] while various standing tasks 

are used to assess balance deficits [342]. The COM is calculated as the summed 

average of the COM of all body segments [343] and can be captured via motion 

analysis or sensor technology. Postural sway refers to changes in the centre of 

gravity [344], often estimated through changes in the centre of pressure (COP) i.e. 

the weighted average of the pressures distributed over the surface in contact with the 

ground [343], measured using a force plate [345]. The COP is often referred to as the 

controlling variable and the COM the controlled. COP-COM is the scalar distance 

between the two variables at any given time, which is proportional to the horizontal 

acceleration of COM [346]. The relationship between these three variables is based 

on the inverted pendulum theory [346]. Postural sway captured during periods of 

quiet standing is a quantifiable movement metric that has been used extensively to 

classify health, aging and disease-related changes in humans for over three decades 

[95; 347; 348].  

Sway is thought to be related to inherent delays or error within the sensory-

motor feedback control system [349; 350], suggested to be due to the COP reacting 

to the estimated position of the COM displaced through events such as breathing and 

general muscle activity. There is a strong negative relationship between the COP and 

the COM, which suggests that when the COP is ahead of the COM the direction of 

acceleration is backward and visa versa [345]. However, over an extended period of 

time the average of the COP must equal the average of the centre of gravity in order 

to maintain balance [345]. Carpenter et al. (2010) has suggested that sway may also 

be a form of exploratory behaviour used by the central nervous system to adapt to 

internal and external changes [349].  
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The concept of equine postural control has been investigated in recent years 

[86; 99; 171; 351; 352]. Most of these studies have been undertaken in a laboratory 

setting using force or pressure plates to measure COP magnitude and velocity in 

craniocaudal and mediolateral directions. Equine studies have indicated, in line with 

human research, that quantification of postural sway may be useful to detect 

neurological problems such as ataxia and musculoskeletal issues resulting in gait 

abnormalities [18; 86; 99; 169]. Postural sway thus appears to be a promising metric 

to characterise health states in equines. However, the impracticality of availing of a 

bespoke movement laboratory limits its use in the applied field. On-body inertial 

sensors have been used to quantify postural sway in humans [353-355] and to a 

lesser degree in equines. Moorman et al. (2016) was the first to compare the use of a 

withers mounted portable media device to a force plate, investigating equine postural 

stability [100]. Advances in technology opens the possibility of capturing, 

unsupervised postural sway data using wearable or ambient sensing, as a means of 

assessing the health status of a horse in the applied setting. Given that completely 

quiet standing in equines would be considered more the exception rather than the 

rule, it is necessary to characterise the incidence of this behaviour, if postural sway is 

to be pursued as a feasible metric in both field-based experimental work and for 

future monitoring approaches in the applied setting.  

Bilateral lameness is a complex condition which is difficult to detect due to the 

apparent symmetry present between left and right sides [35; 300]. Both subjective 

and objective methods of lameness evaluation utilise asymmetry among other 

features to determine the presence and severity of unilateral lameness [181]. There 

is comparatively less research investigating the expression of bilateral lameness in 

equine movement behaviours. Postural sway could potentially be a useful indicator of 

bilateral inflammation as it may capture patterns of subtle weight shifts in limb pairs. If 

such a change could be identified in horses in a real-world monitoring scenario, this 

would enable early identification and intervention for bilateral conditions that are 

otherwise difficult to detect.  

The purpose of this study was to explore the feasibility of capturing useful 

postural sway data in an applied setting using a single withers fixed sensor. An 

induced bilateral lameness model was applied in the forelimbs and evaluated over 7 

days to understand if the postural sway signal in quiet standing was useful in 

detecting inflammation and recovery. The estimated equine COM position in square 
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stance is near the dorsal process of the 13th thoracic vertebrae [356] and is not 

directly measurable [344; 346]. The rationale for the wither’s placement was to 

capture posture sway at a globally stable point that could pick up changes due to 

bilateral lameness. This study was guided by two main aims. The first aim was to use 

concurrent video annotation and an inertial sensor to determine the frequency of 

completely quiet standing in equines. It is important to determine the frequency of 

quiet standing, and to understand how tolerant we can be of minor movements 

during these stationary periods, if the data is to be used as a meaningful metric of 

health. The second aim sought to explore the impact of induced bilateral lameness 

on equine postural sway as it is not known if horses sway more or sway less in 

bilaterally inflamed conditions, and how this changes over a period of recovery. A 

recent meta-analysis on human postural sway research has highlighted the problem 

of assuming a one-sided change in variability through pooling of data into a single 

data set that is then averaged, potentially masking individual trends [357]. Authors 

suggested that the position of each case within the population should be examined. 

This is especially true for equine postural sway given that this is a relatively 

unexplored area where the direction of change in postural sway variability is not 

known.  

 

9.2. Methods 

Methods were as described in Chapter 6. The data presented here is a 

combination of the annotated data extracted from CCTV footage as described in 

Chapter 6, 6.4. Horses were monitored over a 3 x 1-week-long period as detailed in 

Chapter 6, table 9, where bilateral lameness was induced on day 1 of each week, 

and each week was separated by a wash-out period. 

 

9.2.1. Data processing  

Seven horses were included in the analysis of the frequency of quiet standing 

periods and markers of inflammation. To explore the individual recovery profile of 

each horse with respect to postural sway, for a horse’s data set to be included in the 

analysis, an inclusion criterion of at least seven out of 10 timepoints across a 1-week 

experimental period containing a 60-second quiet standing period was established. 

This led to the exclusion of Horse 4 from further analysis. The data set with the most 
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data points was extracted for each of the 6 remaining horses to explore the changes 

in postural sway following induced bilateral lameness and subsequent recovery.  

Outcome measures from existing postural sway research were derived from 

the acceleration signal: Cranio-caudal (CC) and medio-lateral (ML) total 

displacement, amplitude of displacement and path length. The initial and final 2.5 

seconds of the quiet standing period were removed, and the remaining 60 seconds 

were used for analysis. All horses had multiple instances of quiet standing during the 

final 168hr testing period across trials 1, 2 and 3. An assumption was made, based 

on outcomes in figure 27, that the horses had recovered by 168hrs. Additionally there 

were less environmental distractions on day 7 versus day 1. Thus, postural sway 

values in the 168hr timepoint were averaged across trials 1, 2 and 3 to create a 

baseline for postural sway for each horse. 

Exploration of the feasibility of automated quiet standing classification using 

the withers sensor was undertaken by applying an acceleration threshold of 0.3m/s2. 

This threshold was selected based on the research presented by Moorman et al. 

using a portable media device at the withers to capture quiet standing [100]. The data 

presented in Moorman et al. demonstrated that the mean acceleration ranges in both 

ML and CC directions were between .28 and .32 m/s2. The threshold was rounded to 

.3m/s2 for this purpose of this research. The acceleration signals derived from the six 

horses included in the dataset were analysed to determine the suitability of this 

threshold to these data. Based on the behaviours evident in figure 24, and previous 

research, the .3m/s2 threshold was judged to be the maximum appropriate threshold 

value and was applied for further data segmentation and analysis.  
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Figure 24. A sample of labelled acceleration signal examples of quiet standing & 

other activity  

 

 

 

 

 

 

 

 

 

 

 

 

9.2.2. Displacement analysis 

ML and CC displacement were obtained by twice integrating the horizontal 

acceleration signal. Low frequency drift was reduced using a second-order 

polynomial fit. The signal was high pass filtered at 0.1 Hz and the mean amplitude of 

the signal was subtracted before and after each integration procedure. The peak to 

peak amplitude of displacement in each direction was then calculated. 

 

9.2.3. Path length 

The total path length was obtained by summing the Euclidean distance 

between consecutive pairs of displacement data points in the ML and CC directions 

[18].  

 

Figure 24: Examples of two sections of acceleration signals extracted from two different horses 
illustrating the varying magnitudes of different stationary and locomotor activities. Dark yellow: Paw, 
Grey: Cough, Orange: Skin twitch, Blue: Head movement, Green: Weight shift, Pale yellow: 
stepping & dotted red line: 0.3 m/s2 threshold. 
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9.3. Statistical analysis 

Repeated measures ANOVA were completed on the averaged (trial 1, 2 & 3) 

inflammation markers (white blood cell count, carpal circumference and total 

proteins) to determine the effect of time on changes in synovial fluid and joint 

inflammation. The Huynh-Feldt correction was applied where sphericity was violated, 

and the Bonferroni adjustment was used to account for multiple comparisons. 

Dependent t-tests were undertaken to compare PS metrics during the acute 

and recovered period. We defined the acute period as 4-12hrs post-lameness 

induction based on the kinematic gait analysis of the horses in this experiment and in 

line with previous LPS research [358; 359]. The alpha value was set at 0.05. 

 

9.4. Results 

9.4.1. Frequency of quiet standing  

Application of the 0.3m/s2 thresholds resulted in the extraction of 

approximately 500 quiet standing samples lasting 60 seconds or more across the 

experimental period (fig. 25). Across horses, 60 seconds of quiet standing activity 

occurred on average twice per hour (fig. 26) and accounted for 2 -12% of behaviours 

in each hour period.  

Comparison of several acceleration signals during quiet standing with 

simultaneous video footage of the horses demonstrated that it is not feasible to 

classify the different movements that occur during stationary periods according to 

acceleration ranges. This is because acceleration ranges for movements such as 

skin twitching, subtle head movement or pawing are not consistent within or across 

horses, illustrated in Figure 24. For example, the magnitude of the acceleration signal 

registered during a skin twitch changes depending on where it occurs.  
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Figure 25. Total number of quiet standing periods 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Number of quiet standing periods per hour 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. The number of quiet standing periods extracted through the application of 0.3 m/s2 
acceleration threshold across all horses and trials, verified by video annotation 

Figure 26. The number of 60 second quiet standing periods per hour across all 
horses and trials.  
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9.4.2. Inflammation markers 

All joint inflammation markers displayed a significant effect of time over at 

least three timepoints. Repeated measures ANOVA identified a significant main 

effect of time for change in Carpal Circumference (p = .000). Pairwise comparisons 

revealed significances between the following timepoints: 0hrs and 8hrs (p = .010), 

0hrs and 24hr (p = .002), 8hrs and 168hrs ( p = .010), 24hrs and 72hrs ( p = .002), 

24hrs and 168hrs ( p = .002). A second repeated measures ANOVA identified a 

significant main effect of time on white blood cell count (p = .000). Pairwise 

comparisons identified significances between: 0hrs and 8hrs (p = .004), 8hrs and 

72hrs (p = .005), and 8hrs and 168hrs (p = .004). A third repeated measures ANOVA 

identified a significant (p= .000) main effect time on total protein count. Pairwise 

companions were significant between: 0hrs and 8hrs (p = .001), 0hrs and 24hrs (p = 

.001), 8hrs and 72hrs ( p = .002), 8hrs and 168hrs ( p = .001), 24hrs and 72hrs (p = 

.000) and 24hrs and 168hrs ( p = .001). We therefore conclude that the horses were 

experiencing a degree joint inflammation and associated discomfort up to 24, and in 

some cases 72 hours (fig 27).  
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Figure 27. Inflammation markers 

 

 

Figure 27: White blood cell count, total proteins and change in carpal circumference across the 7 
horses. See appendix A (A.6) for full repeated measures ANOVA results.  
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9.4.3. Displacement Analysis 

CC amplitude of displacement was always greater than the amplitude of 

displacement in the ML direction. Comparison of CC and ML amplitude of 

displacement at the 4-12hr period versus 168hr period (table 15) identified a highly 

significant difference between the 4-12hr and 168hr timepoints for ML amplitude (p = 

.005). There was no significant difference between timepoints for CC amplitude of 

displacement (p = 0.15). There were no statistically significant differences in CC or 

ML total displacement were found (p = 0.42; p = 0.51, respectively). 

 

Table 15. Craniocaudal and mediolateral amplitude of displacement analysis 

 

Cranio-caudal displacement Medio-lateral displacement 

  4-12hrs 168hrs 4-12hrs 168hrs 

Mean (mm) 91.229 118.207 38.005 59.904 

Variance 1444.214 241.203 172.307 55.415 

     

p-value 0.152  0.005 ** 

      

Table 15. CC and ML amplitude of displacement compared between the acutely 
inflamed period (average of 4-12hrs) versus the 168hrs post-lameness induction. 
Significance at p = 0.005 denoted by **.   

 

9.4.4. Path length  

Values for path length were condensed into the acute 4-12hr window and 

compared to the 168hrs baseline (as in 9.4.2). T-Testing identified no significant 

difference between the two timepoints (p = .61) (fig. 28). Inspection of the average 

path length trend line (fig. 29) across the six horses demonstrate a reduction in path 

length between 2 – 10hrs post bilateral lameness induction. Path length increased 

again at 12hrs gradually reducing toward the 168-baseline value. There was no 

statistically significant difference between timepoints (p = .61).  
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Figure 28. Path length change from 4-12hrs to 168hrs 

 

 

 

 

 

 

 

 

 

Figure 29. Average change in path length 

 

 

 

Figure 28. Difference in path length across horses between pooled acute data (4-12hrs) and 
the baseline 168hrs value. The black dashed line indicates the average change between 
condensed timepoints. 

Figure 29. The average change in path length for the six horses over all captured timepoints. 
The red circle indicates the baseline value as described in 9.2.1. 
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9.4.5. Stabilograms 

Postural sway at the withers was visualised using stabilograms that show 

horizontal sway in CC and ML directions over a 60s period. Stabilograms were 

produced for each horse for all available timepoints. Stabilograms for horses 1, 2 and 

3 (fig. 30) are shown here with data for other subjects shown in appendix A (A.8.). 

Visual inspection of these stabilograms suggest that the naturally occurring variations 

in postural sway were constrained during the most inflamed period for all but one 

horse (H6) in this study. 
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Figure 30. Stabilograms for horses 1, 2 and 3 
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9.5. Discussion  

The force plate is considered the gold standard measure for equine kinetics 

and equine COP [99; 169; 171; 342], but it is not transferrable to an applied setting. 

Pressure mats have been shown to be a potential solution [18] however the 

portability and cost of inertial sensors over force and pressure plates enables the 

potential of unsupervised postural sway monitoring in the equine field. This chapter 

sought to expand our understanding of the incidence of naturally occurring quiet 

standing in equines and the feasibility of using wearable sensor technology to detect 

bilateral lameness-related changes in equine postural sway. The findings showed a 

significant effect of time on change in carpal circumference, white blood cell count 

and total protein resulting from induced bilateral lameness, indicating that there was 

carpal joint inflammation present at the acute stage (i.e. day 1 of the study) that 

returned to normal levels by the end of the study. It was identified that 60 seconds of 

quiet standing occurs approximately twice per hour across horses. The data showed 

that the frequency of quiet standing periods was not drastically affected by induced 

bilateral lameness, however certain characteristics of the postural sway appears to 

have been affected during the acute inflammatory period. There was a statistically 

significant reduction in ML amplitude of displacement in the 4-12hr period versus the 

final 168hr period – when the horses were assumed to have returned to normal, 

indicating that the horses’ sway in quiet standing was reduced when bilaterally 

inflamed. The stabilograms derived from these data suggest that the level of 

variability in the sway micro-movements can be meaningfully tracked over a period of 

inflammation and recovery using intuitive visual aids. From a human-computer 

interaction standpoint, this indicates that postural sway could be an attractive metric 

that could potentially be monitored by non-expert stakeholders in an applied setting.  

This is the first study to show the feasibility of longitudinal postural sway 

measurement in the applied field.  

Bilateral lameness status was confirmed between 4 and 12 hours through 

biomarkers of inflammation and two boarded equine specialists (diplomates 

European College of Veterinary Surgeons (ECVS)). Previous research has shown a 

reduction in locomotor activity and increased stationary behaviours in equines in 

painful states [267], which was not born out across the 3 x 1 week experimental 

periods examined in this study. The subtle lameness induced, coupled with the 

stringent threshold applied to the acceleration signal that led to the elimination of 
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most of the extraneous movement, could explain this discrepancy. It appears that 

characterising specific types of movements based on acceleration thresholds or 

ranges across horses with a view to including or excluding those movements from 

the analysis is not a feasible approach. For example, head and neck movements that 

occurred while stationary registered acceleration values that were often lower than 

the panniculus reflex or skin twitch that occurred at the site of the sensor (fig. 24). 

Thus, moving forward with this research, we would only consider using the lower 

threshold of 0.3m/s2 to remove almost all extraneous movement, leaving only quiet 

standing. 

Research in human subjects has demonstrated that trial lengths of at least 60 

seconds [360; 361] are required to create a representative picture of the 

sensorimotor system as they limit erroneous findings related to the variability of a 

non-stationary signal. Laboratory equine postural sway trials are often discounted or 

discontinued on visual recognition of motion [100; 351; 362], which inhibits the 

widespread application of sway analysis. Further to this, trial lengths in previous 

equine research have ranged between 8 to 60 seconds during which horses are 

loosely restrained to discourage movement. Horses often must be trained to stand 

quietly for long periods, which Clayton and Bialski have highlighted is not practical 

prior to clinical assessment in quiet standing [99; 171]. Our findings demonstrate that 

capturing a minute of completely quiet standing, unsupervised using a wearable 

inertial sensor is feasible in both healthy and inflamed states.  

Previous equine research has suggested that COP amplitude of displacement 

is greater in the direction of the smaller base of support [18; 169; 362] i.e. the ML 

direction in horses, which can be further exacerbated by narrow hoof stance. This is 

suggested to be related to the limbs’ anatomical structure; designed for greater 

movement in the sagittal plane and overall larger base of support in the CC direction, 

enabling greater stability [18]. However, relatively small absolute values and 

differences in the amplitude of COP displacement between ML and CC directions 

(~4mm) have been reported [86; 169], indicating a high level of overall stability in 

both directions in the quadruped compared with humans. This is to be expected 

given the much larger base of support. Indeed, absolute COP amplitude in humans 

have been reported to be three time larger in the anterior-posterior direction and 50% 

larger in the ML direction than in horses [18; 169]. In this study, greater amplitude of 

displacement in the CC versus ML direction was observed at baseline and during the 
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inflamed period. Research from Clayton et al. similarly illustrated greater range of 

motion in the CC direction versus the ML direction, suggested to be due to subtle 

movement in the head and neck; which accounts for 10-14% of the horses’ total body 

mass [99].  

It is difficult to compare our data to other equine research for a number of 

reasons. Trial lengths of 60 seconds are not common in equine research and are 

likely to capture a wider amplitude of sway and path length than in shorter trials. Foot 

position was deliberately not controlled in this study to see if postural sway 

parameters could provide meaningful information about health status, even in an 

unsupervised, real-world setting. No studies have previously investigated postural 

sway in bilateral lameness. Finally, most of the existing equine postural sway 

research has investigated equine postural sway based on changes in COP. Only one 

other study has used wearable technology to capture postural sway, and found that 

foot position did impact outcome measures [100]. Here we examined postural control 

by tracking sway at the withers, which is closely located to the body’s COM. It can be 

expected therefore that the absolute amplitude ranges would be different due to the 

height of the sensor off the ground yet related in terms of patterns of movement 

according to the inverted pendulum model. The data suggests that the ground 

reaction forces exerted by the inflamed forelimbs are constraining the movement of 

the COM. Hence the stabilograms presented are a useful way to interpret the 

experimental outcomes.  

The significant reduction of ML amplitude of sway in the 4-12hr period may be 

related to a change in the systems’ exploratory behaviour [349]. A recent meta-

analysis by König et al [357] demonstrated that in neurological conditions, human 

pathological subjects demonstrate higher variability in postural sway, as measured by 

sway area. However, there is an alternative hypothesis that suggests that there is a 

zone of “optimal variability” in a biological system that determines health status, 

where higher levels of variability may not necessarily be “bad” and lower levels may 

not necessarily be “good” [93]. The idea of “optimal variability” that has been 

discussed in the human movement literature [357; 363] suggests that a healthy motor 

control system is variable, explorative and adaptive and an impaired system is either 

too rigidly constrained or uncontrolled. For example, sitting postural sway research in 

infants suggested that the development of postural control strategies involves the 

exploration of multiple degrees of freedom in order to develop an adaptive control 
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strategy, suggesting that the variability manifested as postural sway also has a 

functional, exploratory role. The stabilograms provided here show that 5 out of 6 

horses exhibited particularly constrained postural control that coincided with periods 

of acute inflammation. This is suggestive of a motor control system that has become 

rigid and protective. Thus, it appears that while bilateral inflammation does not impact 

the frequency of quiet standing behaviours it does impact the variability of postural 

sway. Human limb pain has been suggested to alter postural stability due to alternate 

proprioceptive input, a similar mechanism in horses is likely [364]. Further research 

into equine postural sway should be open to the possibility of a two-sided change in 

postural sway variability, with appropriate statistical analysis that can recognise non-

linear trends. 

Path length investigates two-dimensional change in ML and CC directions, 

here presented as total path length. It is difficult to compare the changes in path 

length to existing equine research due to the longer duration of our quiet standing 

periods and lack of other IMU postural sway research. T-testing applied to examine 

the difference in path length between 4-12hrs and 168hrs returned no statically 

significant differences. In humans, a longer total path length has been suggested to 

be because of postural instability [365]. However, Rhea et al. (2014) has suggest that 

such an interpretation of path length may determine that two individuals share the 

same total path length in a given time, but provide no additional information regarding 

how individual postural control strategies were applied [365]. Thus, it is important to 

look at additional factors, such as the stabilograms in figure 30, to understand how 

postural control strategies differ between individuals and indeed over time. The 

stabilograms highlight the greater changes in ML excursions versus CC during the 

acute period. 

Chapter two outlined the concept of a “smart stable” [193], where integrated 

technologies could be used to support equine health and management automatically. 

There are many wearable and ambient technologies now available that could be 

exploited to realise this automated vision. Placidi et al [366] found that over 95% of 

postural sway data collected with a 3D video camera system was not significantly 

different to a traditional force plate method in humans. Wang et al [367] 

demonstrated that inexpensive webcams can be used to calculate COM position in 

human standing and walking activities. There is no doubt that instrumentation of 

stables has the potential to support equine management and welfare in a much 
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broader sense than has been realised to date. These technologies could be 

combined with sensor outputs to confirm what these movements ‘look’ like from a 

stabilogram perspective and improve end-user interaction with quantitative data in 

the future. However, the question remains whether the field is ready and desires this 

[193].  

 

9.6. Conclusions  

This chapter demonstrated the basic capabilities of postural sway monitoring 

using a singular inertial sensor unit. This is the first study to investigate how often 

and for how long equines settle into a state of quiet standing which would enable the 

analysis of postural sway captured in the applied setting. Using a 0.3m/s2 threshold 

on the acceleration data in the quiet standing periods, almost all of the extraneous 

movement was excluded. The results showed greater sway displacement amplitude 

in the CC direction, which is not a common feature of existing research. This may be 

due to the deliberate lack of standardisation of foot position. However, the significant 

reduction in ML displacement during the acute inflammation period alongside greater 

overall CC displacement may be a compensation behaviour for bilateral lameness. 

The reduction in ML sway during the acute inflammation period is suggested to be 

due to a reduction in exploratory behaviour. We submit that conclusions based on 

postural sway on the health of the sensorimotor system depends both on the context 

in which it is measured (e.g. motor development, neurological disease, limb injury) 

and the particular metric of postural sway that is analysed. Future research should 

seek to understand more clearly the natural day-to-day biological variability of 

postural sway in equines and investigate sensor-video integration options to enable 

unsupervised monitoring. Additionally, the onset and recovery of bilateral lameness 

versus unilateral lameness should be explored with respect to postural sway. This 

could potentially uncover further insights that could distinguish complex lameness 

and be applied in longitudinal monitoring paradigms to enable early intervention and 

recovery.   
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Chapter 10  
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The digital age has challenged how we live and experience the world; it has 

also created vast opportunities which will improve the ecological validity of human 

and animal centred research. Equally technology application has presented many 

challenges and encouraged a culture of measuring all that is measurable. The 

overarching aim of this thesis was to enter the space between traditional laboratory 

research and the application of research in the real-world. The goal was to deepen 

our understanding of the opportunities for digital innovation in the field of equine 

management. This work addresses a major gap in implementation research in the 

field of sensor-based longitudinal monitoring in equines. In human health sciences, 

focused efforts to close the evidence-to-practice gap in recent years have resulted in 

recognising the importance of implementation science as a conceptual and 

methodological approach to translate evidence and technological advancement into 

routine practice. The vision for this thesis was to adopt a mixed-methods 

methodological approach aligned to the concept of implementation science. The 

approach to addressing this gap in equine science was to examine the 

implementation space for digital monitoring technologies from the perspective of the 

existing research literature, from the perspective of equine industry stakeholders and 

from the perspective of the technology itself i.e. its potential to serve a meaningful 

purpose in the applied field. It was necessary to firstly understand what tools are 

used in the research domain, in what contexts and what opportunities exist for the 

future; then to understand how objective analysis tools are perceived by equine 

industry stakeholders along with their current and future needs, followed by a 

comprehensive exploration of the feasibility and usefulness of technology to 

longitudinally monitor equine movement behaviours in the applied field.  

Ireland is at the forefront of many equine industry and research domains, most 

notably genetics and breeding. However, it is our overseas colleagues who are much 

more advanced with regards to equine gait analysis approaches, tools, and 

environments. There is current no equine gait specific laboratory in Ireland, nor 

research group investigating equine gait. Thus, this thesis acted as a true proof of 

concept of wearable technology in the applied domain, contending with the 

complexities of applied research and questioning the true value of wearable 

technology from the perspectives of industry stakeholders. A summary of findings 

under each aim is presented: 
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The first aim of this thesis was to understand the existing and future directions 

of the field. This aim was addressed in Chapter two, under a comprehensive scoping 

review of over 500 peer reviewed research articles. This review identified previous 

and current uses of technology to support equine research. The primary aim of much 

of the included research was to develop methodological approaches for gait 

classification and quantification. This was split into four subcategories: wearable 

technology, treadmill, kinetic and ‘other’ research domains. This finding clearly 

identifies that the field is constantly exploring novel methods of capturing equine gait 

with the technologies available at any given time. Further to this, 28% of captured 

research occurred in a realistic environment. Intervention based research was 

identified as a clear opportunity in the field, split into clinical, medical-exercise and 

training/performance type interventions. Thus, there is a clear motivation to develop 

tools suitable as medical and performance supports, with opportunity for use in the 

applied domain. Chapter two demonstrated that subjective gait analyses do not exist 

at the forefront of equine gait research but often appear as an auxiliary method. 

Subjective lameness analysis, for the most part, is considered flawed by the human 

condition [209; 226]. Based on these findings it was important to establish the 

perspectives of equine stakeholders and industry professionals in relation to 

objective technologies for applied equine movement analysis.  

The second aim of this thesis was to investigate the translational research 

space, this was addressed in qualitative and quantitative aspects of the work. 

Chapter two identified that the pattern of research trends often follows the availability 

of technology at a given time. However, the same does not appear to be reflected in 

the equine industry, anecdotally the use of objective tools to quantify equine gait is 

uncommon. Chapter Four and Five extensively detail that equine stakeholders place 

a huge emphasis on the value of subjective gait analysis, often referred to as a tacit 

skill. This is somewhat mirrored by some of the equine research group arguments 

regarding human versus computer knowledge [155]. This knowledge is appreciated 

by researchers and clinicians who support the use of objective technology but 

consider their value as a supportive tool in a professional setting. Stakeholders 

identified that the existing offering of gait tools were expensive and often did not 

exceed their need threshold. Stakeholders emphasized that analysing gait alone is 

too narrow, they favour a holistic evaluation of the horse in their management 

practice. Despite this, many did appear to use technology in some form, such as 
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video or pictures, to inspect movement or document equine progression. It can be 

suggested that this is due to the immediate availability and access to smart devices 

over the past 10 years. The Technology Acceptance Model suggests that it is 

important to first introduce simple technology solutions [218] to achieve end-user 

acceptance and perceived usefulness of the technology, driving an increase in 

overall application [68]. A clear disjoint exist between what the end-user here, the 

equine industry stakeholder, wants and what they may be confident to apply. 

Stakeholders suggested that for a technology to be of value, it must be 

multifunctional. There are numerous tools on the market who offer physiological and 

kinematic analysis however the rigour of their research and development 

background, in some cases, is unclear.  

It appears that many commercial devices are developed in a linear fashion, 

such that research and development occur at the beginning, followed by design, 

testing, and product launch. Given the ongoing improvements of gait detection and 

classification algorithms it could be suggested that cyclical development process 

would be more appropriate. This would facilitate feedback and updating of these 

technologies to support the most recent findings - similar to how typical smartphone 

devices possess software update functions. This is an ideal world scenario, which 

could champion the interdisciplinarity that is lacking across many fields. The 

traditional and private ethos of much of the equine industry may serve as a barrier to 

this kind of innovation [179]. However, greater industry liaison may improve 

stakeholder confidence and trust in such technology solutions. The candidate sought 

to understand if it was possible to use an off the shelf sensor (SHIMMER, Shimmer 

Research, Dublin, Ireland) –– and capture meaningful information which could 

encompass a stakeholder’s holistic perspective of equine health.  

The final aim of this thesis was to explore the feasibility and usefulness of 

monitoring equine behaviour using body worn IMUs. Horses were monitored 

following induced bilateral lameness intermittently using three IMUs. The lameness 

induction model was repeated on three occasions, providing a novel opportunity to 

monitor the recovery trend in these horses on three separate occasions. Chapter’s 

Seven, Eight and Nine explore the change in equine movement behaviours from a 

holistic perspective, monitoring change in behaviour, gait kinematics, and postural 

sway. These studies provide a novel insight into the features, and recovery, of 

bilateral lameness which is largely missing from existing lameness research. A key 
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feature of these chapters was to identify if the amount of variability in equine 

movement could provide any insights into an alteration in sensorimotor health. A 

reduction in behaviour switching coincided with the inflammation peak evident in 

synovial white blood cell count. This suggests that horses reduced exploratory 

behaviours because of joint pain. These findings were reiterated in Chapter 9, where 

five out of six horses demonstrated a reduction in sway patterning at timepoints 2-

12hrs, demonstrating a rigidity in the motor control system. Too much or too little 

variation in movement behaviour may suggest system abnormality. Chapter 8 did not 

identify the direction of change but did identify that change in both temporal and 

variability parameters provided a greater insight into bilateral lameness than typical 

temporal parameters alone.  

The originality of this research can be seen in three main areas: 1) it is the first 

report of the implementation of a repeated, longitudinal monitoring paradigm using 

on-body inertial sensors in an applied setting from a feasibility perspective; 2) it is the 

first description of how movement at three levels changes and recovers in induced 

bilateral lameness, with a novel focus on variability of movement behaviours; 3) it is 

the first report of industry stakeholders’ existing movement analysis practices and 

their perspectives of objective analysis approaches. 

1) It is concluded that stable-based monitoring of equine movement using 

installed video cameras is not feasible with respect to the amount of time, 

training and personnel required to observe subtle changes in behaviours due 

to bilateral lameness and recovery. An experimental set-up using 21 inertial 

sensor units i.e. 3 units attached per horse, with on-board data logging and 

manual download resulted in a loss of only 9% of data due to technical 

problems over the three-week period of longitudinal data collection. Horses 

tolerated the sensor attachments - and while two sensors were lost during the 

pilot phase, none were lost in the experimental phase. However, attaching 

sensors to inflamed limbs was not deemed appropriate by clinicians on some 

occasions, highlighting the need for further development of better form factors 

and sensor fusion techniques for sensor placement away from limbs. Future 

implementation research on this topic will benefit from the extensive feasibility 

work underpinning this thesis.    
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2) Lameness is consistently regarded as one of the most significant veterinary 

issues in horses [41], contributing to wastage and depreciation of the horses’ 

value and performance capability [241]. Objective gait analyses are useful in 

the detection gait abnormalities but relying solely on asymmetries is 

problematic in complex cases such as bilateral lameness. Investigation of the 

amount and structure of movement variability is an emerging field in human 

research and has been used to discriminate between the old, young, healthy, 

infirm, injured, and those with neurological impairments [94; 340]. There is 

evidence to suggest that the amount and structure of variability may provide 

insight into the health and adaptability of biological systems. This concept was 

explored throughout the thesis, addressing an area of equine movement 

analysis which is largely under researched, especially in bilateral lameness. It 

is concluded that the three movement-based experiments provide “useful” 

information on the health status of the horses, demonstrating changes in the 

majority of outcome measures tracked due to transient bilateral lameness and 

subsequent recovery of these variables as a function of time. There are a 

range of tools and applications available which may serve to support an 

improvement in equine management. These technologies are suitable for 

remote use and can be effectively applied for longitudinal monitoring, as well 

as clinical decision making. Longitudinal datasets can support our knowledge 

of individual equine variability versus deviation from their ‘normal’, potentially 

mitigating the onset of lameness through early detection of subtle gait 

abnormality. The use of withers height is increasingly questioned due to the 

day-to-day variation in the measure [210; 309]; a single limb fixed sensor 

assumes symmetry between left and right limbs. Identification of these 

shortcomings have encouraged the conversation surrounding the definition of 

lameness and asymmetry, allowing for the influence of inherent biological 

variability [141; 178; 308]. This research characterises movement responses 

to bilateral lameness at three levels of movement, demonstrating a) how 

different horses can be from one another in their responses to bilateral 

inflammation, while relatively stable within themselves and b) that changes 

due to bilateral lameness can be detected not only in gait stride parameters, 

which has typically been the assessment target, but also in stable-based 

behavioural switching, gait variability and postural sway. 
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3) The implementation of objective tools is a suggested inevitable development 

in the field [38]. However, scepticism remains among some groups [155], 

concerned that technology will remove the expertise and knowledge 

underpinning current subjective analysis [181]. Application of existing 

algorithms for IMU equine gait data are complex and would not fall under the 

remit of industry stakeholders without specialist education, training or support. 

These algorithms are often developed in laboratory settings, under specific 

conditions, alongside gold standard tools to improve internal validation of 

findings. This is a barrier to widely applied use of such technologies. Thus, 

these tools do not appear to be widely applied in the industry domain. There is 

an evident gap of equine stakeholder facing research. How can ‘we’ in the 

research domain determine that these technologies are addressing an 

industry need in the absence of the voice of the potential end-user? This 

thesis addresses this gap by presenting the some of the only peer reviewed 

studies examining industry perspectives of applied gait analysis tools in 

chapter Four and Five. Clearly, there needs to be substantial knowledge 

integration efforts undertaken in the field of equine technology development to 

understand stakeholders’ needs, practices and attitudes. The application of 

research into the real-world domain is an issue that has plagued research for 

a long time, Morris et al (2011) quantified this lag in health research, 

determining that the transition takes approximately 17 years [175]. If we are to 

see more effective and efficient technology transfer in the equine field, we 

need to learn from the mistakes in the human field where technology-driven 

rather than need-driven developments failed to meet their innovation potential.  

It is important to acknowledge that this research faced several limitations in 

application and design. Chapter 2 identified that approximately 33% of studies had 

sample size of 6-10 horses, where sample size accounted for 16% of research 

limitations. Recruitment and retention of subjects is an ever-present issue facing 

research, however equine research is particularly difficult given the time, cost and 

personnel investment required. In effort to mitigate the effects of the small sample 

available, individual horses were presented across the thesis to support and 

understand change away from the typical mean trend. It was not feasible to include a 

control group in chapters Seven, Eight and Nine; the candidate would have preferred 

a longer time ‘0hrs’ for data comparison purposes. However, clinicians would also not 
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have this option in the real world. The bilateral lameness examined was induced 

under an artificial model, thus these findings may not apply to true bilateral lameness 

cases. Extensive piloting was completed to determine IMU suitability however, the 

lack of optical motion capture or force plate available removed the capacity for 

internal validation. Initially efforts were made to extract meaningful data from the 

wither sensor alone. The withers would be a suitable direct anchor point or 

attachment to equine specific equipment. However, the features of this signal were 

too close to that of a sinusoidal wave and therefore it was challenging to accurately 

classify gait features. A single withers sensor however was suitable for detecting 

equine postural sway. Further work was completed to integrate left and right limb 

features which were closer to that of existing research. Despite this, limb fixed 

sensors are not a suitable prospect for longitudinal monitoring and could pose as a 

potential welfare issue. Data was lost in chapter 8 due to reluctance to move but also 

because horses’ limbs were too sensitive for sensor application.  

 The strength of this thesis lies in the mixed methods approach, which is a key 

feature of implementation research. The blend of qualitative and quantitative studies 

allowed the candidate to explore several existing gaps in the literature, highlighted 

above. It was demonstrated that behavioural switching and postural sway analyses 

can complement kinematic research – without the need for a sophisticated laboratory 

environment. This rich data set inspects wider changes occurring, outside of equine 

kinematics, resulting from bilateral lameness; something which has not been 

explored extensively in existing literature. This thesis highlights the value of the top 

down approach by painting a global picture of bilateral lameness incorporating 

behaviour and postural sway. Thus, it can be suggested that the integration of data 

streams containing various features of equine movement behaviour is a fruitful 

prospect for future research. This approach allows the researcher to meet the 

industry demand, as specified by stakeholders in chapter Four and Five, by providing 

additional information with regards horse health through essentially one platform. 

This platform could then be used as a predictive model to look at individual horse 

changes outside their own normal and support clinical decision making where 

required. However, greater work is needed to refine features of sensor 

synchronisation and movement behaviour classification before such a possibility can 

be realised.  
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It is imperative that we begin to question intended ‘applied’ research in line 

with true real-world application; the value of this work must be defined in the context 

of the equine industry. The smart stable concept suggested in Chapter 2 is certainly 

a realistic prospect. However, the widespread applied used of IMU technology in 

isolation remains to be seen. Chapter two identified that methodological research, 

including the use of sensor technology is a prominent field of research. Future work 

should endeavour to complete field and laboratory analysis of IMU and proposed 

algorithms to determine their robustness for field application. Greater work should be 

completed integrating sensor axes, in attempt to reduce reliance on vertical 

acceleration alone, and explore the potential for single IMU sensor analyses of 

equine gait. Equine movement research should continue to integrate equine absolute 

change and variability analyses to determine their value in healthy and impaired 

populations, discerning their true discrimination capabilities, and to understand more 

deeply the direction of change and whether this is idiosyncratic or generalisable 

across larger number of horses. Finally, as Buttfield and Polglaze stated, it is people, 

not technology, who drive innovation [211]. If we wish for widespread technology 

application in the equine industry, we must integrate industry stakeholders at each 

stage of research, development and design of potential technology solutions. 
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Appendices  

 

Appendix A – Supplementary Information  

A.1. List of papers included in the review: Chapter 2 

Author Year Title 

Wentink, G.H. 1978 
An experimental study on the role of the reciprocal 
tendinous apparatus of the horse at walk 

Fredricson, I., Drevemo, S., 
Moen, K., Dandanell, R., 
Andersson, B. 1983 Treadmill for equine locomotion analysis 

Leach, D.H., Dagg, A.I.  1983 
A review of research on equine locomotion and 
biomechanics 

Merkens, H.W, Schamhardt, 
H.C., Hartman, W., Kersjes, 
A.W. 1986 

Ground Reaction force patterns of Dutch warmblood horses 
at normal walk  

Van Weeren, P.R., Barnveld, 
A. 1986 

A technique to quantify skin displacement in the walking 
horse 

Deuel, N.R., Lawrence, L.M. 1987 Laterality in the gallop gait of horses  
Schamhardt. H.C., Merkens, 
H.W. 1987 Quantification of equine ground reaction force patterns 
Kobluk, C.N., Schnurr, D., 
Horney, F.D., Sumner-Smith, 
G., Willoughby, R.A., 
Dekleer, V., Hearn, T.C. 1989 

Use of high-speed cinematography and computer 
generated gait diagrams for the study of equine hindlimb 
kinematics 

Barrey, E. 1990 
Investigation of the vertical hoof force distribution in the 
equine forelimb with and instrumented horseboot 

Bogert, A.J., Weeren, P.R., 
Schamhardt, H.C. 1990 

Correction for skin displacement errors in movement 
analysis of the horse 

Clayton, H.M. 1990 
The effect of an acute angulation of the hind hooves on 
diagonal synchrony of trotting horses 

Clayton, H.M. 1990 
The effect of an acute hoof wall angulation on the stride 
kinematics of trotting horses 

Van Weeren, P.R., Van Den 
Bogert, A.J., Barnveld, A. 1990 

Quantification of skin displacement in the proximal parts of 
the limbs of the walking horse 

Van Weeren, P.R., Van Den 
Bogert, A.J., Barnveld, A. 1990 

The role of the reciprocal apparatus in the hind limb of the 
horse investigated by a modified CODA-3 opto-electronic 
kinematic analysis system 

Busch, N.A., Ranu, H.S., 
Silver, I.A. 1991 On the classification of equine force traces 
Williams, R.B., Clark, C.G., 
Young, S.S. 1991 

Technique for continuous stride analysis of horses 
exercising on a treadmill 

Herring, L., Thompson, K.N., 
Jarrent, S. 1992 

Defining Normal 3-Dimesional kinematics of the lower 
forelimb in horses 

Van Weeren, P.R., Jansen, 
M.O., Van Den Bogert, A.J., 
Barnveld, A. 1992 

A kinematic and strain gauge study of the reciprocal 
apparatus in the equine hind limb 

Back, W., Barneveld, A., Van 
Weeren, P.R., 
Vandenbogert, A.J 1993 Kinematic Gait Analysis in Equine Carpal Lameness 
Barrey, E., Galloux, P., 
Valette, J.P., Auvinet, B., 
Wolter, R. 1993 

Stride Characteristics of Overground versus Treadmill 
Locomotion in the Saddle Horse 

Clayton H.M. 1993 
The Extended Canter: A Comparison of Some Kinematic 
Variables in Horses Trained for Dressage and for Racing 

Colahan, P., Lindsey, E., 
Nunier, C. 1993 

Determination of the center of pressure of the hooves of the 
forelimbs of horses standing on a flat level surface 
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Deuel, N.R., Park, J. 1993 Gallop Kinematics of Olympic Three-Day event horses 
Drevemo, S., Roepstorff, L., 
Kallings, P., Johnston, C. J. 1993 Application of TrackEye® in Equine Locomotion Research 
Holestrom, M., Fredricson,I., 
Drevemo, S. 1993 

Biokinematic analysis of the Swedish Warmblood riding 
horse in trot 

Jansen, M.O., Vanbuiten, 
A.,Van den Bogert, A.J., 
Schamhardt, H.C. 1993 

Strain of the Musculus Interosseusedius and its rami-
extensorii in the horse, deduced from in-vivo kinematics 

Ratzlaff, M.H., Wilson, P.D., 
Hyde, M.L., Balch, O.K., 
Grant, B.D. 1993 

Relationship between locomotor forces, hoof position and 
joint motion during the support phase of the stride of 
galloping horses 

Attenburrow D.P., Goss V.A. 1994 
The mechanical coupling of lung ventilation to locomotion in 
the horse 

Buchner, H.H., Savelberg, 
H.H., Schamhardt, H.C., 
Merkens, H.W., Barneveld, 
A. 1994 

Kinematics of treadmill versus overground locomotion in 
horses 

Clayton H.M. 1994 
Comparison of the stride kinematics of the collected, 
working, medium and extended trot in horses  

Hjertén, G., Drevemo, S. 1994 Semi-quantitative analysis of hoof-strike in the horse  
Back W., Schamhardt H.C., 
Hartman W, Barneveld A. 1995 

Kinematic Differences between the Distal portions of the 
forelimbs and hindlimbs of horses in trot 

Back, W., Schamhardt, H.C. 1995 
How the horse moves: 1. Significance of graphical 
representations of equine forelimb kinematics 

Back, W., Schamhardt, H.C. 1995 
How the horse moves: 2. Significance of graphical 
representations of equine hind limb kinematics 

Back, W., Schamhardt, H.C., 
Hartman, W., Bruin, G., 
Barneveld, A. 1995 

Predictive value of foal kinematics for the locomotor 
performance of adult horses 

Buchner, H.H., Savelberg, 
H.H., Schamhardt, H.C., 
Barneveld, A. 1995 Bilateral lameness in Horses -- a kinematic study 

Clayton H.M. 1995 
Comparison of the collected, medium and extended walks 
in horses 

Clayton H.M., Bradbury, J.W. 1995 
Temporal Characteristics of the fox-trot, a symmetrical 
equine gait 

Holestrom, M., Fredricson,I., 
Drevemo, S. 1995 

Biokinematic effects of collection on the trotting gaits in elite 
dressage horses  

Moore, D.P., Deuel, N.R., 
Drevemo, S., vandenBogert, 
A.J. 1995 

Kinematic analysis of world championship 3D event horses 
jumping a cross-country drop fence 

Back W., Schamhardt H.C., 
Barneveld A. 1996 

Are kinematics of the walk related to the locomotion of a 
warmblood horse at the trot? 

Back W., Schamhardt H.C., 
Barneveld A. 1996 

The influence of confirmation on fore and hind limb 
kinematics of the trotting Dutch Warmblood Horse 

Bucnher H.H.F, Savelberg, 
H.H.C.M., Becker, C.K. 1996 

Load redistribution after desmotomy of the accessory 
ligament of the deep digital flexor tendon in adult horses 

Bucnher H.H.F, Savelberg, 
H.H.C.M., Schamhardt, H.C., 
Barnveld, A. 1996 

Head and trunk movement adaptations in horses with 
experimentally induced fore- or hindlimb lameness 

Bucnher H.H.F, Savelberg, 
H.H.C.M., Schamhardt, H.C., 
Barnveld, A. 1996 

Limb movement adaptations in horses with experimentally 
induced fore- or hindlimb lameness 

Galisteo, A.M., Cano, M.R., 
Miro, F., Vivo, J., Morales, 
J.L., Aguera, E. 1996 

Angular joint parameters in the Andalusian horse at walk, 
obtained by normal videography 

Keg, P.R., Schamhardt, H.C., 
Van Weeren, P.R., Barnveld, 
A.  1996 

The effect of diagnostic regional nerve blocks in the fore 
limb on the locomotion of clinically sound horses 

Miro, F., Morales, J.L., 
Garcia-Parma, G., Gailsteo, 
A.M. 1996 

Collection in the passage and piaffe of Spanish Purebred 
Horse. A preliminary report 
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Van Oldruitenborgh-
Oosterbaan,M.M.S., 
Barneveld, A., Schamhardt, 
H.C. 1996 

Kinematics of unmounted and mounted horses at walk 
before and after treadmill exercise 

Willemen, M.A., Savelberg, 
H.H.C.M., Jacobs, M.W.H., 
Barnveld, A. 1996 Biomechanical effects of rocker-toed shoes in sound horses 
Colborne, G.R., Lanovaz, 
J.L., Sprigings, E.J., 
Schamhardt, H.C., Clayton, 
H.M 1997 

Joint moments and power in equine gait: a preliminary 
study 

Degurgence, C., Pourcelot, 
P., Audigie, F., Denoix, J.M., 
Geiger, D. 1997 Variability of the limb joint patterns of sound horses at trot 

Keg, P.R., Van Weeren, 
P.R., Back, W., Barnveld, A. 1997 

Influence of the force applied and its period of application 
on the outcome of the flexion test of the distal forelimb of 
the horse 

Pourcelot, P., Audigié, F., 
Degueurce, C., Denoix, 
J.M.,Geiger, D. 1997 

Kinematic Symmetry Index: A method for quantifying the 
horse locomotion symmetry using kinematic data 

Pourcelot, P., Degueurce, C., 
Audigié, F., Denoix, 
J.M.,Geiger, D. 1997 

Kinematic analysis of the locomotion symmetry of sound 
horses at a slow trot 

Savelberg, H.H., Van Loon, 
T., Schamhardt, H.C. 1997 

Ground reaction forces in horses, assessed from hoof wall 
deformation using artificial neural networks 

Savelberg,H.H., Buchner, 
H.H., Becker, C.K. 1997 

Recovery of equine forelimb function after desmotomy of 
the accessory ligament of the deep digital flexor tendon 

Sloet van O.O., Barnveld, A., 
Schamardt, H.C. 1997 

Effects of treadmill inclination on kinematics of the trot in 
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A.2. Interview guide: Chapter 4 & 5 

 

Section 1: Descriptive Questions 

1. Roughly how many years have you been involved in equine athletes?  

2.  What roles have you held within the equine industry? 

Probe: rider (sponsored?), groom, healthcare, management 

3. What is the highest level you’ve competed/been involved? 

Professional or amateur, how many stars/management 

Section 2: The Analysis Process 

1. When analysing a horse’s gait/movement, where do you start and what 

process do you follow?  

Probe: reflecting on your own practice  

Probe: How do you prioritise? i.e. something that is addressed 1st, 2nd, 3rd, 

etc. 

Probe: Would that be the same for every horse? 

2. How would you decide the horses’ way of going is optimal for 

performance/competition? 

Probe: Optimal/better performance 

Section 3: Personal Experiences 

1. Can you recall a time when you were watching a horse move & noticed 

something wasn’t normal? 

Probe: What caught your eye? 

2. What kind of behaviours do you associate with fatigue? 

Probe: How did you come to that decision; did it emerge through movement? 

3. What kind of behaviours do you associate with pain? 

Probe: How did you come to that decision; did it emerge through movement? 

Section 4: Specific gait characteristics (Examples of question around the key 

topics) 

There are certain key characteristics of the equine athlete which facilitate optimal 

performance, I’ve selected a few:  
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Conformation 

1. How do you feel confirmation is related to equine performance? 

Probe: How does a confirmation issue affect performance? Movement  

Probe: Run through the sequence of how performance is affected? 

2. If a horse presented with conformational problems, what course of action 

would you take? 

Probe: Please give specific examples 

Probe: Do any horses compete well with unconventional confirmation? 

Shoeing 

1. How do find shoeing can affect performance? (movement specific) 

Probe: How do differences in shoe type/methods enhance/impair 

performance? 

2. Would you change shoes depending on competition/special purpose? 

Probe: Please give specific examples 

Stride Characteristics/Mechanics 

1. What characteristics do you think are (i) most (ii) least important, for 

performance? 

Probe: Stride length, Knee action, hoof ground clearance, symmetry, etc.… 

2. How do you feel stride affects equine athlete performance? 

Probe: How does this Differ across disciplines; can you give any examples? 

3. Are there any situations where a horse may have poor stride characteristics 

and you would choose not to change it? 

Probe: Do any horses perform well with unconventional stride 

characteristics/mechanics? 

Section 5: Implementation of Scientific Research 

1. Do you use the term/are you familiar with the term biomechanics? 

2. Have experienced working with a movement analysis specialist? 

Probe: How did you find it? 

Probe: Was it a useful? 

3. Are you aware of technologies that could assist you in assessing a horse 

movement? 

Probe: Video, treadmill, etc 
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4. Which of these do/did you feel like you can get/got the most useful information 

from? 

Probe: Not the most but the most useful (probe on information you can get: 

stride length, times, movement & speed consistency) 

5.  What reasons would you give for not using existing technologies? 

6. What do you want these technologies to tell you? 

7. What technology would you like to use? 

8. Why are you not using it currently? 

Probe: what is stopping you from using it 

9. Do any other reasons exist that would (i) prevent (ii) persuade you to use 

certain technology? 

Probe: Barriers/Opportunities 

Probe: Please give specific examples 

10.  If you wanted to ask a researcher a question what would it be? 

Is there anything else that you feel is relevant that we have not discussed? 
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A.3. Behavioural outcome data: Chapter 7 

 

Legend:  

• H1 – H7 indicates horses’ 1 – 7.  

• 0-2, 2-4 etc indicate the grouped timepoints  

• Size: Number of subjects sampled 

• An Alpha value of 0.05 was used to calculate the student-t confidence interval 

• SD: standard deviation 

• CI: Students-T confidence interval  

 

Average percentage of time spent eating  

 0-2 2-4 6-8 10-12 24 72 168 

H1 11.93% 55.55% 81.26% 45.29% 52.46% 45.14% 34.72% 

H2 8.36% 58.32% 87.91% 39.59% 47.35% 55.34% 46.41% 

H3 69.79% 47.06% 54.62% 29.43% 41.74% 42.01% 41.30% 

H4 4.08% 61.13% 63.24% 81.11% 46.30% 57.23% 38.73% 

H5 60.48% 65.15% 79.40% 12.26% 60.15% 73.30% 37.86% 

H6 44.71% 35.01% 72.45% 60.25% 47.15% 72.61% 44.22% 

H7 38.95% 23.99% 36.92% 98.43% 47.67% 54.28% 57.96% 

Average 34.04% 49.46% 67.97% 52.34% 48.97% 57.13% 43.03% 

alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

size 7 7 7 7 7 7 7 

SD 26.33% 15.06% 17.75% 29.88% 5.83% 12.14% 7.67% 

CI 19.51% 11.16% 13.15% 22.14% 4.32% 9.00% 5.68% 

        

        
Average percentage of time spent in walking type (locomotor) activity 

  0-2 2-4 6-8 10-12 24 72 168 

H1 2.84% 4.06% 1.93% 1.84% 2.80% 1.10% 1.56% 

H2 17.51% 4.63% 1.47% 2.81% 7.75% 4.98% 5.29% 

H3 1.35% 5.12% 3.60% 0.98% 5.26% 4.68% 8.47% 

H4 3.70% 0.70% 1.89% 0.72% 3.44% 2.96% 1.94% 

H5 8.38% 1.32% 0.93% 2.23% 3.48% 5.35% 3.07% 

H6 17.22% 6.83% 7.00% 2.11% 6.14% 6.60% 11.80% 

H7 0.00% 1.86% 0.77% 1.57% 1.78% 3.02% 2.40% 

Average 7.29% 3.50% 2.51% 1.75% 4.38% 4.10% 4.93% 

alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

size 7 7 7 7 7 7 7 

SD 7.37% 2.26% 2.19% 0.73% 2.09% 1.85% 3.87% 

CI 5.46% 1.67% 1.62% 0.54% 1.55% 1.37% 2.87% 
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Average percentage of time displaying pain indices 

  0-2 2-4 6-8 10-12 24 72 168 

H1 0.00% 0.00% 0.00% 23.86% 0.16% 0.13% 0.56% 

H2 0.31% 0.00% 0.00% 0.00% 0.05% 0.00% 0.08% 

H3 0.38% 0.67% 0.35% 0.35% 0.26% 0.32% 0.34% 

H4 0.11% 4.66% 2.19% 2.66% 0.10% 0.31% 0.13% 

H5 0.00% 0.00% 0.00% 0.00% 0.00% 0.11% 0.04% 

H6 0.00% 0.24% 0.13% 0.00% 0.02% 0.01% 0.00% 

H7 0.05% 0.67% 0.00% 0.00% 0.22% 0.35% 0.15% 

Average 0.12% 0.89% 0.38% 3.84% 0.12% 0.18% 0.19% 

alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

size 7 7 7 7 7 7 7 

SD 0.16% 1.69% 0.81% 8.88% 0.10% 0.15% 0.20% 

CI 0.12% 1.25% 0.60% 6.58% 0.08% 0.11% 0.15% 

        

Average number of behaviour changes (behavioural variability)  

  0-2 2-4 6-8 10-12 24 72 168 

H1 25.00 44.50 27.50 52.00 34.20 32.00 43.75 

H2 110.00 68.00 65.50 57.00 87.50 53.25 76.00 

H3 62.00 106.00 96.00 36.00 56.40 54.50 115.00 

H4 39.00 35.50 41.50 22.50 47.40 80.33 51.00 

H5 64.00 64.00 44.00 10.00 50.25 80.00 39.00 

H6 93.00 74.00 76.00 40.00 39.80 73.67 111.33 

H7 36.00 47.00 19.00 8.00 48.67 98.33 50.67 

Average 61.29 62.71 52.79 32.21 52.03 67.44 69.54 

alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

size 7 7 7 7 7 7 7 

SD 31.20 23.63 27.55 19.39 17.23 22.14 32.02 

CI 23.11 17.50 20.41 14.36 12.76 16.40 23.72 
 

Average percentage of time spent in non-walking activity  

  0-2 2-4 6-8 10-12 24 72 168 

H1 85.23% 37.31% 15.42% 2.65% 31.72% 34.53% 29.33% 

H2 30.11% 2.84% 1.14% 52.00% 8.51% 12.88% 3.18% 

H3 28.48% 28.74% 10.15% 63.00% 32.88% 43.96% 26.33% 

H4 91.92% 31.63% 31.92% 12.87% 49.41% 39.38% 52.41% 

H5 30.52% 19.65% 19.46% 61.64% 26.71% 19.59% 31.58% 

H6 37.13% 36.61% 17.88% 12.15% 39.73% 20.34% 26.16% 

H7 2.73% 0.00% 0.32% 0.00% 9.12% 15.65% 5.41% 

Average 43.73% 22.40% 13.76% 29.19% 28.30% 26.62% 24.92% 

alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

size 7 7 7 7 7 7 7 

SD 32.56% 15.50% 11.07% 28.37% 15.12% 12.41% 16.71% 

CI 24.12% 11.48% 8.20% 21.02% 11.20% 9.19% 12.38% 
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Average percentage of time spent in quiet standing 

  0-2 2-4 6-8 10-12 24 72 168 

H1 0.00% 3.08% 1.39% 9.84% 12.64% 18.99% 28.92% 

H2 43.70% 33.72% 6.23% 4.49% 35.74% 26.74% 35.36% 

H3 0.00% 13.94% 23.63% 3.12% 12.41% 8.60% 18.33% 

H4 0.00% 1.87% 0.67% 2.65% 0.49% 0.12% 6.79% 

H5 0.28% 13.84% 0.12% 0.00% 9.63% 1.00% 27.44% 

H6 0.94% 21.31% 0.61% 8.02% 6.36% 0.34% 17.70% 

H7 58.27% 71.84% 61.99% 0.00% 40.76% 26.58% 33.94% 

Average 14.74% 22.80% 13.52% 4.02% 16.86% 11.77% 24.07% 

alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

size 7 7 7 7 7 7 7 

SD 25.12% 24.19% 22.96% 3.76% 15.25% 12.16% 10.26% 

CI 18.61% 17.92% 17.01% 2.79% 11.30% 9.01% 7.60% 

        

        
Average percentage of time spent in standing agitation 

  0-2 2-4 6-8 10-12 24 72 168 

H1 0.00% 0.00% 0.00% 16.52% 0.22% 0.00% 4.87% 

H2 0.00% 0.48% 3.19% 1.12% 0.56% 0.00% 9.60% 

H3 0.00% 4.46% 7.59% 3.12% 7.46% 0.43% 5.22% 

H4 0.00% 0.00% 0.00% 0.00% 0.25% 0.00% 0.00% 

H5 0.34% 0.00% 0.00% 23.88% 0.00% 0.65% 0.00% 

H6 0.00% 0.00% 1.74% 17.47% 0.48% 0.05% 0.12% 

H7 0.00% 1.63% 0.00% 0.00% 0.44% 0.08% 0.14% 

Average 0.05% 0.94% 1.79% 8.87% 1.34% 0.17% 2.85% 

alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

size 7 7 7 7 7 7 7 

SD 0.13% 1.66% 2.84% 10.07% 2.70% 0.26% 3.79% 

CI 0.09% 1.23% 2.11% 7.46% 2.00% 0.19% 2.81% 
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A.4. Kinematic temporal and variability data: Chapter 8 

 

Legend:  

H1 – H7 indicates horses’ 1 – 7.  0-2, 2-4 etc indicate the grouped timepoints. SD: 

standard deviation 

A.4.1. Temporal parameters: raw walk data 

 

 

 
 

Left limb stride time (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 1086.53 1066.22 1137.58 1137.50 1146.06 1135.28 1144.77 

H2 1126.71 1113.94 1149.27 1211.22 1196.00 1131.21 1147.06 

H3 1180.04 1193.93 1216.82 1241.27 1098.49 1189.80 1208.89 

H5 1049.30 1188.64 1181.87 1162.02 1128.69 1114.60 1085.27 

H6 1128.38 1170.45 1162.01 1198.09 1202.54 1158.98 1145.25 

H7 1090.80 1184.88 1244.86 1175.85 1163.17 1126.13 1129.98 

Average 1110.29 1153.01 1182.07 1187.66 1155.82 1142.67 1143.54 

SD 41.08 47.12 37.88 33.79 36.44 24.95 36.21 

Left limb stance time (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 635.89 614.53 689.80 677.27 680.17 664.77 676.00 

H2 665.10 677.42 710.00 765.07 713.16 670.10 690.38 

H3 713.02 703.64 711.84 732.28 662.10 697.51 733.28 

H5 611.80 714.25 709.60 693.87 672.08 629.35 632.27 

H6 678.78 711.56 706.21 722.36 688.83 688.14 683.02 

H7 659.56 743.45 809.40 755.12 726.79 696.41 692.45 

Average 660.69 694.14 722.81 724.33 690.52 674.38 684.57 

SD 31.86 40.51 39.42 31.14 22.68 23.62 29.66 

 

Left limb stride frequency (per min) 

 0 2-4 6-8 10-12 24 72 168 

H1 42.62 44.33 41.58 41.78 41.24 40.61 40.13 

H2 41.91 43.41 42.91 40.40 37.90 43.24 39.94 

H3 39.75 39.01 39.96 39.60 45.02 39.61 38.48 

H5 45.95 39.23 40.71 41.34 41.33 42.19 42.72 

H6 41.41 39.97 42.81 39.23 41.84 40.68 42.35 

H7 42.97 40.10 38.60 40.71 42.41 43.60 42.57 

Average 42.43 41.01 41.10 40.51 41.62 41.65 41.03 

SD 1.88 2.08 1.53 0.90 2.09 1.46 1.60 
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Right limb stride time (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 1078.65 1076.05 1135.21 1136.33 1162.05 1147.34 1146.37 

H2 1124.43 1113.04 1148.96 1220.58 1200.59 1113.39 1130.99 

H3 1218.11 1213.50 1211.00 1204.07 1282.97 1186.70 1208.25 

H5 1129.84 1229.42 1275.12 1226.16 1187.03 1140.58 1134.11 

H6 1138.06 1174.64 1167.73 1195.83 1204.50 1164.27 1153.03 

H7 1113.66 1182.54 1250.54 1138.52 1158.97 1125.89 1127.46 

Average 1133.79 1164.86 1198.09 1186.91 1199.35 1146.36 1150.03 

SD 42.18 54.03 51.87 36.40 41.22 24.11 27.50 

 

 

Right limb stance time (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 635.87 643.36 672.31 679.02 677.06 675.33 678.17 

H2 656.62 660.43 689.99 774.51 749.20 640.45 682.75 

H3 733.57 726.72 750.23 747.58 827.22 701.09 744.46 

H5 657.50 721.81 746.27 717.60 682.04 653.05 657.85 

H6 697.56 728.49 757.32 744.58 729.01 694.01 693.19 

H7 684.50 734.31 767.85 696.64 721.70 638.26 678.64 

Average 677.60 702.52 730.66 726.65 731.04 667.03 689.18 

SD 32.05 36.32 36.01 32.41 49.98 24.79 26.85 

 

 

Right limb stride frequency (per min) 

 0 2-4 6-8 10-12 24 72 168 

H1 43.28 43.70 42.58 41.90 41.79 41.23 37.88 

H2 42.44 43.71 42.92 40.11 38.47 44.43 41.11 

H3 41.63 41.04 39.28 41.21 38.52 38.96 38.11 

H5 38.13 39.14 38.01 38.55 39.02 40.92 40.44 

H6 40.32 40.26 42.03 39.65 39.48 40.07 42.40 

H7 42.07 39.73 38.97 43.31 42.45 43.23 43.33 

Average 41.31 41.26 40.63 40.79 39.96 41.47 40.54 

SD 1.68 1.82 1.94 1.55 1.58 1.85 2.02 
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A.4.2. Temporal parameters: raw trot data 

 

Left limb stride time (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 626.39 625.29 648.77 680.95 671.61 656.41 670.82 

H2 680.06 594.38 592.31 642.85 663.84 626.15 638.43 

H3 684.70 664.04 676.86 667.02 686.04 673.78 660.79 

H5 654.82 639.97 679.13 620.47 689.31 676.49 593.92 

H6 671.55 592.26 610.75 684.26 627.90 664.19 609.56 

H7 614.33 595.17 646.19 661.76 623.68 601.60 606.69 

Average 655.31 618.52 642.34 659.55 660.40 649.77 630.03 

SD 26.63 27.07 31.89 22.12 25.93 27.15 28.72 

 

 

Left limb stance time (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 329.59 316.98 302.44 349.77 315.93 332.09 321.33 

H2 362.42 286.60 302.37 338.59 295.65 268.32 276.51 

H3 311.25 300.34 333.86 346.23 326.67 323.81 327.36 

H5 334.35 320.32 382.58 348.13 337.51 306.92 292.82 

H6 314.17 273.81 272.01 351.47 278.56 281.59 262.71 

H7 290.72 287.05 333.35 336.58 323.70 279.83 269.35 

Average 323.75 297.52 321.10 345.13 313.00 298.76 291.68 

SD 22.29 16.82 34.64 5.60 19.99 23.75 24.90 

 

 

Left limb stride frequency (per min) 

 0 2-4 6-8 10-12 24 72 168 

H1 67.99 73.80 68.88 64.62 63.70 66.10 67.25 

H2 51.46 65.93 57.65 68.73 73.69 75.91 72.88 

H3 62.64 65.53 65.86 63.76 69.22 60.24 65.61 

H5 60.93 56.35 55.98 47.20 66.14 46.79 49.28 

H6 60.14 66.44 64.42 60.81 59.08 61.96 58.72 

H7 58.66 70.42 54.20 51.59 69.02 67.55 66.88 

Average 60.30 66.41 61.17 59.45 66.81 63.09 63.44 

SD 4.93 5.37 5.48 7.58 4.62 8.84 7.56 
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Right limb stride time (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 665.28 649.64 680.26 681.08 657.75 652.49 670.57 

H2 693.37 627.94 637.20 654.79 657.59 648.98 614.09 

H3 646.25 698.33 620.38 668.00 698.56 673.43 623.72 

H5 583.89 672.18 671.61 693.23 689.56 635.22 659.73 

H6 570.91 653.36 630.99 691.08 621.39 661.77 531.59 

H7 588.67 633.85 633.08 652.15 606.73 579.14 607.66 

Average 624.73 655.88 645.59 673.39 655.26 641.84 617.89 

SD 45.98 23.73 22.19 16.29 33.08 30.37 44.96 

 

 

Right limb stance time (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 321.74 318.22 359.80 352.89 316.54 332.16 325.35 

H2 364.54 314.58 325.97 344.71 291.25 315.21 288.92 

H3 258.33 300.11 265.79 307.71 385.16 307.42 300.46 

H5 355.43 404.21 378.90 363.44 365.10 309.54 350.50 

H6 286.85 314.64 288.47 376.33 314.75 353.13 265.08 

H7 295.77 311.26 323.50 321.11 333.46 245.86 267.24 

Average 313.78 327.17 323.74 344.37 334.38 310.55 299.59 

SD 37.63 34.92 38.62 23.61 31.85 32.91 30.57 

 

 

Right limb stride frequency (per min) 

 0 2-4 6-8 10-12 24 72 168 

H1 67.85 68.28 62.76 68.96 62.36 69.96 65.43 

H2 55.44 65.10 63.12 71.57 74.28 63.57 71.65 

H3 46.35 61.99 69.32 73.23 64.79 63.65 52.09 

H5 58.02 55.84 55.64 64.94 60.21 60.27 52.09 

H6 64.94 63.23 63.07 61.70 70.41 51.61 61.14 

H7 63.19 65.65 48.32 62.85 73.80 66.50 70.32 

Average 59.30 63.35 60.37 67.21 67.64 62.59 62.12 

SD 7.12 3.89 6.69 4.34 5.49 5.74 7.86 
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A.4.3. Temporal parameters: walk magnitude of change data 

 

Left limb stride time MOC (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 32.62 51.05 50.98 59.53 48.75 58.25 

H2 0 19.57 22.56 84.51 69.29 4.51 20.36 

H3 0 13.90 36.79 61.23 81.55 9.76 28.85 

H5 0 139.34 132.57 112.72 79.39 65.29 35.96 

H6 0 42.07 33.64 69.72 74.16 30.61 16.87 

H7 0 94.08 154.06 85.05 72.37 35.33 39.18 

Average 0 56.93 71.78 77.37 72.71 32.38 33.24 

SD 0 45.15 51.63 19.90 7.19 21.02 13.67 

 

 

Left limb stance time MOC (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 23.62 53.91 41.39 44.29 28.89 40.12 

H2 0 23.64 44.90 99.97 48.06 5.00 25.28 

H3 0 9.38 10.86 19.26 50.92 15.51 20.26 

H5 0 102.45 97.80 82.07 60.28 17.55 20.47 

H6 0 35.20 27.43 43.59 10.05 9.36 4.24 

H7 0 83.89 149.84 95.56 67.23 36.85 32.89 

Average 0 46.36 64.12 63.64 46.81 18.86 23.88 

SD 0 34.35 46.79 30.40 18.14 10.95 11.23 

 

 

Left limb stride frequency MOC (per min) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 1.72 1.04 0.84 1.38 2.01 2.49 

H2 0 1.50 1.00 1.51 4.01 1.33 1.97 

H3 0 0.74 0.21 0.15 5.27 0.14 1.27 

H5 0 6.72 5.23 4.61 4.62 3.76 3.23 

H6 0 1.43 1.40 2.18 0.43 0.73 0.94 

H7 0 2.88 4.37 2.26 0.56 0.63 0.40 

Average 0 2.50 2.21 1.92 2.71 1.43 1.71 

SD 0 1.99 1.89 1.41 1.98 1.20 0.96 
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Right limb stride time MOC (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 22.66 56.56 57.68 83.39 68.69 67.72 

H2 0 22.10 24.53 96.15 76.16 11.04 6.56 

H3 0 4.61 7.11 20.16 64.86 31.41 9.87 

H5 0 135.58 145.28 96.32 57.19 10.74 4.27 

H6 0 36.58 29.68 57.78 66.44 26.22 14.98 

H7 0 68.88 136.88 95.17 45.31 12.23 13.80 

Average 0 48.40 66.67 70.54 65.56 26.72 19.53 

SD 0 43.65 54.63 28.26 12.33 20.39 21.87 

 

 

Right limb stance time MOC (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 8.16 36.44 43.15 41.19 39.46 42.30 

H2 0 15.02 33.38 117.89 92.59 16.17 26.14 

H3 0 21.34 16.66 14.01 93.65 32.49 10.89 

H5 0 100.36 88.76 60.09 24.54 4.45 0.35 

H6 0 30.93 59.76 47.02 31.45 3.55 4.37 

H7 0 49.80 83.34 79.61 37.19 46.24 5.86 

Average 0 37.60 53.06 60.30 53.44 23.73 14.98 

SD 0 31.02 26.54 32.41 28.52 16.67 14.71 

 

 

Right limb stride frequency MOC (per min) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.42 0.69 1.38 1.49 2.05 5.40 

H2 0 1.26 0.47 2.33 3.97 1.99 1.33 

H3 0 0.59 2.34 0.42 3.11 2.66 3.51 

H5 0 1.00 0.13 0.42 0.89 2.79 2.30 

H6 0 0.06 1.72 0.66 0.84 0.25 2.08 

H7 0 2.33 3.10 1.24 0.39 1.16 1.26 

Average 0 0.94 1.41 1.08 1.78 1.82 2.65 

SD 0 0.73 1.07 0.67 1.31 0.88 1.44 
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A.4.4. Temporal parameters: trot magnitude of change data 

 

Left limb stride time MOC (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 24.62 37.56 54.56 45.22 30.02 44.43 

H2 0 85.68 87.75 37.21 16.23 53.92 41.63 

H3 0 20.66 7.83 17.68 1.35 10.92 23.91 

H5 0 14.85 24.31 45.62 34.48 21.67 60.90 

H6 0 79.29 60.79 14.58 43.65 7.35 61.98 

H7 0 19.17 31.86 47.43 9.35 12.74 7.65 

Average 0 40.71 41.68 36.18 25.05 22.77 40.08 

SD 0 29.73 25.98 15.07 16.97 15.83 19.36 

 

 

Left limb stance time MOC (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 12.61 34.52 20.18 13.67 2.49 8.26 

H2 0 75.82 60.05 26.39 66.77 94.10 85.91 

H3 0 10.91 22.61 34.98 15.42 12.56 16.11 

H5 0 22.68 48.23 23.23 3.15 27.43 41.54 

H6 0 40.36 42.15 42.24 35.61 32.58 51.46 

H7 0 3.88 42.63 45.86 32.98 10.89 21.37 

Average 0 27.71 41.70 32.15 27.93 30.01 37.44 

SD 0 24.42 11.52 9.61 20.68 30.41 26.23 

 

 

Left limb stride frequency MOC (per min) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 5.81 0.90 3.37 4.29 1.88 0.74 

H2 0 14.47 6.19 17.27 22.23 24.45 21.42 

H3 0 2.89 3.22 1.12 6.58 2.40 2.97 

H5 0 4.57 4.95 13.72 5.22 14.14 11.64 

H6 0 6.29 4.27 0.67 1.07 1.81 1.43 

H7 0 11.76 4.46 7.07 10.36 8.89 8.22 

Average 0 7.63 4.00 7.20 8.29 8.93 7.74 

SD 0 4.10 1.64 6.30 6.82 8.28 7.24 
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Right limb stride time MOC (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 15.63 14.98 15.80 7.53 12.79 5.29 

H2 0 65.43 56.17 38.57 35.77 44.39 79.27 

H3 0 52.08 25.87 21.75 52.31 27.18 22.53 

H5 0 88.29 87.72 109.34 105.67 51.33 75.84 

H6 0 82.45 60.08 120.17 50.48 90.86 39.32 

H7 0 45.19 44.41 63.48 18.06 9.53 19.00 

Average 0 58.18 48.21 61.52 44.97 39.35 40.21 

SD 0 24.37 23.75 40.68 31.57 27.59 28.22 

 

 

Right limb stance time MOC (ms) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 10.74 38.06 31.15 5.20 10.42 3.61 

H2 0 49.96 38.57 19.82 73.29 49.33 75.62 

H3 0 41.78 7.79 49.37 126.83 49.09 42.12 

H5 0 48.78 56.26 8.01 9.67 45.89 4.93 

H6 0 27.79 12.22 89.49 27.90 66.29 21.76 

H7 0 15.49 35.25 25.34 37.69 49.90 28.53 

Average 0 32.42 31.36 37.20 46.76 45.15 29.43 

SD 0 15.50 16.60 26.50 42.14 16.88 24.57 

 

 

Right limb stride frequency MOC (per min) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.43 5.09 1.11 5.49 2.11 2.42 

H2 0 9.65 7.67 16.12 18.83 8.12 16.20 

H3 0 15.64 22.96 26.88 18.44 17.29 5.74 

H5 0 2.18 2.38 6.92 2.19 2.25 5.93 

H6 0 1.72 1.87 3.24 5.47 13.34 3.80 

H7 0 2.46 14.87 0.34 10.61 3.31 7.13 

Average 0 5.35 9.14 9.10 10.17 7.74 6.87 

SD 0 5.48 7.54 9.53 6.47 5.83 4.45 
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A.4.5. Variability parameters: walk magnitude of change data 

 

Left limb root mean squared MOC (m/s^2) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.54 0.14 0.79 0.41 1.20 1.41 

H2 0 0.99 0.75 0.30 2.10 0.46 0.83 

H3 0 0.55 0.67 1.37 1.69 0.07 0.60 

H5 0 0.39 0.69 0.61 2.07 0.88 0.67 

H6 0 1.35 0.55 1.19 2.30 1.87 0.59 

H7 0 0.68 0.61 0.27 1.83 1.41 0.65 

Average 0 0.75 0.57 0.76 1.73 0.98 0.79 

SD 0 0.32 0.20 0.41 0.62 0.60 0.29 

 

 

Left limb standard deviation of acceleration MOC 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.37 0.05 0.46 0.05 0.78 0.87 

H2 0 0.82 0.75 0.16 1.33 0.37 0.48 

H3 0 0.27 0.29 0.76 1.12 0.07 0.44 

H5 0 0.06 0.09 0.21 1.48 0.88 0.62 

H6 0 0.86 0.09 0.66 1.66 1.66 0.54 

H7 0 0.02 0.19 0.48 1.43 1.09 0.51 

Average 0 0.40 0.24 0.46 1.18 0.81 0.58 

SD 0 0.34 0.24 0.21 0.53 0.51 0.14 

 

 

Left limb coefficient of variation MOC 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.04 0.02 0.01 0.01 0.01 0.02 

H2 0 0.01 0.02 0.01 0.03 0.02 0.01 

H3 0 0.00 0.01 0.04 0.05 0.00 0.00 

H5 0 0.10 0.09 0.10 0.04 0.09 0.07 

H6 0 0.00 0.03 0.01 0.01 0.01 0.00 

H7 0 0.07 0.06 0.06 0.07 0.05 0.05 

Average 0 0.04 0.04 0.04 0.03 0.03 0.02 

SD 0 0.04 0.03 0.04 0.02 0.03 0.03 
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Right limb root mean squared MOC (m/s^2) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.35 0.41 1.13 2.09 1.72 1.60 

H2 0 1.25 0.95 0.40 2.40 0.02 0.49 

H3 0 0.05 0.40 0.53 1.15 2.09 1.45 

H5 0 1.44 2.66 1.49 1.26 1.13 0.15 

H6 0 0.72 0.47 0.37 0.65 0.50 0.00 

H7 0 1.17 2.22 0.90 1.85 0.74 0.51 

Average 0 0.83 1.19 0.80 1.57 1.03 0.70 

SD 0 0.50 0.92 0.41 0.60 0.70 0.61 

 

 

Right limb standard deviation of acceleration MOC 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.36 0.08 0.50 1.23 1.11 0.87 

H2 0 0.91 0.74 0.01 1.68 0.18 0.35 

H3 0 0.10 0.47 0.65 1.25 1.51 1.11 

H5 0 0.88 1.34 0.74 0.60 0.80 0.15 

H6 0 0.29 0.69 0.07 0.29 0.51 0.12 

H7 0 0.39 0.96 0.31 1.38 0.61 0.36 

Average 0 0.49 0.71 0.38 1.07 0.79 0.49 

SD 0 0.30 0.39 0.28 0.47 0.43 0.37 

 

 

Right limb coefficient of variation MOC 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.03 0.02 0.01 0.01 0.03 0.00 

H2 0 0.00 0.00 0.01 0.02 0.02 0.02 

H3 0 0.01 0.01 0.01 0.01 0.00 0.01 

H5 0 0.01 0.01 0.02 0.00 0.01 0.01 

H6 0 0.01 0.05 0.03 0.02 0.01 0.01 

H7 0 0.01 0.01 0.06 0.01 0.01 0.01 

Average 0 0.01 0.02 0.02 0.01 0.01 0.01 

SD 0 0.01 0.01 0.02 0.01 0.01 0.01 
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A.4.6. Variability parameters: trot magnitude of change 

 

Left limb root mean squared MOC (m/s^2) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.69 0.53 1.45 0.39 0.70 0.73 

H2 0 1.72 2.58 1.16 1.75 1.10 1.40 

H3 0 0.68 1.19 0.25 1.09 0.57 0.01 

H5 0 0.46 0.84 0.70 1.70 0.17 0.97 

H6 0 2.05 4.04 0.45 0.56 0.23 2.67 

H7 0 1.12 0.93 0.46 3.18 2.72 1.85 

Average 0 1.12 1.68 0.74 1.45 0.92 1.27 

SD 0 0.58 1.24 0.42 0.93 0.86 0.84 

 

 

Left limb standard deviation of acceleration MOC 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.38 0.80 0.38 0.19 0.36 0.17 

H2 0 0.74 1.39 0.91 1.16 0.49 0.73 

H3 0 0.21 0.78 0.34 0.82 0.18 0.04 

H5 0 0.64 0.94 0.50 1.29 0.52 0.19 

H6 0 1.49 1.91 0.04 0.28 0.20 1.40 

H7 0 1.22 1.64 0.92 2.16 1.78 1.23 

Average 0 0.78 1.24 0.52 0.98 0.59 0.63 

SD 0 0.45 0.44 0.31 0.67 0.55 0.53 

 

 

Left limb coefficient of variation MOC 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.05 0.01 0.01 0.05 0.01 0.03 

H2 0 0.11 0.06 0.09 0.04 0.01 0.06 

H3 0 0.04 0.09 0.12 0.04 0.08 0.12 

H5 0 0.06 0.01 0.07 0.02 0.01 0.03 

H6 0 0.01 0.01 0.03 0.10 0.05 0.10 

H7 0 0.06 0.02 0.01 0.02 0.03 0.02 

Average 0 0.06 0.03 0.06 0.05 0.03 0.06 

SD 0 0.03 0.03 0.04 0.03 0.02 0.04 
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Right limb root mean squared MOC (m/s^2) 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.62 0.39 1.05 1.47 0.87 1.22 

H2 0 2.34 3.26 1.56 0.41 1.32 3.73 

H3 0 0.16 0.45 0.70 1.43 2.36 2.05 

H5 0 1.40 1.88 0.80 0.78 0.33 1.53 

H6 0 1.61 4.51 0.03 0.23 1.26 1.92 

H7 0 0.04 0.30 1.18 3.45 2.42 1.60 

Average 0 1.03 1.80 0.89 1.29 1.43 2.01 

SD 0 0.83 1.61 0.47 1.07 0.75 0.81 

 

 

Right limb standard deviation of acceleration MOC 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.32 0.88 0.15 0.44 0.42 0.32 

H2 0 1.00 1.58 1.31 0.78 0.31 1.46 

H3 0 0.04 0.46 0.65 1.03 1.14 1.12 

H5 0 0.46 0.44 0.21 0.40 0.61 0.77 

H6 0 1.35 2.64 0.76 0.78 0.96 1.59 

H7 0 0.59 0.40 0.21 2.13 1.28 0.77 

Average 0 0.63 1.07 0.55 0.93 0.79 1.01 

SD 0 0.43 0.82 0.41 0.58 0.36 0.44 

 

 

Right limb coefficient of variation MOC 

 0 2-4 6-8 10-12 24 72 168 

H1 0 0.06 0.06 0.05 0.04 0.04 0.01 

H2 0 0.07 0.11 0.07 0.03 0.04 0.04 

H3 0 0.12 0.08 0.01 0.04 0.01 0.05 

H5 0 0.16 0.08 0.18 0.17 0.09 0.13 

H6 0 0.12 0.20 0.16 0.07 0.08 0.06 

H7 0 0.03 0.13 0.02 0.03 0.02 0.12 

Average 0 0.09 0.11 0.08 0.06 0.05 0.07 

SD 0 0.04 0.05 0.07 0.05 0.03 0.04 
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A.4.7. Stance duration expressed as a percentage of stride duration 

 

Figure 31. Walk: stance duration % 

 

Figure 32. Trot: stance duration % 

Figure 31. The average of walk stance duration as a percentage of stride duration plotted over the 
course of the experiment. The error bars detail the standard deviation of stride duration for each limb. 
Repeated measures ANOVA identified a significant main effect for time for both left (p = .048) and 
right (p = .009) limbs. The Huynh-Feldt adjustment was applied due to a violation of sphericity. There 
were no significant pairwise comparisons following the application of the Bonferroni adjustment for 
multiple comparisons.   

Figure 32. The average of trot stance duration as a percentage of stride duration plotted over the 
course of the experiment. The error bars detail the standard deviation of stride duration for each limb. 
Repeated measures ANOVA did not identify a significant main effect in either left (p = .058) or right (p 
= .735) limbs. The Huynh-Feldt adjustment was applied due to a violation of sphericity. 
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A.5. Withers maximum and minimum difference: Chapter 8 

 

Withers minimum difference trot (mm)  

 0 2-4 6-8 10-12 24 72 168 

H1 7.9 10.4 11.4 11.2 12.3 7.3 8.3 

H2 5.3 7.6 9.1 5.5 6.7 10.2 10.6 

H3 6.9 6.4 8.7 7.4 6.2 7.8 6.8 

H5 11.1 11.3 10.4 12.3 12.9 11.3 10.4 

H6 8.5 10.6 6.0 7.0 9.7 7.5 6.9 

H7 6.3 8.9 10.7 7.0 7.4 6.8 6.9 

Average 7.7 9.2 9.4 8.4 9.2 8.5 8.3 

SD 1.8 1.7 1.8 2.5 2.6 1.6 1.6 

 

Withers maximum difference trot (mm) 

 0 2-4 6-8 10-12 24 72 168 

H1 5.1 7.0 6.1 5.8 9.5 5.3 6.2 

H2 8.7 7.4 10.9 8.5 10.5 7.9 8.7 

H3 6.8 7.4 8.8 6.7 5.4 4.8 5.9 

H5 4.4 10.3 16.4 7.6 7.1 7.3 5.0 

H6 6.5 9.2 8.8 6.3 14.1 8.1 4.9 

H7 4.3 17.2 20.1 7.2 6.8 5.0 4.7 

Average 6.0 9.8 11.8 7.0 8.9 6.4 5.9 

SD 1.5 3.5 4.8 0.9 2.9 1.4 1.4 

 

Figure 33. WDmin and WDmax in trot 

Figure 33. The average values of the 6 included horses for WDmin and WDmax plotted over time with 
standard deviation error bars. Repeated measures ANOVA identified no significant main effect of time 
for change in WDmin (p = .489) or WDmax (p =.081). The Huynh-Feldt adjustment was applied due to 
a violation of sphericity.  
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A.6. Repeated measures ANOVA results for Inflammation makers: Chapter 9 

 

Repeated measures ANOVA: White blood cell count 

(I) Time Mean Difference (I-J) Std. Error Sig.b 

95% Confidence Interval for 
Differenceb 

Lower Bound Upper Bound 

0 8 -92.068* 12.986 0.004 -148.125 -36.010 

24 -28.112 7.522 0.097 -60.585 4.361 

72 -1.273 0.617 0.849 -3.938 1.392 

168 
-0.064 0.033 0.962 -0.205 0.077 

8 0 92.068* 12.986 0.004 36.010 148.125 

24 63.956 16.049 0.072 -5.326 133.238 

72 90.795* 13.180 0.005 33.898 147.692 

168 
92.004* 12.993 0.004 35.915 148.092 

24 0 28.112 7.522 0.097 -4.361 60.585 

8 -63.956 16.049 0.072 -133.238 5.326 

72 26.839 6.940 0.083 -3.120 56.799 

168 
28.048 7.496 0.096 -4.311 60.406 

72 0 
1.273 0.617 0.849 -1.392 3.938 

8 -90.795* 13.180 0.005 -147.692 -33.898 

24 -26.839 6.940 0.083 -56.799 3.120 

168 
1.208 0.593 0.876 -1.350 3.767 

168 0 
0.064 0.033 0.962 -0.077 0.205 

8 -92.004* 12.993 0.004 -148.092 -35.915 

24 -28.048 7.496 0.096 -60.406 4.311 

72 -1.208 0.593 0.876 -3.767 1.350 

White blood cell count of the 7 horses across the three trials, based on estimated marginal means. * 
The mean difference is significant at the .05 level. b = Bonferroni adjustment for multiple 
comparisons.  
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Repeated measures ANOVA: Total protein 

(I) Time Mean Difference (I-J) Std. Error Sig.b 

95% Confidence Interval for 
Differenceb 

Lower Bound Upper Bound 

0 8 -31.714* 3.519 0.001 -46.906 -16.523 

24 -24.857* 2.560 0.001 -35.908 -13.806 

72 -3.477 1.380 0.453 -9.434 2.480 

168 
-1.809 1.481 1.000 -8.201 4.584 

8 0 31.714* 3.519 0.001 16.523 46.906 

24 6.857 4.405 1.000 -12.157 25.871 

72 28.237* 3.349 0.002 13.779 42.695 

168 
29.906* 3.460 0.001 14.972 44.840 

24 0 24.857* 2.560 0.001 13.806 35.908 

8 -6.857 4.405 1.000 -25.871 12.157 

72 21.380* 1.905 0.000 13.157 29.603 

168 
23.049* 2.540 0.001 12.085 34.012 

72 0 
3.477 1.380 0.453 -2.480 9.434 

8 -28.237* 3.349 0.002 -42.695 -13.779 

24 -21.380* 1.905 0.000 -29.603 -13.157 

168 
1.669 0.813 0.861 -1.842 5.180 

168 0 
1.809 1.481 1.000 -4.584 8.201 

8 -29.906* 3.460 0.001 -44.840 -14.972 

24 -23.049* 2.540 0.001 -34.012 -12.085 

72 -1.669 0.813 0.861 -5.180 1.842 

Total protein count of the 7 horses across the three trials, based on estimated marginal means. * 
The mean difference is significant at the .05 level. b = Bonferroni adjustment for multiple 
comparisons.  
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Repeated measures ANOVA: change in carpal circumference 

(I) Time Mean Difference (I-J) Std. Error Sig.b 

95% Confidence Interval for 
Differenceb 

Lower 
Bound 

Upper 
Bound 

0 8 -.017* 0.003 0.010 -0.029 -0.005 

24 -.016* 0.002 0.002 -0.024 -0.007 

72 -0.004 0.002 0.781 -0.013 0.004 

168 
0.000 0.000   0.000 0.000 

8 0 .017* 0.003 0.010 0.005 0.029 

24 0.001 0.003 1.000 -0.013 0.016 

72 0.013 0.004 0.117 -0.003 0.028 

168 
.017* 0.003 0.010 0.005 0.029 

24 0 .016* 0.002 0.002 0.007 0.024 

8 -0.001 0.003 1.000 -0.016 0.013 

72 .011* 0.001 0.002 0.005 0.018 

168 
.016* 0.002 0.002 0.007 0.024 

72 0 
0.004 0.002 0.781 -0.004 0.013 

8 -0.013 0.004 0.117 -0.028 0.003 

24 -.011* 0.001 0.002 -0.018 -0.005 

168 
0.004 0.002 0.781 -0.004 0.013 

168 0 
0.000 0.000   0.000 0.000 

8 -.017* 0.003 0.010 -0.029 -0.005 

24 -.016* 0.002 0.002 -0.024 -0.007 

72 -0.004 0.002 0.781 -0.013 0.004 

Change in carpal circumference of the 7 horses across the three trials, based on estimated 
marginal means. * The mean difference is significant at the .05 level. b = Bonferroni adjustment for 
multiple comparisons.  
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A.7. Amplitude of displacement data: Chapter 9 

 

 

 

 

 

 

Cranio-caudal amplitude of displacement (mm)  

 0 2 4 6 8 10 12 24 72 (B)168 

H1 -47.14 -11.96 4.38 20.52  -12.34  -1.07 4.95 95.21 

H2 106.25 113.50 66.97 108.72 101.60 185.00 194.72 120.16 148.06 140.92 

H3  147.45 88.46 66.87 78.10 54.82  146.06 99.53 108.73 

H5 93.71  69.38 174.84 45.60   117.38 107.82 121.52 

H6 10.32  10.37   30.98 -2.26 8.37 0.40 125.88 

H7 100.93 94.19 166.92 164.09 106.69 91.55 165.79 132.59 112.07 116.99 

Average 52.81 85.79 67.75 107.01 83.00 70.00 119.42 87.25 78.80 118.21 

SD 61.06 59.57 54.12 58.23 24.14 66.67 86.85 59.90 55.94 14.18 

Medio-lateral amplitude of displacement (mm)  

 0 2 4 6 8 10 12 24 72 (B)168 

H1 16.35 -8.55 -4.36 -5.72  10.48  5.17 9.22 63.28 

H2 78.52 91.96 35.16 72.06 69.33 82.09 69.93 77.18 80.33 54.96 

H3  55.81 56.02 38.63 51.44 60.04  53.11 40.92 47.09 

H5 57.28  48.13 74.47 56.43   106.40 75.84 62.39 

H6 -11.74  1.91   33.31 9.04 -9.64 -5.04 65.62 

H7 63.92 71.36 98.04 67.30 74.34 52.47 74.59 96.75 80.19 66.08 

Average 40.87 52.65 39.15 49.35 62.89 47.68 51.19 54.83 46.91 59.90 

SD 33.43 37.59 34.47 30.39 9.29 24.29 29.86 43.86 34.68 6.80 

Legend: H1 – H7 indicates horses’ 1 – 7, H4 excluded. (B) indicates 168hr baseline. Timepoints in hours are listed as 

0,2,4,6 etc. SD: standard deviation 

 

SD: standard deviation 
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HORSE 1 

A.8. Equine stabilograms: Chapter 9 
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Appendix B – Foundational Work  

B.1. Abstract – Human Research  

Presented at the European Society for Movement Analysis in Adults and 

Children, Heidelberg, Germany 10th-12th 2015 

Evaluation of adaptive gait capabilities should be included in falls risk 

assessment 

Introduction 

Adaptive gait is defined as the ability to alter gait in relation to the demands of an 

individuals’ environment. It is an important aspect of locomotion to consider in older 

adults, as adaptive gait facilitates the maintenance of functionality, independence 

and preventing falls (Nankaku et al. 2005). However, adaptive capacity is rarely 

included in investigations of functional performance in older adults. Previous 

investigations focus on measures such as the timed-up-and-go test (TUG), the 5-

times sit-to-stand (5StS) and gait speed. These tests are valid measures of physical 

function but are not representative of the dynamic activities of daily life. We designed 

a short obstacle course to investigate whether testing adaptive locomotion could 

enhance standard functional assessments.  

Materials and Methods 

Twelve healthy older adults (72.40yrs±4.83, 165.7cm±9.2, 74.5kg±10.9) and 22 

young healthy adults (21.4yrs±1.9, 176.2cm±8.2, 71.7kg±11.4) were recruited. TUG 

scores, preferred treadmill walking speed (PWS), and 5StS were recorded for each 

subject, along with general self –efficacy (GSE), Falls Efficacy Scale International 

(FES-I), Pearlin and Schoolers Mastery Scale to measure affective domains, and the 

Trail Making Test Part B (TMTb) to measure cognitive flexibility (CF). The obstacle 

course was 10 meters long and required the participants to navigate between 4 foam 

bollards, cross two 22.86cm hurdles, an aerobic step and a pebble filled sheet. Time 

taken to complete the course was recorded (OBST). A correlation matrix was 

generated, reporting Pearson’s r for each pair of variables.  

 

Results 

The functional tasks (OBST, TUG, 5StS, PWS) were correlated r ≥ .57. Age 

correlated with OBST (r=0.66) and TUG (r =.0.81). A moderate correlation existed 

between OBST and the FES-I (r=0.51), with a weaker relationship between TUG and 
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FES-I (r=0.41). Conversely, TUG revealed a stronger relationship with CF (r=0.52) 

than was observed for OBST (r=0.38) GSE showed no correlation with any of the 

aforementioned domains.  

Discussion 

This study explored adaptive gait with respect to more traditional measures of 

physical function, CF and affective domains. Performance on an “adaptive gait” 

based obstacle course demonstrated a stronger relationship to fear of falling than 

PWS, 5StS and TUG. Fear of falling is a significant risk factor in predicting future falls 

(Greenberg 2011). These results show that a 10m obstacle course could be an 

inexpensive and salient test in evaluating the efficacy of falls prevention programs for 

improving adaptive gait and reducing fall risk in older adults. 

References  

Greenberg, S.A., 2011. Assessment of fear of falling in older adults: The falls efficacy 

scale-international (FES-I). Disabil. Rehabil, 29(2), pp.155–162 

Nankaku, M. et al., 2005. Evaluation of hip fracture risk in relation to fall direction. 

Osteoporos. Int, 16(11), pp.1315–1320. 
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B.2. Abstract – Human Research  

 

Presented at the Annual Congress of the European College of Sport Science; 

Dublin, Ireland, 4th – 7th July 2018 

Investigating the interplay between cognitive and locomotor adaptive 

capacities using a dual-tasking paradigm 

Introduction: 

Many activities of daily living require concurrent performance in cognitive and gait 

domains, termed dual-tasking (DT). DT has been widely researched to determine the 

adaptive capacity of cognitive and locomotor systems in ageing and disease. Non-

linear gait metrics such as local dynamic stability and predictability of gait time series 

are also thought to capture adaptive capacity of the locomotor system1. The purpose 

of this study was to understand if different measures of adaptive capacity map to 

each other. This research sought to a) determine the effect of DT on cognitive 

performance in older and younger adults, and b) investigate the relationship between 

non-linear gait parameters and cognitive performance in DT.  

Methods: 

Steady-state gait data were collected from 14 healthy older (70.4 ± 5.4 years; 8M,6F) 

and 27 young adults (21.4 ± 1.7 years 12M,15F) treadmill walking, using an 

accelerometer attached to the shank and lumbar spine. The largest Lyapunov 

exponent and sample entropy of the acceleration signal were calculated over a 

period of 3 minutes per person. A test of verbal fluency - the controlled word 

association test (COWAT) - was performed, in sitting and then while treadmill 

walking. Participants completed two dual tasks i.e. two COWAT tests of increasing 

difficulty while walking (DT1 and DT2). The COWAT was scored by the number of 

correct words recalled in each condition; the difference in conditions were used for 

correlation with non-linear gait variables. A mixed Anova examined potential 

interaction effects between group and COWAT conditions (seated, DT1 and DT2). 

Correlation analysis investigated the relationship between non-linear gait metrics and 

change in DT performance. 

Results: 

The mixed Anova determined that COWAT performance differentiated between older 

and younger participants (p=0.048). Participants performed better while walking 
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compared to the seated control (p=0.001). No interaction effect was observed 

suggesting that DT performance was not different between young and old. A weak 

relationship existed between DT performance and non-linear gait metrics. 

Conclusion: 

The goal of this work was to empirically examine the theoretical basis for framing 

non-linear gait metrics as indices of functional adaptive capacity. Previous studies 

have shown an interplay between cognitive flexibility, and gait speed - but no other 

gait variables - in DT2. We investigated this from the inverse perspective: locomotor 

flexibility in steady-state and cognitive flexibility in DT, and similarly found only weak 

correlations suggesting that these gait variables do not map to adaptive cognitive 

performance in DT. It is likely that participants employed a ‘posture second strategy’3, 

commonly seen in healthy populations, facilitating preservation of cognitive 

performance during DT.  

1:Cavanaugh JT et al (2017) J Neurol Phys Ther 245-251 

2:Hobert MA et al (2017) Front Aging Neurosci 9:154 

3:Decker LT et al (2016) Age 1-13 
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Appendix C – Research Ethics Documents  

 

C.1. Ethical approval Letter: Chapters 4 & 5 
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C.2. Participant Information Leaflet: Chapters 4 & 5  

 

 

  

 

 

Participant Information Leaflet 

Before agreeing to participate in this research study, it is important that you read the 

following information. Please feel free to ask for clarification or further explanation on 

any aspect of the research study. 

Study Title: An Equine Stakeholders Perspective: the efficacy of Biomechanical 

Analysis 

Investigators: Sonja Egan and Dr. Denise McGrath 

What is this Research about? 

This study aims to investigate an equine industry stakeholder’s understanding and 

perspectives on equine biomechanical analyses. It is hoped that by completing this 

piece of research a clear understanding of the ‘industry need’ for biomechanical 

research and tool development will be better understood. These aims will be 

achieved by completing semi-structured interviews with individuals currently active to 

an elite/professional level in the equine industry.   

Why am I doing this research? 

This research study is being undertaken for the fulfilment of a Doctorate of 

Philosophy under the UCD School of Public Health, Physiotherapy and Sports 

Science in collaboration with the UCD School of Veterinary Medicine and the UCD 

Institute of Sport and Health. 

Why have you been invited to take part? For this study we are looking to recruit 

both Industry professionals (Riders/Trainers/Veterinary 

Practitioners/Farriers/Performance Analysts, etc.) and well-established amateurs 

(Riders). Volunteers will be recruited via existing networks in the industry, advertised at 

major equine events and circulated to equine governing bodies. If you think you fit the 

UCD Institute for Sport and Health, 

Newstead, Block C  

Belfield, Dublin 4 
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description and are interested in learning more, you will be invited to complete a 

telephone pre – screening conversation where the study will be explained to you in 

more detail. If you match our eligibility criteria, you will then be asked if you would like 

to participate in this study.  

How will your data be used? 

Information and data gained from your participation will also help to further scientific 

knowledge, and could result in the development of better tools with potential for use 

in the monitoring of equine health state, training load, performance and rehabilitation 

from injury. 

What will happen if you decide to take part in this research study? You will be 

invited to participate in a single semi-structured interview with the Principal Researcher in 

University College Dublin, at a suitable location or over Skype. We will discuss the topic of 

motion/biomechanical analysis and how it relates to performance, how this is analysed and 

what types of data you think are useful/not so useful. The interview will take no more than 

60 minutes of your time. 

What are the benefits of taking part in this research study? Your participation 

may not be of direct benefit to you other than discussing the latest biomechanical 

advances in this field. Your participation will however have long term benefits for 

scientific research. It will allow us to gain a better insight into the equine industry’s 

perspective on equine biomechanics and the potential benefits/limitations of objective 

biomechanical measurement tools in the equine athlete.  

What are the risks of taking part in the research study? There are no direct risks of 

participation in this study. Confidentiality may be a concern for participants, however 

appropriate data security and safety measures have been but in place to protect your 

confidentiality. 

Can you change your mind at any stage and withdraw from the study?  

You are free to withdraw from the study at any time. After interview transcription, all vocal 

records will be destroyed, and your interview transcription will be coded. We cannot 

separate your data from the groups at this point as it will be unidentifiable as yours. 

What will happen to the results of this study? The data which we obtain from your 

interview will be combined with those of other participants in your group and then the 

common themes of the interviews will be synthesised to produce overall findings on 
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perceptions of biomechanical analysis in equine sports. These findings will be 

presented as part of Doctor of Philosophy Degree. Data may also be submitted for 

publication in a peer-reviewed scientific journal. Individual participants will not be 

referred to in any publication and every effort will be made to ensure participants’ 

anonymity. Should subjects be interested in the research outcomes they may request 

a copy of the paper presented for publication. 

How will your privacy be protected? 

All information obtained from this study will remain confidential. All participants in this 

study will be assigned an individual code. This prevents the names of the participants from 

being associated with their results. Names will only appear associated with this code on a 

master sheet. This will be held by the Principal Supervisor on a password protected 

computer. The vocal recording will be destroyed once interviews have been transcribed. 

Transcribed data will be held on the Principal Researcher’s password protected computer. 

Therefore, the master sheet and subject data will be kept separately, preventing association 

been data collected and subject’s identity. The results of this study may be published for 

scientific purposes, but participants will not be able to be identifiable in the reported or 

published results. The data will be stored electronically on the Principal Researchers’ 

password protected computer, which will only be accessible to the researchers. 

How will you find out what happens with this project? 

Data may be submitted for conference presentation of journal publication. If you wish to be 

notified of research outcomes leave your contact details with Sonja.  

 

If you have any concerns about this study or wish to speak to somebody within the project, 

feel free to contact the research team at: 

 

Sonja Egan    

Email : sonja.egan@ucdconnect.ie 

Phone: 00 353 87 657 3825 

Denise McGrath 

Email: denise.mcgrath@ucd.ie 

Phone: (01) 716 3453 

 

mailto:sonja.egan@ucdconnect.ie
mailto:denise.mcgrath@ucd.ie
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C.3. Informed Consent Form: Chapters 4 & 5 

 

 

 

 

STATEMENT OF INFORMED CONSENT 

 

Please read the statements below carefully.  

If you do not agree with or understand any of the statements, please discuss them 

with the researcher. If you understand and agree with the statements, please provide 

your signature as proof of consent to participate in the study. 

Title of study:  

An Equine Stakeholders Perspective: The Perceived Value of Biomechanical 

Analysis 

Investigator: Sonja Egan 

Contact details: Institute for Sport and Health, Newstead Block C. 

Participant’s name: _________________________________________________ 

I have read and understand the participant information leaflet which was provided.  

I understand the purpose of this study, what my participation in the study involves, 

and the possible risks and benefits of my participation. I consent to my interview 

being audio recorded for this study and am aware that the recording will be coded to 

maintain my anonymity.  

I have had time to consider my participation in this study, and have had the 

opportunity to discuss my involvement with the researcher and ask questions. Any 

questions I have asked have been answered coherently. 

I understand that the data obtained from my participation will be stored on password 

protected computer or paper format in a locked cabinet. I am aware that it will be 

combined with that of other participants for analysis and publication. I understand 

that my confidentiality will be maintained and the reported results will not be 

identifiable as mine. 

UCD Institute for Sport and Health, Newstead 

Block C, 

Belfield, Dublin 4 
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I understand that my participation is voluntary, that I will be free to withdraw from the 

study at any time and for any reason. 

 

Participant Signature and date 

_________________________________________________ 
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