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Disorders of the locomotor apparatus are very common in sports horses. Pain and 

dysfunction associated with these conditions have a negative impact on horse welfare. 

The main component in lameness evaluation is detection of vertical movement 

asymmetries but the inter-rater agreement among veterinarians is low. Therefore, modern 

methods of detection and quantification of movement asymmetry have been developed. 

The aim of this thesis was to help improve equine welfare by providing a better 

scientific basis for interpretation of movement asymmetries. This could support riders 

and veterinarians in detecting lameness at an early stage and improve orthopaedic 

diagnostics.  

To investigate a possible association between movement asymmetry and presence of 

painful orthopaedic conditions, NSAID (meloxicam) treatment was performed in 

asymmetrically moving, but presumed sound horses. Interestingly, this did not decrease 

the magnitude of asymmetry. Other reasons for asymmetric movement and the clinical 

efficacy of treatment with meloxicam in relation to a potentially present pathology 

therefore need to be addressed.  

The influence of the rider’s seating style on vertical movement symmetry in trot was 

evaluated in 26 horses. ‘Rising trot’ induced systematic changes, the most prominent 

being a decreased pelvic rise, mimicking push-off lameness in the hindlimb of the 

diagonal on which the rider was sitting in ‘rising trot’.  

The potential of the relationship between the direction of head and withers movement 

asymmetry parameters to assist in locating the primary lame limb was investigated in 

horses with induced lameness. The findings were then verified in horses with naturally 

occurring lameness. The results showed that head and withers movement asymmetry 

parameters indicate the same forelimb in horses with forelimb lameness, but indicate 

opposite forelimbs in horses with hindlimb lameness and compensatory head movement 

asymmetry. 

The results presented in this thesis extend existing knowledge about the origin and 

significance of movement asymmetries in riding horses and compensatory mechanisms 

in lame horses. 
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To Olle, my family and friends <3 

“It's a dangerous business, Frodo, going out of your door. You step into the 

road, and if you don't keep your feet, there is no knowing where you might be 

swept off to.” 

J. R. R. Tolkien. The Lord of the Rings 
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1.1 General introduction 

Disorders of the locomotor apparatus are the most common reason for equine 

veterinary consultation (Penell et al., 2005; Nielsen et al., 2014). Locomotor 

pathology is also believed to be the most common cause of euthanasia in the 

Swedish riding horse population (Egenvall et al., 2006). Pain and dysfunction 

associated with these conditions have a negative impact on horse welfare and 

can be assumed to contribute to decreased performance in sports horses. 

Unrecognised pain and suffering in sports horses might also ultimately 

undermine the ethics of keeping them as companion animals. This emphasises 

the importance of early detection and accurate diagnosis of orthopaedic 

disorders. When a diagnosis is obtained, correct and prompt treatment can be 

initiated, mitigating the risk of the pathology progressing into irreversible stages 

such as cartilage degeneration and osteophytes due to sustained joint 

inflammation (McIlwraith et al., 2010; Olive et al., 2010; Goldring and Otero, 

2011).   

When an orthopaedic disorder is suspected, a lameness examination is 

conducted to investigate the presence and cause of pain and pathology. Most 

orthopaedic disorders are painful and therefore cause the horse to alter its 

movement pattern. The principal component of a lameness examination is 

therefore detection of vertical movement asymmetries, such as the well-known 

‘head nod’ and ‘pelvic hike’. Currently, such asymmetries are mainly detected 

by subjective evaluation of the horse’s movement under a number of different 

conditions. This generally includes the observation of the horse while walking, 

trotting and cantering, in straight line and circles, and sometimes also while 

ridden (Baxter and Stashak, 2011). However, pinpointing the limb from which 

suspected lameness is originating has been proven to be a challenging task. 

1 Introduction 
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Multiple studies have shown that the inter-rater agreement among veterinarians 

performing this task is low (Fuller et al., 2006; Hewetson et al., 2006; Keegan 

et al., 2010; Hammarberg et al., 2016; Leelamankong et al., 2019). A factor 

probably contributing to the diagnostic difficulty, expressed by low 

reproducibility, is the limited human capacity for visual perception of 

asymmetry (Parkes et al., 2009) and the limited temporal resolution of the human 

eye (Holcombe, 2009).  

Once vertical movement asymmetries have been identified, and a suspected 

painful limb is pinpointed, the next step is to identify the injured anatomical 

structure. This is generally achieved through diagnostic analgesia, in terms of 

location guided by flexion tests and palpation (Baxter and Stashak, 2011). 

Diagnostic analgesia causes reversible loss of nociception from a specific joint 

or anatomical region and the resulting reduction in pain increases the symmetry 

of the horse’s movement pattern (Keegan et al., 1997; Maliye et al., 2013; Pfau 

et al., 2014; Rungsri et al., 2014). Subjective assessment of movement symmetry 

is used to evaluate the response to diagnostic analgesia, but is influenced by 

expectation bias (Arkell et al., 2006) and is also subject to the aforementioned 

limitations of visual assessment.  

These diagnostic challenges summarised above have led to much research 

into objective systems that can assist the veterinarian in detection and 

quantification of movement asymmetry. Modern methods by which vertical 

movement asymmetry can be easily detected and documented have been 

developed. The sensitivity of objectively measured movement asymmetry in 

detection of orthopaedic pain originating from a limb is high (Peloso et al., 1993; 

Buchner  et al., 1996; Kramer et al., 2000, 2004; Keegan et al., 2001; Rhodin et 

al., 2013; Tóth et al., 2014), but the specificity is not well investigated. 

Furthermore, vertical movement asymmetries are common even in sports horses 

that are presumably sound (Rhodin et al., 2017). Other reasons for movement 

asymmetry, such as biological variation, inherent laterality and conformational 

asymmetries, may thus exist.  

Asymmetric vertical movement is an important symptom of orthopaedic 

disorder, but it may also be a biological variation. More knowledge of 

interpretation of movement asymmetries in different settings is needed in order 

to enable lameness to be detected more accurately and at an earlier stage.  The 

aim of this thesis was therefore to investigate how the output of modern 

movement symmetry analysis can be understood and applied under different 

circumstances. The specific aims and hypotheses and objectives of the work are 

presented in Chapters 2 and 3. 

 In the following sections, targeted overviews are provided of the main 

methodologies involved, and the current state of knowledge of subject areas 
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covered in the thesis. Current concepts of objective symmetry analysis in horses 

are described in section 1.2, while the prevalence of movement asymmetries in 

the riding horse population is reviewed in section 1.3. The complex clinical 

issues of ameliorating or reducing orthopaedic pain, by analgesic testing, and the 

use of non-steroidal anti-inflammatory drugs are described in section 1.4. 

Background on how the rider can influence movement asymmetry in the ridden 

horse is provided in section 1.5. Finally, two clinically important concepts, 

namely compensatory asymmetries in lame horses and the hitherto rather 

overlooked significance of withers movement asymmetry are summarised in 

sections 1.6 and 1.7, respectively.  

Equine biomechanics is very much an interdisciplinary field of research 

encompassing veterinary sciences and engineering sciences. The focus of this 

thesis is on veterinary medicine, and not on more technical aspects pertaining to 

methods of data collection or analysis of biomechanical signals. Two different 

objective motion analysis systems were used in this thesis, based on convenience 

for the different studies, but without the intention of evaluating or comparing the 

systems as such. 

Defining what constitutes lameness seems at first glance reassuringly simple, 

but has recently sparked much debate (van Weeren et al., 2017; Adair et al., 

2018; Bathe, Judy and Dyson, 2018). Virtually all classifications of lameness in 

the literature allude to an underlying pathological condition, e.g. “Lameness is 

an indication of a structural or functional disorder in one or more limbs or the 

back that is evident when the horse is standing or at movement” (Baxter and 

Stashak, 2011) and “Lameness is simply a clinical sign – a manifestation of the 

signs of inflammation, including pain, or a mechanical defect – that results in a 

gait abnormality characterized by limping” (Ross, 2011a). In this thesis, the 

word ‘lameness’ is being used when there is evidence, or at least a strong 

suspicion, of pain and/or pathology, while the word ‘asymmetry’ is used in other 

cases of deviation from symmetrical vertical movement. 

1.2 Measuring movement asymmetry  

1.2.1 Kinetics  

Kinetics is the study of the forces that cause movement, relating to the equine 

body in this thesis. Stationary force plates have long been used for this 

application (Morris and Seeherman, 1987; Merkens and Schamhardt, 1988) and 

this approach is still considered the gold standard for lameness detection. The 

most commonly reported changes associated with lameness in trot are a 
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reduction in peak vertical force, a reduced vertical impulse and a reduced peak 

horizontal braking force in the lame limb (Morris and Seeherman, 1987; Clayton 

et al., 2000; Weishaupt et al., 2004; Ishihara et al., 2005; Weishaupt et al., 2006). 

These parameters directly quantify the decreased loading of the lame limb and 

thus have the potential to guide the clinical decision process in a lameness 

evaluation. However, without a treadmill with an integrated force-measuring 

system enabling collection of data on multiple consecutive strides, currently only 

a setup available at a single location (Weishaupt et al., 2002), the data collection 

process is cumbersome and time-consuming. Seamless integration into clinical 

everyday practice is currently better achieved with kinematic systems and these 

have therefore acquired more widespread clinical use. For this reason, together 

with the greater ease of using kinematic systems under field conditions, 

kinematic instead of kinetic systems were employed in the studies presented in 

this thesis.  

1.2.2 Kinematics 

Kinematics involves describing and quantifying both the linear and angular 

position of the equine body and their time derivatives velocity and acceleration. 

In the past, this was achieved by high-speed cinematography (Fredricson et al., 

1980), digitalised partly by hand in a time-consuming process. Since then, 

continuous technical advances through systems enabling collection of data at 

higher recording speeds and in three dimensions (van Weeren et al., 1990) have 

led to today’s optical motion capture (OMC) systems (Hardeman et al., 2019) 

which are able to display the results almost instantly. Utilising an array of 

cameras, these systems can be used not only to measure horses trotting on a 

treadmill, but also during locomotion over ground in clinical lameness 

assessments. However, the use of OMC systems in ambulatory clinical work or 

in many field studies is impeded by the laborious set up process. The cameras 

need to be carefully and securely positioned around the intended measuring 

volume, making it time-consuming to move them from one location to another.  

An alternative method for kinematic measurements, developed in parallel 

with OMC, is based on body-mounted accelerometers (Barrey et al., 1994). 

Technical advances have enabled development of wireless sensors, combination 

of accelerometers with gyroscopes and magnetometers and miniaturisation of 

these into small inertial measurement units (IMU). Accelerometer- and IMU-

based systems enable measurement of vertical movement asymmetry during 

lameness evaluations (Pfau et al., 2005; Halling Thomsen et al., 2010; Keegan 

et al., 2011; Bosch et al., 2018) and also under a variety of field conditions, due 

to the ease of setup. The main drawback with these systems is the reduced 
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accuracy compared with OMC when measuring displacement. The reasons 

behind this relate to the lack of capacity for direct displacement measurements 

and to the resulting integration errors caused by factors such as sensor drift 

(Peham, 2013). The focus of most previous research regarding the use of 

kinematics in lameness assessments has been on the vertical movement of the 

horse’s head and trunk and on changes in temporal and angular limb motion (for 

review see Serra Bragança et al., 2018). In commercial systems currently used 

in clinical practice the most commonly used parameters quantify asymmetry of 

upper body vertical displacement (Pfau et al., 2005; Keegan et al., 2011; Bosch 

et al., 2018; Hardeman et al., 2019). Vertical asymmetry parameters have also 

been evaluated in the majority of recent research within this area. The 

widespread use of vertical displacement, rather than vertical velocity or 

acceleration, is probably in part due to its closeness to what is visually 

appreciated, potentially contributing to a more straightforward interpretation for 

the clinicians. Ease-of-use of objective symmetry analysis systems is important, 

as it facilitates integration into the clinical every-day situation and could result 

in more horses benefitting from increased orthopaedic diagnostic accuracy. 

1.2.3 Kinematic measurement of asymmetry in trot 

Trot is the most commonly used gait in kinematic analysis aimed at lameness 

detection. It is a symmetrical two-beat gait with alternating loading of the two 

diagonal limb pairs. At trot in a straight line, the head and the tubera sacrale of 

the pelvis rise and fall twice during a complete stride cycle describing a typical 

double sinusoidal pattern. With increasing lameness, this sinusoidal pattern 

shows increasing amount of asymmetry between the two stride halves (Peloso et 

al., 1993; Buchner et al., 1996). In lame horses, the head or pelvis has a higher 

minimum position during midstance of the lame limb compared with midstance 

of the contralateral non-lame limb (Figure 1). This asymmetry can be measured 

by calculating the difference between the two minimum positions, the mindiff 

(Keegan et al., 2000, 2001; Kramer et al., 2004; Kelmer et al., 2005; Rhodin et 

al., 2013; Tóth et al., 2014). Another common adaptation of the horse in order 

to avoid pain in an extremity, is to reduce the maximum position reached, by the 

head or pelvis, directly following the stance phase of the lame limb, compared 

with the position after the sound stance (Figure 1). This difference in the 

maximum vertical position (maxdiff) has also been shown to be a reliable 

parameter for quantifying lameness (Kramer et al., 2004; Kelmer et al., 2005; 

Rhodin et al., 2013; Tóth et al., 2014).  
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Figure 1. Example of vertical displacement of the head in a horse with left forelimb lameness, 

resulting in negative HDmin, HDmax and HDRup (Rup 1–Rup 2) values. Pelvic and withers 

movement asymmetry parameters are calculated in the same way but from vertical withers and 

pelvis displacement signals. 

The relationship of the min- and maxdiff parameters to the actual decrease in 

loading of the lame limb has been investigated. Keegan et al. (2012) 

demonstrated a clear relationship between the combined min- and maxdiff and 

the difference in peak vertical force in horses with forelimb lameness. Horizontal 

forces were not measured in that study. In another study the relation between 

min- and maxdiff and the ground reaction forces of the hindlimbs was 

investigated (Bell et al., 2016). An increase in absolute mindiff was most 

strongly associated with a decrease in peak vertical force, reflecting decreased 

weight-bearing of the hindlimb. An increase in absolute maxdiff (push-off 

asymmetry) on the other hand, was most strongly correlated to a slightly reduced 

vertical ground reaction impulse and increased horizontal impulse in the second 

half of the stance phase of the lame hindlimb. 

The asymmetry in vertical movement that can be quantified by mindiff and 

maxdiff can also be measured as a decrease in the total amplitude of upward 

vertical displacement of the head and pelvis during the stance of the lame limb. 

This asymmetry can be quantified as the difference in upward range between 

contralateral steps or as a symmetry index (Peloso et al., 1993; Buchner et al., 

1996).  

The head, withers and pelvis all have a similar total range of motion (ROM) 

in a sound horse (Peloso et al., 1993; Buchner et al., 1996; Heim et al., 2016). 

Due to the increased ROM during sound limb stance, total ROM increases for 
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all landmarks in lame horses but most markedly for the head (Peloso et al., 1993; 

Buchner et al., 1996; Keegan et al., 2000). Due to this, the head-derived mindiff, 

maxdiff and difference in upward range are all generally larger than their pelvic-

derived counterparts for the same subjective degree of lameness (Buchner et al., 

1996; Kelmer et al., 2005).  

All the parameters mentioned above quantify contralateral differences. One 

disadvantage is that none of these will detect asymmetry in cases of bilateral 

lameness of equivalent severity during straight line motion (Buchner et al., 1995; 

Pourcelot et al., 1997; Keegan et al., 2012). The same problem is also inherent 

to visual lameness evaluation conducted during straight line locomotion. The 

common solution in the clinical situation is to assess the horse on the lunge, a 

condition that while helpful, also introduces additional confounders, as 

discussed further below. 

In addition to changes in head and pelvic (tubera sacrale) asymmetry, as 

described above, lameness has also been shown to significantly alter other 

objectively measurable asymmetry parameters. Some of these, such as the 

movement symmetry of the tubera coxae (May and Wyn-Jones, 1987; Buchner 

et al., 1996; Kramer et al., 2000) and limb joint angle kinematics (Ratzlaff et al., 

1982; Buchner et al., 1996; Clayton et al., 2000; Keegan et al., 2000; Kramer et 

al., 2000; van Loon et al., 2010) are used as visual cues by some clinicians. Of 

these, tuber coxae movement is utilised in some, but not all, commercially 

available systems. The reason is probably that the aim when constructing 

systems for clinical use is to measure a minimum of easily accessible locations, 

in order to decrease instrumentation and interpretation time. The less frequent 

use of these parameters in objective clinical movement symmetry analysis is also 

the main reason why they were not utilised in the studies included in this thesis. 

Other parameters that have been found to change significantly after lameness 

induction are the relative amplitudes of the different frequency components 

describing the vertical displacement curve (Peham et al., 1996; Kramer et al., 

2004), the acceleration symmetry of the whole trunk (Barrey et al., 1994; 

Thomsen et al., 2010) and the range of motion of the back (Gómez Álvarez et 

al., 2007, 2008). Again, these are not used as frequently in objective systems in 

widespread clinical use. The reason might relate to their abstraction from what 

is visually apprehended.  

1.2.4 Influence of speed 

Speed is known to influence both the kinetics and kinematics of the trot. 

Temporal stride parameters are affected, e.g. an increase in stride frequency with 

increasing speed is generally seen (Leach and Drevemo, 1991; Robert et al., 
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2002; Weishaupt et al., 2010; Starke et al., 2013; Moorman et al., 2017; Cruz et 

al., 2018). The only exception is in ridden high-level dressage horses, which 

instead increased speed almost solely by increasing stride length (Clayton, 

1995). Furthermore, as a function of decreased stance duration, increased peak 

vertical forces are seen with increasing speed, most prominent in the forelimbs 

(McLaughlin et al., 1996; Dutto et al., 2004; Weishaupt et al., 2010). 

Kinematically, there is a decrease in upper body vertical range of motion with 

increasing speed (Peham et al., 2000; Robert et al., 2002; Starke et al., 2013). 

Regarding vertical asymmetry parameters, an increase in measured asymmetry 

has been observed with increasing speed in horses with a high degree of initial 

asymmetry (Peham et al., 2000). Conversely, horses that are sound or display a 

low degree of asymmetry in straight line trot show no increase in asymmetry 

with increasing speed (Peham et al., 1998, 2000; Halling Thomsen et al., 2010; 

Starke et al., 2013). However, during trot in a circle, movement asymmetry has 

been shown to increase with increasing speed (Starke et al., 2013). With regards 

to intra-trial variation, the optimal speed for gait evaluation seems to vary 

between horses (Peham et al., 1998). Sound horses stay within a narrow range 

of speed when led by the same handler (Degueurce et al., 1997; Galisteo et al., 

1998; Hardeman et al., 2019), while lame horses tend to decrease their  preferred 

over ground speed (Deuel, Schamhardt and Merkens, 1995; Clayton et al., 

2000). When planning a study, there is therefore reason to tightly control speed 

within the individual horse or to correct for changes in speed between conditions, 

especially during lungeing and for horses with a high degree of asymmetry. 

1.2.5 Circle-induced asymmetry 

Evaluation of the horse while lungeing is a standard part of most lameness and 

pre-purchase examinations since circular movement may reveal subtle or 

bilateral lameness that might otherwise remain undetected (Baxter, 2011). 

Knowledge of systematic biomechanical changes induced by circular motion is 

thus important for interpretation of both subjective and objective movement 

analyses. 

In order to follow a circular track in trot, the horse produces centripetal force 

with both the inner and outer limb (Chateau et al., 2013) and the body leans 

towards the inside of the circle to an increasing degree with increasing speed and 

decreasing circle radius (Pfau et al., 2012). This creates asymmetry in 

dorsoventral movement of the upper body landmarks commonly used for 

vertical symmetry measures.  

The most consistent systematic movement adaptation seen is in pelvic 

movement and mimics an inside hindlimb lameness, with higher minimum 
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position of the pelvis (mindiff) during the inside hindlimb stance (Pfau et al., 

2012, 2016; Starke et al., 2012; Rhodin et al., 2016). Some studies also report 

evidence of a lower maximum position reached by the pelvis after outside 

hindlimb stance (maxdiff) (Pfau et al., 2016; Rhodin et al., 2016), but this 

asymmetry was of lower magnitude and was less consistently found. 

For the head movement, a small mindiff, mimicking inside forelimb 

lameness has been observed on both hard (Starke et al., 2012) and soft surfaces 

(Pfau et al., 2016). However, the overall finding in another study was a small 

head mindiff attributed to the outside limb (Rhodin et al., 2016), although the 

standard deviation of head mindiff was large, and a mindiff attributed to the 

inside forelimb was almost as common. The contrast between these studies 

might also relate to the methodological difference of measuring acceleration 

along the sensor based (aiming for dorsoventral in the horse reference frame) 

versus the true vertical axis. The parameter quantifying the difference in 

maximum position (maxdiff) of the head inconsistently differs from straight line 

locomotion when on the circle, but the common tendency is a decrease in upward 

head movement after inside forelimb stance (Pfau et al., 2016; Rhodin et al., 

2016). 

In one previous study, naturally occurring forelimb asymmetries were shown 

to be exacerbated when the limb to which the asymmetry was attributed to was 

on the inside of the circle (Pfau et al., 2016). In another, induced forelimb 

lameness was most prominent with the lame limb positioned to the outside of 

the circle (Rhodin et al., 2013). Induced hind limb lameness, measured as the 

mindiff of the pelvis, became most prominent with the lame limb positioned as 

the inside limb (Rhodin et al., 2013).  

These systematic adaptations to the circular track in horses both with and 

without pre-existing asymmetries need to be accounted for in studies evaluating 

horses in circular motion.  

1.3 Prevalence of asymmetry in the riding horse 
population 

Objective movement symmetry analysis systems have been developed to assist 

equine practitioners in the challenging task of detecting and diagnosing 

lameness. A number of commercially available systems are now on the market 

and can be utilised in equine practice on a day-to-day basis. However, in the 

individual horse it may not always be obvious whether measured asymmetries 

are of clinical importance, i.e. should be defined as lameness. Contributing to 

this uncertainty is the fact that many horses in full training, and not treated for 

lameness recently, still display asymmetric movement patterns.  
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One of the above mentioned systems was used to assess the horses in a 

previous asymmetry prevalence study of 222 riding horses that were in training 

and perceived as free from lameness by their owners (Rhodin et al., 2017). Using 

the currently recommended thresholds for this system (Keegan et al., 2011), 

73% of the horses were classified as asymmetric (Rhodin et al., 2017). The 

measured mean asymmetry values for both forelimbs and hindlimbs were in the 

same range as in horses with clinically relevant movement deficits measured 

with the same objective system (Maliye, Voute and Marshall, 2015; Maliye and 

Marshall, 2016). Other studies detected asymmetries above the aforementioned 

thresholds in 47% out of 201 horses (Rhodin et al., 2016) or values outside 

normal ranges according to Buchner et al. (1996) in 67% of 27 riding horses in 

training (Pfau et al., 2016). These findings are in agreement with those in studies 

using subjective lameness scoring in which 60% of 236 (Gunst et al., 2019), 

53% of 57 (Dyson and Greve, 2016) and 38% of 506 (Greve and Dyson, 2014) 

horses in regular work were classified as lame. Asymmetry that is presumably 

non-painful can also be induced, at least short term, via artificially induced limb 

length discrepancies (Vertz et al., 2018). Thus, based solely on asymmetry 

grade, in many cases it cannot be decided which horses have underlying pain 

and pathology vs. in which horses the asymmetry may represent natural 

biological variation in their movement patterns.  

 The ability to make this distinction would be valuable. In horses in full 

training, reliable discrimination between asymmetry and lameness is of 

particular interest to enable detection of orthopaedic diseases at an early stage. 

In some horses presented to veterinary practices and hospitals unnecessary 

further investigations could be avoided, including exposure to the risk of 

complications following diagnostic analgesia.  

1.4 NSAID treatment of musculoskeletal pain 

Analgesic testing is sometimes utilised, in order to either rule in or rule out the 

presence of pain in orthopaedic cases. Examples are asymmetric horses where 

pain is suspected, but diagnostic anaesthesia has failed to confirm its presence 

or the suspected region is inaccessible for blocks. Nonsteroidal anti-

inflammatory drugs (NSAIDs) are commonly used for this purpose. In addition, 

NSAIDs are frequently used analgesic drugs for musculoskeletal pain in horses 

(Goodrich and Nixon, 2006). The analgesic effect is mediated by inhibition of a 

number of cyclooxygenase (COX) enzymes, leading to a reduction in 

prostaglandin synthesis (Vane, 1971). Peripherally the reduced prostaglandin 

concentration leads to decreased sensitisation of nociceptors (Moriyama et al., 

2005) and thus a reduction in inflammatory pain and sensitisation. NSAIDs also 
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have a less well-characterised central analgesic action at the level of the spinal 

horn (Malmberg and Yaksh, 1992a, 1992b). 

There are two main isoforms of COX enzymes, COX-1 and inducible COX-

2. COX-1 is expressed in most tissues and participates in normal tissue 

homeostasis. COX-2 is mainly found in activated inflammatory cells but has 

been shown also to have some constitutive expression (review: Zeilhofer, 2007). 

Extensive research effort has been invested in the development of more selective 

COX-2 inhibitors in the hope of effectively attenuating inflammation with 

reduced side effects. 

In horses NSAIDs have been shown to be effective in alleviating orthopaedic 

pain from chronic or induced lameness (Erkert et al., 2005; Hu et al., 2005; 

Schoonover et al., 2005; Symonds et al., 2006; Doucet et al., 2008; Foreman et 

al., 2008, 2010, 2012; Back et al., 2009; Van Loon et al., 2013). However, in 

another study of chronic lameness, a combination of two NSAIDs were needed 

to achieve a significant effect (Keegan et al., 2008).  

1.4.1 Meloxicam 

Meloxicam is one of the latest marketed NSAIDs for horses. Oral suspension of 

meloxicam is approved in the European Union since 1998 (European Medicines 

Agency, 2018) for the treatment of acute and chronic locomotive disorders and 

is commonly used in many European countries with this indication. It is an 

NSAID belonging to the oxicam class and a more selective COX-2 inhibitor than 

phenylbutazone and flunixin (Beretta et al.,  2005). 

During experimental conditions meloxicam treatment has been shown to 

result in a reduction in lameness scores. Visual lameness scores were reduced 

after meloxicam treatment in horses with synovitis induced by Freund’s adjuvant 

(Toutain and Cester, 2004). Similarly, in studies of experimental 

lipopolysaccharide-induced lameness, meloxicam treatment was reported to 

result in a reduction in objectively measured head movement asymmetry 

(UCVM Class of 2016, Banse and Cribb, 2017) and in visual lameness score (De 

Grauw et al., 2009). However, in an experimental hoof pressure model, expected 

to induce predominantly nociceptive (mechanical) pain, meloxicam did not 

reduce visual lameness score compared with a placebo (UCVM Class of 2016, 

Banse and Cribb, 2017). Finally, treatment with meloxicam has been shown to 

suppress markers of inflammation (PGE2, substance P and bradykinin) and 

markers of cartilage degradation in synovial fluid in lipopolysaccharide-induced 

joints (De Grauw et al., 2009).  

During clinical conditions, meloxicam was reported to be slightly more 

effective in alleviating lameness than vedaprofen (Friton, Philipp and Kleemann, 
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2006). Administration of meloxicam has also been shown to be efficacious for 

control of post-operative pain and inflammation after orthopaedic surgery 

(Walliser et al., 2015). Both experimental and clinical evidence thus support that 

meloxicam generally reduces musculoskeletal pain of inflammatory origin. 

1.5 Influence of the rider on movement symmetry 

There has been growing interest in the study of horse-rider interaction during 

recent decades. The overall incentives are the important welfare implications and 

the equestrian community’s desire to develop the sport and art of riding. 

Ethological and welfare perspectives (for review see: Williams and Tabor, 2017) 

as well as biomechanical perspectives, such as kinematics of the rider and saddle 

(for review see: Clayton and Hobbs, 2017) have been explored. The rider’s 

influence on vertical movement symmetry of the horse has been studied to a 

lesser extent, despite its high relevance. By far, the most common situation to 

observe the horse in motion is whilst being ridden. Knowledge of how the rider 

influences movement symmetry of the horse may thus aid observers and riders 

in detection of low-grade lameness. In addition, assessment of the horse under 

saddle is essential for select cases during lameness evaluations (Licka, Kapaun 

and Peham, 2004; Greve and Dyson, 2014; Dyson and Greve, 2016; Swanson, 

2011), underlining the importance for a correct subjective or objective 

evaluation in this setting.  

Riding can be performed using several different seating styles. In ‘sitting 

trot’, the rider remains seated in the saddle during the entire stride cycle. In ‘two 

point seat’ the rider’s trunk is elevated above the saddle by standing and 

supporting full weight in the stirrups. In ‘rising trot’, also known as ‘posting’, 

the rider descends from the standing position to sit down in the saddle during the 

second part of the stance phase of one diagonal pair of limbs, to subsequently 

rise up during the end of that same stance and stand up in the stirrups during the 

stance phase of the other diagonal. During ‘rising trot’ in circles or turns, the 

equestrian community defines the ‘correct diagonal’ as the rider sitting down 

when the outside forelimb and inside hindlimb are in stance (i.e. on a right circle 

sitting down during left forelimb-right hindlimb stance and standing up in the 

stirrups during right forelimb–left hindlimb stance). Interestingly, the reason for 

this definition has not been documented. 

Generally, the weight of a rider has been shown to increase lumbar extension 

(de Cocq, van Weeren and Back, 2004; de Cocq et al., 2009) and increase the 

range of flexion extension (de Cocq et al., 2009), but decrease the total vertical 

range of motion (ROM) of the lumbar back (Heim et al., 2016). In ‘two point 

seat’ the forces exerted on the horse’s back by the rider are evened out, with 
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reduced peak forces throughout the stride compared with ‘sitting trot’ (Peham et 

al., 2010). In ‘rising trot’ the lumbar vertical ROM is significantly greater than 

in ‘sitting trot’ (Heim et al., 2016). Comparing the sitting and standing phase 

within ‘rising trot’ there are increased peak forces (de Cocq et al., 2010; Peham 

et al., 2010; Martin et al., 2016) and a reduced range of flexion extension (Martin 

et al., 2017) in the sitting phase. In conclusion, with the rider in a seated position, 

compared with a standing position, the vertical range of movement of the horse’s 

back is reduced and the peak vertical forces exerted on it are increased. 

Different seating styles thus affect the movement of the horse’s back 

differently. Roepstorff et al. (2009) investigated the kinematic and kinetic 

movement symmetry of the horse with the rider performing ‘rising trot’ on 

horses trotting on a treadmill and found that the uneven biphasic loading from 

the ‘rising trot’ affected the motion symmetry of the horse’s head, pelvis and 

lumbar back. During the sitting stance, the head reached a lower minimum 

position compared with the stance phase when the rider was standing. After 

push-off from the sitting diagonal, the head reached a higher maximum position 

whereas the lumbar back reached a lower position. Increased vertical ground 

reaction forces during the sitting hindlimb stance were also found (Roepstorff et 

al., 2009).  

Robartes et al. (2013) measured horse kinematics in 23 horse-rider pairs with 

the aim of comparing the movement symmetry during ‘rising trot’ and unridden 

exercise on the straight and on the circle. They found that the combination of 

‘rising trot’ and the circle significantly decreased the horses’ movement 

symmetry compared with straight line unridden trot. The effect was most 

profound for the hindlimbs, with a higher minimum position of the pelvis during 

inner hindlimb midstance in all circular exercise conditions and a decreased 

height reached by the pelvis after push-off from the inner hindlimb during rising 

trot on the circle. Both the mindiff and the maxdiff mimic inside hindlimb 

lameness in this case. The head showed consistent deviation from symmetry 

during ridden exercise on the circle, with a head nod down during outside 

forelimb stance mimicking an inside forelimb lameness (Robartes et al., 2013). 

Despite the significant influence on movement symmetry, no previous study has 

compared the effect of several different seating styles on the vertical movement 

symmetry of the horse. 

The rider’s skill level is also of some significance. The variability of the 

horse’s motion pattern has been shown to be affected by the rider’s skill, with 

less variability seen under an experienced rider (Peham et al., 2001; Peham et 

al., 2004). This impacts the choice of rider when planning a study. 

 The rider’s skill also potentially influences the vertical movement symmetry 

of the horse. Licka et al. (2004) compared the effect of a novice and an 
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experienced rider on pre-existing movement asymmetry in 20 horses.  There was 

no general effect on the degree of asymmetry with the addition of a rider in 

sitting trot. However, under the experienced rider there was a small increase in 

asymmetry in the hindlimb asymmetric group of horses. The effects of ‘rising 

trot’ and ‘two point seat’ on pre-existing asymmetries and the effects of 

combining these seating styles with trot in a circle have not been studied 

previously.  

1.6 Compensatory movement asymmetry 

In the current literature, compensatory asymmetry, or sometimes compensatory 

lameness, usually refers to a vertical movement asymmetry originating from a 

primary lameness located within the opposite end of the horse’s body. 

Asymmetry might be the better descriptor, since these compensatory movements 

are not due to pain in the seemingly affected limb. Compensatory asymmetry is 

alleviated if the primary lameness located within the other end of the body is 

blocked or an induced lameness is reversed. Compensatory asymmetry is not to 

be confused with secondary lameness which signifies a true lameness in another 

limb as a consequence of increased or changed loading due to the primary 

lameness. 

Compensatory asymmetry has been demonstrated in straight line trot (May 

and Wyn-Jones, 1987; Buchner et al., 1996; Uhlir et al., 1997; Weishaupt et al., 

2004, 2006; Kelmer et al., 2005; Maliye et al., 2015; Maliye and Marshall, 2016) 

and on the lunge (Rhodin et al., 2013). In response to induced or naturally 

occurring hindlimb lameness a compensatory head nod down during the 

diagonal forelimb stance is visually evident. Kinematic measurement has 

revealed reduced acceleration during ipsilateral forelimb stance (Uhlir et al. 

1997), thereby a reduction in upward vertical range of motion (Buchner et al., 

1996) and a higher minimum position (mindiff) during stance and a reduced 

maximum point reached (maxdiff) after stance (Kelmer et al., 2005; Rhodin et 

al., 2013; Maliye and Marshall, 2016). All these changes in head movement 

mimic a forelimb lameness in the ipsilateral forelimb. From the head movement, 

one might expect to see a decreased loading of the ipsilateral forelimb, instead a 

slight reduction in vertical impulse is seen in the diagonal forelimb (Weishaupt 

et al., 2004). It is noteworthy that these compensatory head movement 

asymmetries are not apparent in all horses with hindlimb lameness (Uhlir et al., 

1997; Kelmer et al., 2005; Maliye and Marshall, 2016; Rhodin et al., 2018).  

Horses with primary forelimb lameness seemingly demonstrate a more 

complex pattern of compensation. Evidence of a pelvic asymmetry mimicking 

diagonal hindlimb lameness dominates in both induced lameness (Buchner et 
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al., 1996; Uhlir et al., 1997) and naturally occurring lameness (Maliye et al., 

2015). When examined more closely, this compensatory asymmetry consists of 

a reduced vertical acceleration from the diagonal hindlimb, and thereby a 

reduction in upward range of motion and a reduced height reached (maxdiff) by 

the pelvis after diagonal hindlimb stance (Buchner et al., 1996; Uhlir et al., 1997; 

Maliye et al., 2015). In horses with hindlimb lameness, the maxdiff of the pelvis 

has been shown to be associated primarily with an increase in horizontal 

accelerative forces in the lame limb (Bell et al., 2016). In horses with forelimb 

lameness, the vertical asymmetry of the pelvis has not been measures in 

conjunction with horizontal forces. However, Morris and Seeherman (1987) 

demonstrated an increase in horizontal accelerative forces in the diagonal 

hindlimb in horses with forelimb lameness, indicating the same association. 

 
Figure 2. Schematic representation of the location of compensatory head and pelvic asymmetries 

(yellow) previously found in studies of (A) horses with primary right forelimb lameness (red) and 

(B) primary right hindlimb lameness (red) (Illustration: Amanda Dahlgren). 

In addition, some studies of horses with induced lameness report compensatory 

changes resembling lameness in both the diagonal and the ipsilateral hindlimb 

(Kelmer et al., 2005; Rhodin et al., 2013). Apart from diagonal compensatory 

changes in agreement with those described above, there is also evidence of a 

slight compensatory asymmetry mimicking weight-bearing lameness in the 

ipsilateral hindlimb, measured as a higher minimum position (mindiff) during 

mid stance (Kelmer et al., 2005; Rhodin et al., 2013). This measured ipsilateral 

asymmetry is in agreement with a reduction in ipsilateral fetlock hyperextension 

(Buchner et al., 1996) and kinetic measurements demonstrating a reduced load 

carried by the ipsilateral hindlimb (Morris and Seeherman, 1987; Weishaupt et 
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al., 2006). It can be concluded that there is evidence of kinematic changes 

indicating compensatory asymmetry in both hindlimbs but that contralateral 

compensatory asymmetry dominates. 

Among the different compensatory asymmetries, the most prominent in 

relation to the primary lameness is the head nod down seen in some individuals 

with hindlimb lameness (Kelmer et al., 2005; Rhodin et al., 2013). In many 

horses, this is equal to or larger than the primary hindlimb lameness (Rhodin et 

al., 2013). A clinical pitfall is mistaking this for primary ipsilateral forelimb 

lameness. Misinterpretation of compensatory head asymmetries may delay a 

correct diagnosis since an investigation may be initiated in the wrong limb. This 

could  also be a contributing factor to the low inter-rater agreement between 

veterinarians regarding low-grade hindlimb lameness (Keegan et al., 2010). A 

reliable way to distinguish compensatory head movement asymmetry from true 

primary forelimb lameness thus has the potential to facilitate accurate diagnosis 

of lameness. 

1.7 Withers movement symmetry in lame horses 

Withers movement asymmetry was investigated already in early studies of 

kinematic changes due to lameness (Peloso et al., 1993; Kübber et al., 1994; 

Buchner et al., 1996). The withers asymmetry parameters was shown to be less 

affected by forelimb lameness compared to head parameters. With the aim of 

these studies being the identification of sensitive markers for forelimb lameness 

the withers movement was concluded to be an inferior indicator and might even 

fail in the detection of subtle lameness (Buchner et al., 1996).  

However, withers movement asymmetry could be a possible aid in locating 

the primary lameness. As described above a hindlimb lameness can give rise to 

a head movement asymmetry mimicking ipsilateral forelimb lameness that is 

equal to, or larger than, the primary hindlimb lameness (Rhodin et al., 2013). In 

clinical practice, these compensatory head movement asymmetries need to be 

differentiated from true forelimb lameness.  

Buchner et al. (1996) found that the movement symmetry of the withers was 

affected in horses with induced, moderate forelimb and hindlimb lameness. 

When forelimb lameness was induced, the withers retained a higher minimum 

position during the lame forelimb midstance compared with the sound limb. In 

addition, the total vertical upward movement amplitude of the withers from the 

lame limb mid-stance minimum to the swing phase maximum was decreased. 

Both the head and the withers thus indicated a decreased loading of the lame 

forelimb. After induction of hindlimb lameness, the movement of the withers 

was also affected, but to a slightly smaller degree. After induction of moderate 
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lameness, there was a reduction in the upward range of movement of the withers, 

from midstance minimum to swing phase maximum of the diagonal limb pair 

including the lame hindlimb. With hindlimb lameness, withers asymmetry thus 

mimicked lameness in the diagonal forelimb (Buchner et al., 1996). According 

to these findings, in horses with concurrent ipsilateral (same sided) head and 

pelvic movement asymmetries, withers movement asymmetry would be 

observed towards different directions depending on whether the forelimb or the 

hindlimb is the primary source of lameness. Therefore, withers movement may 

be useful to distinguish between a head nod of a primary or compensatory nature, 

thus warranting further investigation. 

No previous study has examined withers movement in horses with naturally 

occurring lameness of known localisation. However, in a study by Pfau et al. 

(2018), vertical head, withers and pelvic movement asymmetry was measured 

utilising inertial sensors in 163 Thoroughbreds in training trotting in a straight 

line. The true origin of the measured vertical asymmetries was not known in 

these horses, but the relationship between the direction of head and withers 

asymmetry predicted the relationship between head and pelvic asymmetry in 69-

77% of the horses. In horses with an ipsilateral head-withers asymmetry 

relationship, the majority presented with diagonal head-pelvis asymmetry, and 

were thus thought to have a primary forelimb lameness. Horses, in which the 

direction of head-withers asymmetry parameters indicated opposite forelimbs, 

instead mainly had ipsilateral head-pelvic asymmetry indicative of a primary 

hindlimb lameness. It would be valuable to investigate this in depth in horses 

with naturally occurring lameness and a known location of the lameness. 
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The overall aim of this thesis was to improve equine welfare and support the 

ethics of keeping horses, by providing knowledge that can support riders and 

veterinarians in detecting lameness at an early stage and improve orthopaedic 

diagnostics. 

 

Specific objectives were to: 

 Determine whether movement asymmetries in riding horses, in training and 

perceived as free from lameness by their owner, are affected by anti-

inflammatory treatment with meloxicam (Paper I). 

 Quantify how the rider’s seating style (‘sitting’, ‘two point seat’ or ‘rising 

trot’) influences movement symmetry in horses trotting in a straight line and 

on the circle (Paper II). 

 Evaluate the effect of the rider on pre-existing movement asymmetries (Paper 

II). 

 Investigate the association between head, withers and pelvis movement 

asymmetry in horses with induced forelimb and hindlimb lameness (Paper 

III). 

  Evaluate whether movement symmetry of the withers can be used to 

discriminate a compensatory head nod in horses with hindlimb lameness 

from a head movement asymmetry due to primary forelimb lameness (Paper 

III) 

 Describe compensatory movement asymmetry associations in horses with 

naturally occurring lameness in a clinical setting (Paper IV). 

 Determine whether the relationship between the direction of head and withers 

movement asymmetry parameters generally differs between horses with 

primary forelimb lameness and horses with primary hindlimb lameness 

(Paper IV).  

  

2 Aims of the thesis 
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The following hypotheses were tested: 

 Horses in training presenting with vertical movement asymmetries show a 

reduction in degree of movement asymmetry on group level during 

meloxicam treatment (Paper I). 

 Rising trot and riding in a circle induce systematic changes in the movement 

symmetry of the horse. These asymmetries attenuate or reduce any pre-

existing movement asymmetries depending on whether the seating style-

induced and circle-induced asymmetries coincide or are inverse in direction 

to the pre-existing asymmetry (Paper II). 

 In horses with induced forelimb lameness, the head and withers show 

synchronised asymmetries (e.g. both indicating right forelimb), while in 

horses with induced hindlimb lameness, the head and withers show 

movement asymmetries of opposite directions (e.g. pelvis indicating right 

hindlimb, head indicating right forelimb,  withers indicating left forelimb) 

(Paper III). 

 In horses with naturally occurring lameness compensatory patterns would 

present as previously described, i.e. ipsilateral forelimb asymmetry in horses 

with primary hindlimb lameness and diagonal push-off asymmetry and 

ipsilateral weight-bearing hindlimb asymmetry in horses with primary 

forelimb lameness (Paper IV). 

 In horses with naturally occurring lameness, head and withers movement 

asymmetry parameters indicate the same forelimb (have the same sign) in 

horses with a positive response to diagnostic analgesia of a forelimb, and 

opposite forelimbs in horses with a positive response to diagnostic analgesia 

of a hindlimb (Paper IV). 

  

3 Hypotheses 
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This chapter provides a summary of the materials and methods used in Papers 

I-IV. More detailed descriptions can be found in each paper.  

4.1 Study designs 

4.1.1 Paper I 

An experimental study was performed to investigate the effect of treatment with 

meloxicam on movement asymmetries in warmblood riding horses. Horses in 

full training, considered free from lameness by their owners and not recently 

treated for lameness, were screened for the presence of vertical movement 

asymmetry utilising an inertial measurement unit (IMU) system that is described 

in detail in section 4.3 of this thesis. Horses presenting with asymmetry values 

above thresholds of absolute value >6 mm for the head or absolute value >3 mm 

for the pelvis parameters were included in the study. In a crossover design, each 

horse was treated with meloxicam, a nonsteroidal anti-inflammatory drug, or a 

placebo for four days, followed by a 14 to 16 day washout period between 

treatments. Objective movement symmetry data were collected at four time 

points during the study: before treatment on day 1 and after treatment on day 4 

of both treatment periods. Horses were trotted in hand on a straight line and 

lunged in a circle in both directions. Each horse’s most prominent asymmetry at 

the initial measurement was chosen and the treatment effect was assessed on this 

parameter. 

4.1.2 Paper II 

This study assessed the effect of rider seating style on the vertical movement 

symmetry in riding horses. One experienced rider rode all 26 horses in the study 

4 Materials and methods 
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and each horse’s vertical movement symmetry was measured with the same IMU 

system as in Paper I, during 15 different conditions performed in random order. 

These conditions included trotting in straight lines and circles, unridden and 

ridden. In the ridden conditions, the rider performed three different seating styles 

(‘sitting’, ‘two-point seat’ and ‘rising trot’). The ‘rising trot’ in circles was 

performed on both the correct and the incorrect diagonal as defined by the 

equestrian community. Effectively, this produced four different seating 

conditions, all of which were tested.  

Although not intentionally recruited, some of the horses included in the study 

presented with pre-existing movement asymmetries. These horses were selected 

for a subset where the rider’s influence on pre-existing asymmetries was 

evaluated.  

4.1.3 Paper III 

An experimental study was performed to investigate compensatory vertical 

asymmetry in 10 horses with induced lameness. Lameness was induced in all 

four limbs, one at a time, with a sole pressure model utilising a modified 

horseshoe (Merkens and Schamhardt, 1988). Forelimb and hindlimb lameness 

was induced on separate days, in randomised order. Kinematic data were 

collected during trot on a treadmill, before, during and after each lameness 

induction, using an optical motion capture system (for a detailed description of 

the system see section 4.3). Only trials with successful inductions, as judged by 

a determined minimum change in the induced parameter, were included. In 

addition to studying the effect of induction across all horses, the effect was also 

assessed in a subset of the hindlimb induction group that demonstrated 

compensatory ipsilateral head movement asymmetry. 

4.1.4 Paper IV 

In a multicentre cross-sectional study, medical records and objective movement 

symmetry data, collected as part of routine lameness investigations of horses 

presenting to four different equine practices, were retrospectively reviewed. 

Horses were included if objective movement analysis was carried out both 

before and after diagnostic analgesia, if both trials consisted of at least eight 

strides and if the inclusion criteria for one or more lameness groups were met 

(criteria based on a certain degree of initial lameness and with a positive 

response to diagnostic analgesia on a single limb, see Table 1). 
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Table 1. Selection criteria for the six lameness groups in Paper IV 

Lameness group Selection criteria 1a Selection criteria 2 b 

Group 1 (HDmin) HDmin > 15 mm at initial HDmin decrease of minimum 70% 

Group 2 (HDmax)  HDmax > 15 mm at initial HDmax decrease of minimum 70% 

Group 3 (HDRup)  HDRup > 20 mm at initial HDRup decrease of minimum 70% 

Group 4 (PDmin) PDmin > 7 mm at initial PDmin decrease of minimum 70% 

Group 5 (PDmax) PDmax > 7 mm at initial PDmax decrease of minimum 70% 

Group 6 (PDRup) PDRup: > 10 mm at initial PDRup decrease of minimum 70% 

a. Absolute mean value at initial measurement. The measurement was included only if the standard deviation 

was smaller than the trial mean. 

b. Mean value at initial measurement and mean value after diagnostic analgesia were compared.  

 

4.2 Study populations 

The protocol in Paper I was approved by the Ethics Committee for Animal 

Experiments, Uppsala, Sweden, application number C 48/13 and C 92/15. The 

study protocol of Paper II was approved by the Ethical Committee for Animal 

Experiments, Uppsala, Sweden. The experimental protocol of Paper III was 

approved by the Animal Health and Welfare Commission of the canton of Zurich 

(permission number 51/2013). Informed consent was obtained from all horse 

owners in all four Papers. 

The horses in Papers I-II were in full training, considered free from lameness 

according to their owners and not recently treated for problems originating from 

the locomotor apparatus. The horses in Paper III were all examined by an 

experienced veterinarian and considered free from lameness. The study 

population in Paper IV presented to the participating clinics for lameness 

evaluation and thus most of their owners suspected they were lame. 

 In Papers I-III all horses were riding horses of warmblood type. In Paper IV 

the study population was more heterogeneous, including ponies, Quarter Horses 

and Icelandic horses. 

The horses in Paper I consisted of a mixed population of privately owned 

horses and horses belonging to larger equestrian centres. In Paper II all horses 

belonged to the Swedish National Equestrian Centre at Strömsholm. The horses 

in Papers  III-IV were privately owned.  
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4.3 Kinematic measurements 

4.3.1 Inertial measurement unit system 

The IMU system used in Papers I and II consisted of three sensors (Lameness 

Locator, Equinosis, Columbia, MO, USA). One was a uni-axial gyroscope with 

a range of ±300˚/s, which was attached with a specially designed neoprene wrap 

to the dorsum of the right forelimb pastern. The other two were uni-axial 

accelerometers with a range of ± 6 gravitational acceleration, one of which was 

attached to the poll with a felt head bumper and one of which was taped to the 

midline between the two tubera sacrale. All sensors had mass 28 g and 

dimensions 3.2 x 3.0 x 2.0 cm. Data were digitally recorded (8 bits) at 200 Hz 

and transmitted via Bluetooth to a handheld computer. 

The sensor data were analysed with the software included in the IMU system. 

Recorded vertical acceleration data from the head and pelvis sensors were first 

converted to vertical displacement values via a double integration and error 

correcting algorithm (Keegan et al., 2002). Unwanted low-frequency 

components of the signal were then removed using a moving-window, curve-

fitting technique as described in Keegan et al., (2001). Stride splitting was 

performed based on angular sagittal plane velocity data from the gyroscope in 

the limb-mounted sensor. The custom-written software also aims to correct for 

the size of the horse by normalising the stride-by-stride difference to the 

amplitude of the second harmonic, representing the total vertical range of motion 

without the asymmetry contribution, for each stride before the trial means are 

calculated. Plots of head asymmetry parameters in the software output were 

scrutinised and outliers (up to maximum 10% of the strides) were removed. 

Thresholds for asymmetry of head (absolute value >6 mm) and pelvic 

(absolute value >3 mm) parameters, for use in detecting clinical lameness in 

conjunction with a full lameness examination, are provided by the manufacturer 

of the IMU system (Equinosis, 2016). These thresholds closely resemble the 

confidence intervals for repeatability of the system (Keegan et al., 2011). Due 

to their widespread clinical use, they have previously been applied in a number 

of studies (Maliye et al., 2015; Maliye and Marshall, 2016; Rhodin et al., 2016, 

2017). 

4.3.2 Optical motion capture system 

The optical motion capture system used in Papers III-IV consisted of infra-red 

3D motion capture cameras covering a calibrated volume. The horses were 

equipped with spherical markers (Figure 3) fastened to predefined anatomical 
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landmarks. The horses were measured on a treadmill in Paper III and during over 

ground locomotion in Paper IV. 

The three-dimensional coordinates of each marker were automatically 

calculated by the motion capture software Qualisys Track Manager (Qualisys 

AB, Motion Capture Systems, 411 05, Göteborg, Sweden, version 2.11-2019.3) 

and correct tracking was later checked by visual inspection. Marker coordinates 

were exported to Matlab (MathWorks, 3 Apple Hill Drive, 01760, Natick, USA) 

for further analysis using custom-written scripts. The vertical displacement 

signal of head, withers and pelvis was high-pass filtered using a 4th order zero-

phase Butterworth filter with the cut-off frequency adjusted, based on the stride 

frequency of the horse in each trial as described in Serra Bragança et al. (2020). 

Stride segmentation was performed using the maximum protraction of the left 

hindlimb (Paper III) or pelvic rotation indices (Paper IV). Strides with excessive 

movement were excluded either by removing strides with head asymmetry 

parameters outside two standard deviations from the trial mean (Paper III) or 

strides with head or pelvis range of motion > 40% for head or > 20% for pelvis 

from the trial mean (Paper IV).  

 
Figure 3. Frontal plane spherical reflective markers used on some horses in Paper IV, the ventral 

midline marker was used in the analysis (Photo: Elin Holmroos). 
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4.3.3 Asymmetry parameters 

In all four studies, the main outcome variables examined consisted of vertical 

movement symmetry parameters that quantify the magnitude of asymmetry and 

attributes the asymmetry to a specific limb (see Table 2 for descriptions and 

Figure 1 (Section 1.2) for a graphical representation).   

Table 2. Description of the asymmetry parameters used in this thesis 

Parameter Description 

HDmin/WDmin/PDmin Mean difference across all strides, between the local 

vertical displacement minima for the head/withers/pelvis 

reached during right versus left limb stance, in mm1 

HDmax/WDmax/PDmax Mean difference across all strides, between the maximum 

head/withers/pelvis height reached after right limb stance 

versus after left limb stance, in mm1 

HDRup/WDRup/PDRup Mean difference across all strides, between the total 

vertical upward range of motion of the head/withers/pelvis 

during right versus left limb stance, in mm1 

1. Positive values indicate asymmetry attributed to right forelimb/hindlimb and negative values represent 

asymmetries attributed to the left forelimb/hindlimb. HD: head difference, WD: withers difference, PD: pelvis 

difference. 

4.4 Drug administration, plasma sample collection and 
analysis (Paper I) 

Meloxicam (Inflacam, Virbac, Kolding, Denmark) at the recommended dose of 

0.6 mg/kg or placebo was administered per os once daily on day 1–4 of each 

treatment period by the researchers or a local representative. Plasma samples to 

confirm adequate meloxicam concentration were obtained by venepuncture and 

analysed by high-performance liquid chromatography with tandem mass 

spectrometry detection (HPLC-MS/MS, Recipharm OT Chemistry AB, 

Uppsala, Sweden, lower detection limit 10 ng/mL). Horses were kept in the 

study if the plasma concentration was above 195 ng/mL, which is the previously 

published plasma concentration for reduction in lameness score after meloxicam 

treatment (Toutain and Cester, 2004), or below 20 ng/mL during any of the other 

sampling occasions. 

4.5 Statistical methods 

Statistical analyses were performed using either the statistical software SAS 

(SAS Institute Inc., USA) (Paper II) or R software (The R Foundation for 

Statistical Computing, Vienna, Austria) (Papers I, III and IV). A mixed model 
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approach was used for statistical analysis in Papers I-III. This approach was 

chosen mainly due to the need to account for repeated observations by including 

horse as a random variable and sometimes for other hierarchal structures in the 

data. The data in Paper IV was analysed with simple linear regression and paired 

t-tests. To confirm an adequate model fit, normality of residuals was verified 

using q-q plots and homoscedasticity was ensured by plotting the residuals 

against the fitted values. The level of significance was p ≤0.05 in all four papers.  
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This section summarises the main results from the studies. More detailed 

descriptions can be found in Papers I-IV. 

5.1 Effect of meloxicam treatment 

Initially 140 horses were screened, 82 horses presented with asymmetry values 

above the objective system thresholds and 66 horses were finally included in the 

study. The effect of meloxicam treatment was not statistically significant in trot 

on the straight line (Figure 4) or the lunge, on either a soft or hard surface. There 

was also no significant effect of treatment for the top 30% most asymmetric 

horses in straight line trot. 

 
Figure 4. Difference in the main asymmetry parameter between pre-treatment on day 1 and post 

treatment on day 4 of each treatment (meloxicam and placebo) across 57 horses on a hard surface 

and 58 horses on a soft surface. Negative values indicate a reduction in asymmetry during the 

treatment period. No significant effect of treatment was found (p = 0.31 for hard surface, p = 0.48 

for soft surface). (Reproduced with permission from: Persson-Sjodin et al. (2019) Effect of 

5 Main results 
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meloxicam treatment on movement asymmetry in riding horses in training. PLoS ONE. 14(8) pp: 

e0221117.) 

5.2 Influence of rider seating style 

From the 26 horses included in Paper II, data on 387 trials were successfully 

collected. During the baseline condition 18 of the horses presented with one or 

more head and/or pelvic asymmetry parameters above recommended thresholds 

for the IMU system. 

The symmetrical seating styles of ‘sitting trot’ and ‘two point seat’ did not 

influence the vertical movement symmetry of the head and pelvis in either the 

full dataset or the subset of horses with pre-existing asymmetries. In contrast, 

‘rising trot’ significantly influenced the movement asymmetry, primarily of the 

pelvis (Figure 5). The pelvis descended to a lower minimum position during the 

stance phase when the rider was sitting and reached a lower maximum position 

after push-off from the same limb, when the rider was concurrently rising. The 

head showed an increased maximum height after push-off from the forelimb, 

during which stance the rider was sitting. When ridden in a circle, the asymmetry 

induced by ‘rising trot’ on the correct diagonal counteracted the circle-induced 

asymmetry, rendering the horse generally more symmetrical.  

In the subset of horses with small pre-existing movement asymmetries, the 

asymmetry induced by ‘rising trot’ and the circular track increased or decreased 

the horse’s baseline asymmetry depending on the sitting diagonal and direction 

on the circle. PDmax asymmetry increased when the rider was sitting down 

during the stance of the hindlimb the asymmetry was attributed to, whereas 

PDmin asymmetry decreased. 
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Figure 5. The (A) PDmin and (B) PDmax across conditions in 26 horses. Significant differences 

from ‘unridden straight’ is indicated by a. Significant differences from ’unridden circle’ is indicated 

by b. Grey dots indicate outliers. Right and Left indicates right sided (positive) and left sided 

(negative) attributed asymmetries respectively. Inside and Outside indicates the asymmetry being 

attributed to the inside (positive) and outside (negative) hindlimb respectively. Note that during 

rising trot in a straight line the rider is sitting down during the stance of RF/LH and that circles are 

performed to the right.  

5.3 Withers movement symmetry in horses with induced 
lameness 

Induction of lameness was successful for all but three hindlimb inductions and 

the forelimb and hindlimb dataset used for analysis consisted of 1183 and 1182 

strides, respectively. Mixed-model output from the horses with induced 

hindlimb lameness showed an increase in withers asymmetry of 0.35-0.55 mm 

for each mm increase in pelvic asymmetry. The direction of the asymmetry was 

towards the diagonal side, indicating diagonal forelimb lameness. With induced 

forelimb lameness the withers asymmetry increased by 0.05-0.10 mm and both 
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head and withers asymmetry indicated lameness in the forelimb with induced 

lameness.  

Six horses showed compensatory head movement asymmetry after both 

hindlimb lameness inductions and an additional four horses after either left or 

right lameness induction. In these horses, the withers asymmetry also increased, 

by 0.42-0.55 mm for each mm increase in pelvic asymmetry, and indicated 

lameness in the diagonal forelimb.  

5.4 Withers movement symmetry in horses with naturally 
occurring lameness 

In total, data from 945 horses with measurements performed during lameness 

investigations including diagnostic analgesia were reviewed. After applying all 

inclusion criteria and removal of measurements with too few strides, missing 

markers and other technical errors, 237 horses were included in the analysis.  

The relationships between the direction of head and withers movement 

asymmetries for the lameness groups are presented in Table 3. In the groups of 

forelimb lame horses (Group 1 & 2), 78-83% of horses displayed head and 

withers asymmetry parameters indicating the same forelimb. In contrast, in the 

groups of hindlimb lame horses (Group 4 & 5), 68-69% of horses showed head 

and withers asymmetry parameters indicating opposite forelimbs. In the subsets 

of Group 4 and 5, with ipsilateral HDmin asymmetry >15 mm at initial 

measurement, 82-83% showed head and withers asymmetries attributed to 

opposite forelimbs. 

Table 3. Relationships between the direction (sign) of head and withers movement asymmetry 

  
 

Lameness groupa 

Sign of 

HDminb 

Sign of 

WDminb 

Group 1  

(RF 

HDmin) 

Group 2  

(RF 

HDmax) 

Group 4  

(RH 

PDmin) 

Group 5  

(RH 

PDmax) 

Group 4 (RH 

PDmin) with 

RF HDminc 

Group 5 (RH 

PDmax) with 

RF HDminc 

RF RF 83% 78% 6% 9% 18% 17% 

LF RF - 7% 2% 1% - - 

LF LF - 2% 23% 22% - - 

RF LF 17% 13% 69% 68% 82% 83% 
        

No. of horses  77 54 51 68 17 18 

Data from horses with lameness in the left limb were mirrored by multiplying their asymmetry parameters by    

-1, effectively rendering all horses initially right limb lame. 

a. Groups selected based on initial lameness parameters and a positive response to diagnostic analgesia. 

b. Direction (sign) of asymmetry parameter irrespective of magnitude. 

c. Ipsilateral (RF) HDmin >15 mm before diagnostic analgesia. 
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In the three lameness groups selected for response to forelimb diagnostic 

analgesia (Groups 1-3), the change in WDmin/WDRup was positively correlated 

to the change in the HD parameter representing lameness (Figure 6). In the three 

groups selected for response to hindlimb diagnostic analgesia (Groups 4-6), the 

change in WDmin/WDRup was negatively correlated to the change in the PD 

parameter representing lameness (Figure 6). 

In Group 1 (HDmin) and Group 3 (HDRup), the model-estimated change 

(slope) in PDmax/PDRup was -0.18 to -0.12 mm for each mm change in the head 

asymmetry parameter. This is indicative of a decrease in PDmax/PDRup 

attributed to the hindlimb diagonal to the blocked forelimb. In the three groups 

selected for response to hindlimb diagnostic analgesia (Groups 4-6), there was 

no significant correlation between the change in the pelvic asymmetry parameter 

and the change in the head asymmetry parameters. However, when evaluated 

with a paired sample t-test, there was a significant decrease in the mean value of 

HDmin after diagnostic analgesia of a hindlimb in Group 4 (mean difference -

8.6mm; P<0.001) and Group 5 (mean difference -7.2mm; P<0.001), and a 

significant decrease in the mean HDRup in Group 6 (mean difference -7.6mm; 

P<0.001). 
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Figure 6.  Linear correlation of the change in the initial lameness parameter of each lameness group 

to the change in withers asymmetry. Before calculating the change in asymmetry, data from horses 

with lameness in the left limb were mirrored by multiplying all their asymmetry parameters by -1, 

effectively rendering all horses initially right limb lame. 
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6.1 Discussion of main results 

6.1.1 Effect of meloxicam on movement asymmetries 

The effect of treatment with meloxicam on movement asymmetries in 

warmblood riding horses in full training was assessed in Paper I. Interestingly, 

no significant effect of treatment on movement asymmetry was found in the 

study population. This suggests either that the movement asymmetries in these 

horses were not generally caused by pain, but rather derived from biological 

variations such as laterality or conformation, or that treatment with meloxicam 

did not effectively moderate existing pain. 

Meloxicam is a commonly used analgesic in equine practice, for the 

treatment of locomotor pathology and sometimes for analgesic testing. 

Examples of the latter are cases of poor performance or instances where pain is 

suspected, but diagnostic analgesia cannot confirm its presence. If the movement 

symmetry increases or performance is enhanced during treatment, but returns 

towards baseline after discontinuation, an undiagnosed painful condition should 

be suspected. However, it is important to note that in the absence of a response 

to treatment, the existence of pain cannot be excluded. Similarly, in the study 

population in Paper I, a response to meloxicam treatment, seen as a general 

reduction in asymmetry in these horses, would have been an indicator of the 

presence of pain. In the study situation, pain cannot be ruled out, as it might 

simply be the result of meloxicam being inefficient for the pain in question. 

Meloxicam is a selective COX-2 inhibitor (Beretta et al., 2005) and would 

be expected to be effective in alleviating pain of inflammatory origin via 

reduction of prostaglandin synthesis (Vane, 1971). Pain of acute inflammatory 

origin is thus a less likely cause of the movement asymmetries in these horses. 

However, it does not exclude other types of pain being present, such as chronic 

6 General discussion 
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or neuropathic pain. While the literature generally shows NSAIDs to be effective 

in horses with chronic lameness (Erkert et al., 2005; Hu et al., 2005; Schoonover 

et al., 2005; Doucet et al., 2008; Back et al., 2009), this is not always the case 

(Keegan et al., 2008). It is also noteworthy that meloxicam was not the substance 

evaluated in any of these studies. In addition, meloxicam was not effective in 

reducing pain in a hoof pressure lameness model (UCVM Class of 2016, Banse 

and Cribb, 2017), which would be expected to be predominantly nociceptive 

(mechanical) pain. Thus, while meloxicam was chosen due to its common use in 

the Nordic countries and suggested lower risk of gastrointestinal complications 

(D’Arcy-Moskwa et al., 2012; Noble et al., 2012), it should be considered that 

another drug might have been more efficacious. It would also have been 

interesting to try to reduce the asymmetries in horses not responsive to 

meloxicam by using diagnostic analgesia, but this was not a possibility in the 

owner-reported sound population studied.  

The failure to detect a significant effect of meloxicam on movement 

asymmetry might also be due to the composition of the study population, which 

may have included horses with and without pain-related movement 

asymmetries. With higher degrees of asymmetry, the assumption in this thesis 

was that the probability of an underlying painful pathology being present would 

increase. Therefore the effect was also tested in a subset containing the top 30% 

most asymmetric horses. The mean asymmetry values in the subset population 

were similar for the forelimb-related parameters and higher for the hindlimb-

related parameters, compared with asymmetries in clinically lame horses 

responsive to diagnostic analgesia (Maliye et al., 2015; Maliye and Marshall, 

2016). However, no treatment effect was found in this subset either.  

The only significant effect in the statistical models was a small mean decrease 

in stride frequency during both treatments, resulting in a small mean decrease in 

asymmetry. This decreased stride frequency probably represents a small 

decrease in speed as the horses became accustomed to the study situation, as 

seen in another study examining horses over several days (Hardeman et al., 

2019). Assuming that the decrease in stride frequency represents a decrease in 

speed, the decreased asymmetry is in agreement with findings in a previous 

study (Starke et al., 2013). 

Considerable variation over time in the measured asymmetries, irrespective 

of treatment, was evident for a number of horses in Paper I. This variation might 

have been lessened by only including horses with a ‘stable’ asymmetry over 

time. However, apart from most probably rendering the study population 

significantly smaller, this variation over time seems representative of the general 

population, as it agrees with that seen in riding horses and thoroughbreds in 

regular use (Sepulveda Caviedes et al., 2018; Hardeman et al., 2019). The 
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variation over time in lame horses has so far only been studied between two 

consecutive days in horses with forelimb lameness (Rungsri et al., 2014), which 

nevertheless showed considerable day-to-day variation. If this is generally true 

in lame horses, this phenomenon has to be considered when evaluating the 

response to treatment in a clinical setting and when assessing a horse for 

soundness, for example during a pre-purchase examination, warranting further 

studies in the future. 

6.1.2 Influence of rider seating style 

In Paper II, the influence of commonly used rider seating styles, in combination 

with straight and circular tracks, on the vertical movement symmetry of the horse 

was investigated. Among seating styles, the ‘rising trot’ was shown to 

significantly alter the movement symmetry of the horse, with the main effect on 

pelvic movement symmetry.  

The pelvis reached a lower maximum pelvic position after push-off when the 

rider was concurrently rising in agreement with the movement asymmetry 

measured at L5 in Roepstorff et al. (2009). This probably occurs due to the 

downward momentum induced when the rider actively rises and counteracts the 

hindlimb push-off. This PDmax mimics push-off lameness in the hindlimb on 

which the rider is sitting in ‘rising trot’. A change in PDmin was also seen with 

a lower minimum position of the pelvis during the stance phase when the rider 

was sitting. This probably reflects increased loading of that hindlimb, as seen in 

the relatively increased vertical ground reaction force (Roepstorff et al., 2009), 

and mimics weight-bearing lameness in the limb in stance when the rider is 

standing.  

Regarding head movement asymmetry, HDmax showed an increased 

maximum height reached by the head after push-off from the forelimb in stance 

while the rider was sitting. This could be due to the rider interfering with the 

normal movement by raising her hands as she rises and thus encouraging the 

horse’s head in an upward direction through the bit. This HDmax is in agreement 

with findings in Roepstorff et al. (2009), where in addition an effect on HDmin 

was seen, in contrast to the results presented in Paper II. 

In contrast to the findings in straight line in Paper II, Robartes et al. (2013) 

observed no significant effect of the ‘rising trot’ in straight line. This discrepancy 

could be due to the much larger inter-horse variation seen during straight line 

locomotion in that study, probably as a consequence of less experienced riders, 

less educated horses and more variable surface conditions. In Paper II, one 

intermediate-level rider was used to minimize possible variation between riders, 

in order to study the influence of the different conditions on the vertical 
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movement asymmetry of the horses. The use of only one rider means that caution 

has to be applied when generalising the results, as riders can themselves be 

asymmetric in their movement patterns (Symes and Ellis, 2009; Hobbs et al., 

2014; Engell et al., 2018). However, the main effects seen in Paper II did not 

differ between directions or rising diagonals, indicating no major influence of 

rider asymmetry on the results in that study.  

In contrast to the demonstrated influence of ‘rising trot’ symmetrical seating 

styles, such as ‘sitting trot’ or ‘two point seat’, did not significantly influence the 

movement symmetry of the horses. This makes sense from a mechanical 

perspective, if it is assumed that the symmetry of movement of the horse is not 

affected by the addition of the rider’s weight per se, but rather by the  oscillation 

of this added weight as the rider rises to the trot (Roepstorff et al., 2009; de Cocq 

et al., 2010; Peham et al., 2010; Martin et al., 2016). This is consistent with 

findings in Paper II and in a recent study, where the ‘rising trot’ induced PDmax 

asymmetry that was attributed to the hindlimb on which the rider was sitting 

(Dyson et al., 2019). It is also reasonable for the magnitude of this PDmax 

asymmetry to increase with increasing rider weight, as demonstrated in that 

study. 

When the ridden exercise is performed in a circle, asymmetries induced by 

circular movement also start influencing the symmetry of movement of the horse 

(Pfau et al., 2012, 2016; Starke et al., 2012; Rhodin et al., 2016). ‘Rising trot’ 

on the correct diagonal on the circle (sitting during outside forelimb/inside 

hindlimb diagonal stance) induced a PDmin asymmetry of opposite direction to 

the circle-induced asymmetry. This rider-induced asymmetry seemingly 

counteracted the circle-induced asymmetry. Based on the PDmin values, the 

horses in Paper II became significantly more symmetrical with the rider 

performing ‘rising trot’, compared with lungeing in the same direction. 

Furthermore, rising on the incorrect diagonal in a circle induced the highest 

degree of asymmetry for all asymmetry parameters combined. This suggests a 

biomechanical explanation for the conventional equestrian recommendation on 

the use of a certain ‘correct diagonal’ in rising trot in a circle.  

PDmax was distinctly more affected by ‘rising trot’ than by riding in a circle. 

As seen in straight line, there was a PDmax attributable to the hindlimb during 

which stance the rider was sitting, and no additional effect was seen when the 

horse was ridden in a circle. Although unridden exercise in a circle did not 

induce changes in HDmin (compared with in-hand straight line), there were 

some significant effects with the addition of a rider to the circular motion, 

irrespective of seating style. The effect was similar to that on sound and 

asymmetric (HDmin) horses on the lunge observed by Pfau et al. (2016), i.e. 

reduced downward movement during the inside forelimb stance, mimicking 
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inner forelimb lameness. It could be speculated that this is due to the rider 

influencing the head position or body lean of the horse.  

Lame horses were not intentionally sought out for Paper II, but part of the 

presumed sound study population presented with pre-existing movement 

asymmetry. These horses were used as a proxy to test the rider’s influence on 

lame horses. Conditions that increase the baseline asymmetry are particularly 

interesting as these might assist in visual detection of lameness by increasing the 

asymmetry above the visual detection threshold (Parkes et al., 2009).  

In the orthopaedic textbook “Lameness in Horses” (Ross, 2011b), hindlimb 

lameness is said to increase if the rider in rising trot is sitting while the affected 

limb is in stance, but the type of hindlimb lameness (weight-bearing and/or push-

off) is not stated. The results in Paper II confirmed the ability of ‘rising trot’ to 

affect the magnitude of asymmetry, but the effect was shown to be totally 

opposing depending on the type of asymmetry. If the outcome in asymmetric 

horses in the study population were to be extrapolated to lame horses push-off 

hindlimb lameness would increase when the rider sits during the lame stance 

whereas weght-bearing hindlimb lameness would decrease. Thus, the textbook 

statement seemingly holds true only for horses with predominant push-off 

lameness (PDmax asymmetry). In contrast to the findings in Paper II Licka et al. 

(2004) observed an increase in hindlimb asymmetry when horses were ridden by 

an experienced rider in ‘sitting trot’. A higher degree of collection might 

contribute to this discrepancy but it is also worth mentioning that the increase in 

asymmetry seen in Licka et al. was very small on a group level.  

In general, the asymmetry measured during a given condition appeared to be 

a simple summation of the baseline asymmetry of the horse and the asymmetries 

induced by the rider and those induced by a circular track. Horses with a PDmin 

asymmetry attributed to the right hindlimb showed increased asymmetry on a 

straight line if the rider was seated during the left hindlimb stance, thus 

combining the baseline asymmetry with the asymmetry induced by the rising 

trot. The same horses had the highest degree of asymmetry when trotting in a 

circle to the right with the rider rising on the incorrect diagonal. Then the circle-

induced PDmin asymmetry (Pfau et al., 2012, 2016; Starke et al., 2012; Rhodin 

et al., 2016) was also added. This addition of asymmetries is in accordance with 

the summation of induced hindlimb lameness and circle-induced asymmetry 

previously reported by Rhodin et al., (2013). 

The effect of the rider on head movement asymmetry was less pronounced 

and consisted mainly of a decrease in asymmetry during some conditions 

compared with baseline. The only condition in which head asymmetry was 

shown to increase was in horses with HDmin asymmetry, when the limb to 

which the asymmetry was attributed was to the inside of the circle and the rider 
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was simultaneously rising on the incorrect diagonal. As the rider has been shown 

to be able to influence the movement of the horse’s head (Schöllhorn et al., 

2006), it could be speculated that the head nod in horses with forelimb lameness 

could be concealed by rider stabilisation via the reins. The results in Paper II 

partly contradicted this, since even though the main significant changes were 

decreases in asymmetry, the head movement asymmetry was not decreased with 

the rider in the symmetric seating style ‘sitting trot’, in agreement with a 

previous study (Licka et al., 2004). However, these results should be 

extrapolated with caution to lame horses, as this effect might be greater in horses 

with more pronounced head movement asymmetry. 

In conclusion, ‘rising trot’ can seemingly both amplify and obscure pre-

existing movement asymmetries. However, the asymmetry values in the study 

population in Paper II were generally lower than the mean values in a larger 

prevalence study (Rhodin et al., 2017). Thus, to ascertain that these findings hold 

true for lame horses, they need to be investigated further in horses with a higher 

degree of asymmetry and diagnosed clinical lameness. 

6.1.3 Compensatory asymmetries 

In Paper IV, compensatory movement asymmetry patterns were investigated in 

horses with naturally occurring lameness and a positive response to diagnostic 

analgesia. On group level, the horses with hindlimb lameness showed evidence 

of a compensatory asymmetry resembling ipsilateral forelimb lameness as seen 

in previous studies (May and Wyn-Jones, 1987; Buchner et al., 1996; Uhlir et 

al., 1997; Kelmer et al., 2005; Rhodin et al., 2013). However, on closer 

inspection only 26-33% had a HDmin of a magnitude that was large enough to 

be easily mistaken for a primary forelimb lameness. This was similar to the 

proportion observed in Paper III and in another study of horses with clinical 

lameness (Maliye and Marshall, 2016). Thus, the results in Paper IV confirm 

that the compensatory ipsilateral head asymmetry can be prominent compared 

with the hindlimb lameness causing it, as has been previously demonstrated 

(Kelmer et al., 2005; Rhodin et al., 2013). However, it only seems to be present 

in some horses with hindlimb lameness.  

Another noteworthy finding in Paper IV was that there was no significant 

linear correlation between the change in hindlimb asymmetry parameters 

responsive to diagnostic analgesia and the change in any of the head asymmetry 

parameters. This indicates that the size of the compensatory head asymmetry, 

when present, is not directly dependent on the size of the pelvic movement 

asymmetry. This is in agreement with Maliye and Marshall (2016), who also 

studied horses with clinical hindlimb lameness. Different horses thus seemingly 
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use different compensatory strategies, at least for mild to moderate degrees of 

lameness. Factors such as conformation, duration of lameness and concurrent 

limb and back problems might determine the strategy utilised by horses to 

decrease the loading on the lame limb. 

In contrast, a significant correlation between change in the hindlimb 

asymmetry parameter and changes in head asymmetry parameters was found in 

two studies of horses with induced hindlimb lameness (Kelmer et al., 2005; 

Rhodin et al., 2013). Apart from differences in the nature and duration of 

lameness, those studies also included horses with a distinctly higher degree of 

hindlimb asymmetry. In Kelmer et al. (2005), the correlation was quite 

dependent on observations in the more severely lame horses. In conclusion, it 

cannot be excluded that a similar correlation would have been detected in Paper 

IV with the inclusion of more horses with a higher degree of lameness. 

It is also worth noting that if the lameness parameters of the left hindlimb 

lame horses in Paper IV were not mirrored by multiplying their trial means by -

1, the correlation was significant (p<0.001), but with a comparatively low 

correlation coefficient (R = 0.21) and large standard error of the slope. A larger 

spread of the values along both axes when both negative and positive values are 

utilised seems to enhance the ability of the model to identify a linear fit between 

the change in PDmin and the change in HDmin. However, the current way of 

analysing this is probably more representative of the true biological variability 

in the data. 

In the horses with forelimb lameness, the change in pelvic asymmetry 

showed a compensation mimicking diagonal hindlimb lameness, in agreement 

with findings in previous studies (Buchner et al., 1996; Uhlir et al., 1997; Maliye 

et al., 2013). The maximum point reached after push-off from the diagonal 

hindlimb was reduced compared with the ipsilateral hindlimb (PDmax), as has 

been previously shown (Kelmer et al., 2005; Rhodin et al., 2013; Maliye, Voute 

and Marshall, 2015). Assuming a similar relationship between asymmetry and 

force distribution as seen in hindlimb lame horses (Bell et al., 2016), this maxdiff 

probably corresponds to the increased horizontal acceleration forces (Morris and 

Seeherman, 1987). This increased forward thrust with less pelvic rise could be 

to compensate for the reduced use of the lame forelimb, keeping the horse 

moving forward but avoiding pivoting the torso down on the lame forelimb. 

In addition to the diagonal PDmax, a smaller ipsilateral compensatory 

weight-bearing asymmetry (PDmin) has been demonstrated in horses with 

induced lameness (Kelmer et al., 2005; Rhodin et al., 2013). This is in agreement 

with reduced loading of the ipsilateral hindlimb (Morris and Seeherman, 1987; 

Weishaupt et al., 2006). However, this ipsilateral PDmin has yet to be 

demonstrated in horses with naturally occurring lameness (Maliye and Marshall, 
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2016) and was not seen in the study population in Paper IV. This also agrees 

with the previous findings in thoroughbreds with ipsilateral head and withers 

asymmetry (Pfau et al., 2018). This particular compensatory mechanism could 

therefore be speculated to be specific for sole pressure-induced lameness, or to 

occur only at higher degrees of lameness. The latter is somewhat supported by 

the fact that when divided by lameness grade, ipsilateral hindlimb asymmetry is 

evident only in the higher degrees of lameness (Kelmer et al., 2005; Weishaupt 

et al., 2006). 

The correlation of the change in suspected compensatory asymmetries with 

the change in lameness after successful diagnostic analgesia was investigated in 

Paper IV. In horses with multiple-limb lameness, which might be present in the 

study population, investigating the change is only fully valid if the combination 

of asymmetry from true lameness and compensatory asymmetry is combined in 

an additive way. This seems to be the case when induced lameness is combined 

with circle induced asymmetry (Rhodin et al., 2013; Pfau et al., 2016) or 

naturally occurring asymmetry with asymmetry induced by rising trot (Persson-

Sjodin et al., 2018). However, to my knowledge no study to date has examined 

compensatory patterns in multi-limb lame horses.   

For several reasons, the results in Paper IV should not be considered a perfect 

representation of the prevalence of different compensatory patterns in lame 

horses. The compensatory patterns could only be investigated in horses with a 

positive response to diagnostic analgesia, and are thus unknown in horses with 

a lack of positive response. Horses with diagnostic analgesia performed on 

multiple limbs were excluded if they did not have a positive response in the 

primary limb blocked, thereby excluding some cases of multiple-limb lameness. 

Furthermore, the examining veterinarians were allowed to access the objective 

movement asymmetry data, possibly influencing their decision on the location 

at which to initiate diagnostic analgesia. The horses included were blocked in 

the correct limb, as seen from the positive response to diagnostic analgesia, but 

some horses with unusual compensatory patterns might potentially have been 

excluded. Nonetheless, as discussed above, the compensatory patterns generally 

confirmed those seen in earlier studies of both induced and naturally occurring 

lameness, and therefore still probably represent patterns that can be expected to 

occur commonly. 

6.1.4 Withers movement symmetry in lame horses 

The relationship between the head and the withers was the main focus in Papers 

III and IV in this thesis. The main objective was to find a way to more readily 

identify the primary lame limb in hindlimb lame horses with a compensatory 
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head movement asymmetry. Therefore, withers asymmetry was first 

investigated in horses with induced lameness (Paper III) and then the findings 

were verified in horses with naturally occurring lameness (Paper IV).  

The results of both studies showed generally ipsilateral head-withers 

asymmetry parameters (direction of asymmetry indicating the same forelimb) in 

horses with forelimb lameness and head-withers asymmetry attributed to 

opposite forelimbs in horses with hindlimb lameness. In clinical practice, this 

finding is probably most useful for distinguishing between true forelimb 

lameness and compensatory head movement asymmetry originating from a 

primary hindlimb lameness (Buchner et al., 1996; Uhlir et al., 1997; Kelmer et 

al., 2005; Rhodin et al., 2013). Therefore, in Paper IV this was investigated 

further in hindlimb lame horses with a head movement asymmetry deemed large 

enough to be easily mistaken for a primary forelimb lameness. This was only 

seen in 26-33% of the hindlimb lame horses but, despite the large head 

asymmetry, 82-83% of the horses showed withers asymmetry indicating the 

opposite forelimb compared to the head asymmetry.  

 Mainly warmblood riding horses were assessed in both Papers III and IV. 

Extrapolation to other breeds should be done with caution, but a study in 

thoroughbreds indicates a similar directional relationship (Pfau et al., 2018).  

In forelimb lameness, the conformity between head and withers asymmetry 

is intuitive, both agreeing with the reduced loading of the lame forelimb (Morris 

and Seeherman, 1987; Clayton et al., 2000; Ishihara et al., 2005; Weishaupt et 

al., 2006). In horses with hindlimb lameness and a compensatory head 

movement asymmetry, the head asymmetry represents a more pronounced head 

nod down during the diagonal stance including the lame hindlimb (Kelmer et al., 

2005; Rhodin et al., 2013; Maliye and Marshall, 2016). This head nod probably 

shifts the load within the lame diagonal towards the diagonal forelimb 

(Weishaupt et al., 2004). During the lame diagonal stance the trunk is instead 

kept higher (Buchner et al., 1996) resulting in a higher minimum position of 

both withers and pelvis. Consequently, the difference in minimum position of 

head and withers will be attributed to opposite forelimbs. In Paper IV the change 

in WDmin for each mm change in the parameter representing the blocked 

lameness was larger for pelvic parameters than for head parameters. This was 

presumably at least partly due to the generally relatively larger magnitude of the 

head compared with the pelvic asymmetry, due to the larger ROM of the head, 

but a difference in effect size is also possible. The focus in Paper IV was on 

WDmin, since the estimated change was greater than for WDmax, especially in 

correlation to the hindlimb parameters. However, the difference in maximum 

position (WDmax) followed the same pattern and can also be used.  
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Although the majority of horses displayed head and withers asymmetry 

relationships in accordance with the theory tested, some deviated from this 

pattern. Concurrent lameness in additional limbs can be suspected to be the 

reason in some cases, especially in the clinical cases in Paper IV but also to some 

degree in the induced horses in Paper III, as not all horses were trotting perfectly 

symmetrically before induction. Multiple concurrent lameness problems might 

generally add complexity in the clinical situation and sometimes distort the 

expected withers patterns. As discussed above, the data in Paper IV are not 

perfect from a prevalence perspective, but the results still represents patterns that 

can probably be expected to be commonly occurring.  

Movement of the withers can be difficult to observe in straight line trot, as it 

is either obscured by the head when viewed from the front or difficult to 

distinguish clearly when the observer is standing behind the horse. This can be 

solved by viewing the horse from the side, but this is mostly done during 

lungeing, and it is not known how lungeing affects movement symmetry of the 

withers in lame horses. The small magnitude of asymmetries of withers 

movement (compared with head movement) may also play a role when assessing 

withers movement visually, due to the limitations of the human visual system in 

perceiving small movement asymmetries (Parkes et al., 2009). However, withers 

movement can be measured using one of several commercially available systems 

(Keegan et al., 2011; Bosch et al., 2018; Pfau et al., 2018; Hardeman et al., 

2019). This is an additional incentive for utilising these systems in daily clinical 

practice.  

6.2 Additional aspects of material and methods 

6.2.1 Objective movement analysis - benefits and limitations 

Objective movement analysis systems enable quantification of vertical 

movement asymmetry during lameness evaluations. The temporal resolution of 

these systems is much higher than that of the human eye (Holcombe, 2009) and, 

as they are not restricted by the limited visual field of a human observer, they 

are able to evaluate many more strides. Furthermore, they can assist in 

overcoming expectation bias when evaluating the response to diagnostic 

analgesia (Arkell et al., 2006). Finally, if previous measurements are available, 

they can be used to objectively measure improvement during treatment and 

rehabilitation. 

However, there are certain limitations. A horse that does not trot up well, 

stumbles or in other ways fails to move representatively will generate data that 
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are as difficult to interpret as visual evaluation of the same horse. While 

objective movement analysis systems are excellent at measuring vertical 

movement asymmetry (Pfau et al., 2005; Keegan et al., 2011), these parameters 

do not necessarily contain all information valuable to lameness evaluation, and 

additional features picked up by the human observer might be missed by the 

systems. Finally, it should always be kept in mind that these systems do not 

measure pain. Objective movement analysis systems thus cannot determine 

whether this asymmetry is due to underlying pain and pathology. 

6.2.2 Thresholds for screening 

Ideally, there would be thresholds of vertical movement symmetry that could be 

used for screening, and that could discriminate between sound horses and horses 

suffering from pain and/or orthopaedic problems. However, separating sound 

and lame horses based on asymmetry magnitude would assume that vertical 

movement asymmetry of a certain degree is invariably associated with pain 

and/or pathology. In fact, the results presented in this thesis, and in the published 

literature, show that asymmetric movement can be induced by many factors. 

These include extrinsic factors such as lungeing direction (Starke et al., 2012; 

Pfau et al., 2016; Rhodin et al., 2016) and rider seating style (Robartes et al., 

2013) and intrinsic factors such as limb length (Vertz et al., 2018). Factors such 

as conformation and laterality (McGreevy and Rogers, 2005; Murphy et al., 

2005) can also be expected to contribute to biological variation in vertical 

movement asymmetry. 

Adding to the complexity is the apparent overlap in asymmetry magnitude 

between horses perceived to be free from lameness by the owner (Rhodin et al., 

2017) and horses with clinical lameness (Maliye et al., 2015; Maliye and 

Marshall, 2016). This cuts to the core of the problem that arises when trying to 

establish thresholds for screening in a population of horses. It is possible to 

identify and confirm lame horses, but it is not possible to define sound horses as 

there is no gold standard to ascertain the absence of pain and as horses are unable 

to self-report.  

One way of interpreting this overlap in asymmetry magnitude is that it 

represents large individual variation in baseline asymmetry, and that a large 

proportion of sound horses naturally show the same degree of asymmetry as 

horses with confirmed lameness. If this is true, then comparison of current 

asymmetry values with longitudinal data from the same specific individual may 

be highly informative and the best option for determining the significance of a 

movement asymmetry.  
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An alternative interpretation of the overlap in asymmetry magnitude is that 

many horses considered to be sound by their owners are in reality suffering from 

painful lameness. If this is the case, then these horses should be screened for 

asymmetry using a threshold with a high negative predictive value, ideally 

followed up by a reliable analgesic test to avoid unnecessary invasive lameness 

investigations in false positive cases.   

The truth probably lies somewhere in between these two alternative 

interpretations. Therefore we should in addition aim to gain as much knowledge 

as possible about the prevalence of lameness and asymmetries and, where 

possible, the cause of asymmetries in different populations. This will not provide 

clear-cut thresholds, but may provide a better basis for determining the 

probability that a movement asymmetry in a specific horse is due to pain and/or 

pathology.  

Despite the issues raised, different thresholds were utilised in all papers 

included in this thesis. However, the aim was to select representative study 

populations and not to screen for pain. In Paper I, the thresholds recommended 

by the IMU system manufacturer for detecting clinical lameness were utilised 

(Equinosis, 2016). They closely resemble the confidence intervals for 

repeatability of the system (Keegan et al., 2011) and have gained widespread 

clinical use. Therefore, these thresholds were previously utilised in a prevalence 

study (Rhodin et al., 2017). The aim in Paper I was to investigate the effect of 

meloxicam in a similar population of horses in full training and with vertical 

movement asymmetries. In Paper II, the same thresholds as in Paper I were used 

for selecting a subset of horses with movement asymmetries. However, in both 

of these studies, it was not assumed that the selected horses were actually lame. 

Thresholds were also used in Papers III and IV, but in those cases to select horses 

that demonstrated a certain degree of lameness among horses known to be lame.   

6.2.3 Data collection in clinical practice 

The movement symmetry data for Paper IV were collected during standard 

clinical lameness investigations in four different locations. Collection of data in 

this way and from multiple centres allows large quantities of data to be collected 

from horses with naturally occurring lameness. This creates the opportunity to 

confirm findings from horses with induced lameness in clinical cases and gain 

knowledge of the use of objective movement symmetry systems under real-life 

conditions.  

Naturally, there are also disadvantages with data collected under these less 

controlled clinical conditions. With time constraints, and the natural focus on 

clinical issues apart from data collection, mistakes can be made in registration 
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and data collection meaning the data cannot be completely trusted. For the data 

underlying the findings in Paper IV, this called for quite extensive manual or 

semi-manual post-collection correctional work. An observation from the work 

performed in Paper IV, was that having a particular person responsible for data 

collection leads to less erroneous registrations than when data are collected by 

attending clinicians and assistants. The large amounts of data generated in this 

way also mean that faults partly need to be identified automatically and 

unforeseen errors can then be difficult to identify. Examples of this are 

unexpected duplicate measurements and measurements on multiple horses’ 

registered under the same ID. 

In Paper IV, automatic identification of markers was used. This was generally 

found to perform well, but in rare cases critical errors occurred such as one of 

the tubera coxae markers being identified as the sacrum marker. Therefore, 

included measurements had to be manually checked and corrected when 

necessary.  

These issues should not preclude this type of data collection, as it is highly 

valuable for research purposes, but need to be kept in mind when planning 

collection and working with this type of data.  

6.2.4 Pre-existing and coexisting lameness 

A common struggle in many biomechanical studies in horses is to define and 

find sound study subjects. It is not uncommon for a non negligible proportion of 

a recruited presumed sound study population to fall outside desired thresholds 

of symmetry (Licka et al., 2004; Robartes et al., 2013; Pfau et al., 2016; Rhodin 

et al., 2016). In this thesis, this was evident in Papers II and III. In Paper II this 

asymmetric subset was retained, as the degree of asymmetry they displayed is 

seemingly representative of the owner-reported sound population (Rhodin et al., 

2017) and was utilised to study the effect of the rider on these pre-existing 

movement asymmetries. However, even though these horses were in full training 

and considered sound by the owner, and the asymmetries were of a low-grade, 

lameness cannot be completely ruled out. 

In Paper III, some horses included in the study showed initial movement 

asymmetries, mainly in the hindlimbs. The possibility that these asymmetries 

were due to pain cannot be completely ruled out, even though they were judged 

to be clinically insignificant by the experienced clinician who examined the 

horses. Pre-existing pain in the locomotor system could have made the horses 

less or more prone to adjust their movement pattern in response to the tightened 

bolt. In the selection of data for analysis, thresholds for lameness were used to 

ensure that the data included came from successful lameness inductions with 
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sufficient nociceptive stimuli to provoke lameness. This also ensured that the 

stimuli would override any other possible source of pain. If some horses had 

slightly painful lesions during the baseline measurements, this could potentially 

have affected their compensatory patterns. In spite of this, the associations in the 

data were clear and statistically significant. 
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The results presented in this thesis extend existing knowledge about the 

origin and significance of movement asymmetries in riding horses and the 

compensatory mechanisms in lame horses. The following specific 

conclusions can be drawn from the work presented: 

 

 Treatment with four days of meloxicam did not significantly decrease the 

movement asymmetry measured in horses in training and perceived as free 

from lameness by their owner. This finding raises new questions as to 

whether such asymmetries are simply expressions of biological variation or 

are related to pain/dysfunction not responsive to meloxicam treatment. 

 

 ‘Rising trot’, but not ‘sitting trot’ or ‘two point’ seat, induced systematic 

changes in vertical movement symmetry of the head and pelvis in riding 

horses. The most prominent effect was decreased pelvic rise mimicking push-

off lameness in the hindlimb of the diagonal during which stance the rider 

was sitting in ‘rising trot’.  

                                                                                                          

 When the horse was ridden in a circle, the asymmetry induced by ‘rising trot’ 

on the correct diagonal counteracted circle induced asymmetry, rendering the 

horse more symmetrical. This offers an explanation for the equestrian 

principle of rising on the ‘correct diagonal’. 

 

 In horses with small pre-existing movement asymmetries, the asymmetry 

induced by ‘rising trot’ increased or decreased the horse’s baseline 

asymmetry. Depending on sitting diagonal, this might potentially highlight 

or mask existing hindlimb asymmetries. 

 

 Some, but not all horses with hindlimb lameness, demonstrated 

compensatory ipsilateral head asymmetry. In horses with forelimb lameness, 

7 Concluding remarks 
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a compensatory diagonal decrease in hindlimb push-off was evident. In 

horses with naturally occurring lameness, there was no evidence of a 

compensatory ipsilateral hindlimb asymmetry in forelimb lame horses. 

 

  Head and withers movement asymmetry parameters generally indicated the 

same forelimb in horses with forelimb lameness, but indicated opposite 

forelimbs in horses with hindlimb lameness. Quantification of withers 

asymmetry is therefore a useful supplement in clinical objective lameness 

assessment and might aid in locating the primary lameness in hindlimb lame 

horses with a compensatory ipsilateral head movement asymmetry. 
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The work in this thesis can assist in interpretation of movement asymmetries 

under different circumstances, but many aspects still need further investigation. 

An increased understanding of the prevalence and development over time of 

movement asymmetries, and how these vary between different horse 

populations, would be desirable. Increased knowledge of that area could 

potentially enable easier interpretation of the significance of movement 

asymmetries in the individual horse. Age, breed, discipline, level of competition 

and history of orthopaedic problems would be interesting factors to consider. 

Other possible ways forward could be prospective studies relating present 

movement asymmetries to future orthopaedic disease or studies exploring the 

value of individual baseline data for deciding the significance of new or 

increased movement asymmetries in an individual horse. Such studies could 

determine whether newly arisen asymmetries or substantial increases in 

previously observed asymmetries are the most relevant.  

In Paper I, the effect of meloxicam was evaluated in owner-reported sound, 

albeit asymmetric, horses. Treatment with meloxicam did not generate a 

reduction in asymmetry, but this does not rule out pain as the cause of asymmetry 

in these horses. For horses such as these or other horses with movement 

asymmetries of unknown significance, it would be valuable to further investigate 

substances for analgesic testing, facial expressions of pain or other tests, to 

confirm or rule out the presence of pain.  

In Paper II, the rider was shown to be able to increase or decrease the horse’s 

baseline asymmetry when performing ‘rising trot’. This was studied in an 

asymmetric subset of horses in full training. These findings should be confirmed 

in horses with higher degrees of asymmetry and confirmed lameness, to ensure 

that they hold true for lame horses with orthopaedic pain.  

In relation to the findings in Papers III and IV, it would be interesting to 

further explore compensatory asymmetries and the directional relationship of 

head and withers asymmetry on the lunge. Compensatory asymmetry on the 

8 Future considerations 
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lunge has so far only been investigated in a study with a small number of horses 

with induced lameness (Rhodin et al., 2013). Withers movement asymmetry in 

lame horses on the lunge has not been studied to date. Further research in this 

area could facilitate interpretation of movement symmetry data collected while 

lungeing. An additional aspect would be to explore the association between 

different diagnoses of lameness and the movement pattern on the lunge. It is 

commonly believed that such a relationship exists, but this belief is not backed 

by scientific data.  

Large-scale collection of clinical data and multicentre collaborations should 

also be continued. Exploration of large quantities of data might in the future 

enable distinct lameness patterns to be connected to specific diagnoses and 

enable development of artificial intelligence tools to assist in lameness 

investigation. 

A final consideration relates back to the aim of this thesis to “improve equine 

welfare by providing knowledge that can support riders and veterinarians in 

detecting lameness at an early stage and improve orthopaedic diagnostics”. In 

order to achieve this goal of increased horse welfare, the work presented in this 

thesis, together with the existing body of knowledge regarding vertical 

movement asymmetries, needs to be effectively disseminated and taught to lay 

people and professionals in the horse industry, including equine practitioners. 



65 

 

Adair, S. et al. (2018) ‘Response to Letter to the Editor: Do we have to redefine lameness in the 

era of quantitative gait analysis’, Equine Veterinary Journal, 50(3), pp. 415–417. doi: 

10.1111/evj.12820. 

Arkell, M. et al. (2006) ‘Evidence of bias affecting the interpretation of the results of local 

anaesthetic nerve blocks when assessing lameness in horses’, Veterinary Record, 159(11), pp. 

346–348. doi: 10.1136/vr.159.11.346. 

Back, W. et al. (2009) ‘The use of force plate measurements to titrate the dosage of a new COX-2 

inhibitor in lame horses’, Equine Veterinary Journal, 41(3), pp. 309–312. doi: 

10.2746/042516409X397118. 

Barrey, E. et al. (1994) ‘Utilisation of an accelerometric device in equine gait analysis’, Equine 

Veterinary Journal, 26(17 S), pp. 7–12. doi: 10.1111/j.2042-3306.1994.tb04864.x. 

Bathe, A. P., Judy, C. E. and Dyson, S. (2018) ‘Letter to the Editor: Do we have to redefine 

lameness in the era of quantitative gait analysis?’, Equine Veterinary Journal, 50, p. 273. doi: 

10.1111/evj.12820. 

Baxter, G. M. and Stashak, T. S. (2011). ‘History, visual exam, palpation and manipulation’. In: 

Adams and Stashak´s Lameness in Horses, 6th ed. Ed: G.M. Baxter, Blackwell Publishing, 

Ltd., Chichester. p. 109-150. 

Bell, R. P. et al. (2016) ‘Associations of force plate and body-mounted inertial sensor 

measurements for identification of hind limb lameness in horses’, American Journal of 

Veterinary Research, 77(4), pp. 337–345. doi: 10.1016/j.actbio.2008.05.002. 

Beretta, C., Garavaglia, G. and Cavalli, M. (2005) ‘COX-1 and COX-2 inhibition in horse blood 

by phenylbutazone, flunixin, carprofen and meloxicam: An in vitro analysis’, 

Pharmacological Research, 52(4), pp. 302–306. doi: 10.1016/j.phrs.2005.04.004. 

Bosch, S. et al. (2018) ‘Equimoves: A wireless networked inertial measurement system for 

objective examination of horse gait’, Sensors (Switzerland), 18(3), pp. 1–35. doi: 

10.3390/s18030850. 

Buchner, H. H. et al. (1995) ‘Bilateral lameness in horses - a kinematic study’, The Veterinary 

quarterly, 17(3), pp. 103–105. doi: 10.1080/01652176.1995.9694543. 

Buchner, H. H. F. et al. (1996) ‘Limb movement adaptations in horses with experimentally 

induced fore- or hindlimb lameness’, 28, pp. 63–70. 

References 



66 

 

Chateau, H. et al. (2013) ‘Kinetics of the forelimb in horses circling on different ground surfaces 

at the trot’, Veterinary Journal. Elsevier Ltd, 198(suppl. 1), pp. e20–e26. doi: 

10.1016/j.tvjl.2013.09.028. 

Clayton, H. M. (1995) ‘Comparison of the stride kinematics of the collected, medium, and 

extended walks in horses.’, American journal of veterinary research, 56(7), pp. 849–852. 

Clayton, H. M. et al. (2000) ‘Kinematics and ground reaction forces in horses with superficial 

digital flexor tendinitis’, American Journal of Veterinary Research, 61(2), pp. 191–196. doi: 

10.2460/ajvr.2000.61.191. 

Clayton, H. M. and Hobbs, S. J. (2017) ‘The role of biomechanical analysis of horse and rider in 

equitation science’, Applied Animal Behaviour Science. Elsevier B.V., 190, pp. 123–132. doi: 

10.1016/j.applanim.2017.02.011. 

de Cocq, P. et al. (2009) ‘The effect of rising and sitting trot on back movements and head-neck 

position of the horse’, Equine Veterinary Journal, 41(5), pp. 423–427. doi: 

10.2746/042516409X371387. 

de Cocq, P. et al. (2010) ‘Vertical forces on the horse’s back in sitting and rising trot’, Journal of 

Biomechanics. Elsevier, 43(4), pp. 627–631. doi: 10.1016/j.jbiomech.2009.10.036. 

de Cocq, P., van Weeren, P. R. and Back, W. (2004) ‘Effects of girth, saddle and weight on 

movements of the horse’, Equine Veterinary Journal, 36(8), pp. 758–763. doi: 

10.2746/0425164044848000. 

Cruz, A. M. et al. (2018) ‘Effect of trotting speed on kinematic variables measured by use of 

extremity-mounted inertial measurement units in nonlame horses performing controlled 

treadmill exercise’, American Journal of Veterinary Research, 79(2), pp. 211–218. doi: 

10.2460/ajvr.79.2.211. 

D’Arcy-Moskwa, E. et al. (2012) ‘Effects of Meloxicam and Phenylbutazone on Equine Gastric 

Mucosal Permeability’, Journal of Veterinary Internal Medicine, 26(6), pp. 1494–1499. doi: 

10.1111/j.1600-0498.1988.tb00685.x. 

Degueurce, C. et al. (1997) ‘Variability of the limb joint patterns of sound horses at trot.’, Equine 

veterinary journal. Supplement, 23(23), pp. 89–92. doi: 10.1111/j.2042-3306.1997.tb05062.x. 

Deuel, N. R., Schamhardt, H. C. and Merkens, H. W. (1995) ‘Kinematics of induced reversible 

hind and fore hoof lamenesses in horses at the trot’, Equine Veterinary Journal, 27(18 S), pp. 

147–151. doi: 10.1111/j.2042-3306.1995.tb04908.x. 

Doucet, M. Y. et al. (2008) ‘Comparison of efficacy and safety of paste formulations of firocoxib 

and phenylbutazone in horses with naturally occurring osteoarthritis’, Journal of the 

American Veterinary Medical Association, 232(1), pp. 91–97. doi: 10.2460/javma.232.1.91. 

Dutto, D. J. et al. (2004) ‘Ground reaction forces in horses trotting up an incline and on the level 

over a range of speeds’, Journal of Experimental Biology, 207(20), pp. 3507–3514. doi: 

10.1242/jeb.01171. 

Dyson, S. et al. (2019) ‘The influence of rider:horse bodyweight ratio and rider‐horse‐saddle fit 

on equine gait and behaviour: A pilot study’, Equine Veterinary Education, p. eve.13085. doi: 

10.1111/eve.13085. 

Dyson, S. and Greve, L. (2016) ‘Subjective Gait Assessment of 57 Sports Horses in Normal 

Work: A Comparison of the Response to Flexion Tests, Movement in Hand, on the Lunge, 



67 

 

and Ridden’, Journal of Equine Veterinary Science. Elsevier Ltd, 38, pp. 1–7. doi: 

10.1016/j.jevs.2015.12.012. 

Egenvall, A. et al. (2006) ‘Mortality of Swedish horses with complete life insurance between 

1997 and 2000: Variations with sex, age, breed and diagnosis’, Veterinary Record, 158(12), 

pp. 397–406. doi: 10.1136/vr.158.12.397. 

Engell, M. T. et al. (2018) ‘Head, trunk and pelvic kinematics in the frontal plane in un-mounted 

horseback riders rocking a balance chair from side-to-side’, Comparative Exercise 

Physiology, 14(4), pp. 249–259. doi: 10.3920/CEP170036. 

Erkert, R. S. et al. (2005) ‘Use of force plate analysis to compare the analgesic effects of 

intravenous administration of phenylbutazone and flunixin meglumine in horses with 

navicular syndrome Ronald’, American Journal of Veterinary Research, 66(4), pp. 284–288. 

doi: 10.2460/ajvr.67.4.557. 

Equinosis (2016). ‘Lameness Locator 2016 User Manual.1.27.16’. Available upon request from: 

https://www.equinosis.com [2016-01-29]. 

European Medicines Agency (2018). ‘Metacam’. Available at: 

https://www.ema.europa.eu/en/medicines/veterinary/EPAR/metacam [2019-12-12]. 

Foreman, J. H. et al. (2008) ‘Effects of single-dose intravenous phenylbutazone on 

experimentally induced, reversible lameness in the horse’, Journal of Veterinary 

Pharmacology and Therapeutics, 31(1), pp. 39–44. doi: 10.1111/j.1365-2885.2007.00925.x. 

Foreman, J. H. et al. (2010) ‘Efficacy of single-dose intravenous phenylbutazone and flunixin 

meglumine before, during and after exercise in an experimental reversible model of foot 

lameness in horses’, Equine Veterinary Journal, 42(SUPPL. 38), pp. 601–605. doi: 

10.1111/j.2042-3306.2010.00232.x. 

Foreman, J. H. et al. (2012) ‘Dose titration of the clinical efficacy of intravenously administered 

flunixin meglumine in a reversible model of equine foot lameness’, Equine Veterinary 

Journal, 44(suppl. 43), pp. 17–20. doi: 10.1111/j.2042-3306.2012.00655.x. 

Fredricson, I. et al. (1980) ‘The application of high-speed cinematography for the quantitative 

analysis of equine locomotion’, Equine Veterinary Journal, 12(2), pp. 54–59. 

Friton, G. M., Philipp, H. and Kleemann, R. (2006) ‘Investigation of the clinical efficacy, safety 

and palatability of meloxicam (Metacam) treatment in horses with musculosceletal disorders’, 

Pferdeheilkunde Equine Medicine, 22(4), pp. 420–426. doi: 10.21836/PEM20060402. 

Fuller, C. J. et al. (2006) ‘The intra- and inter-assessor reliability of measurement of functional 

outcome by lameness scoring in horses’, Veterinary Journal, 171(2), pp. 281–286. doi: 

10.1016/j.tvjl.2004.10.012. 

Galisteo, A. M. et al. (1998) ‘The influence of speed and height at the withers on the kinematics 

of sound horses at the hand-led trot’, Veterinary Research Communications, 22(6), pp. 415–

423. doi: 10.1023/A:1006105614177. 

Goldring, M. B. and Otero, M. (2011) ‘Inflammation in osteoarthritis’, Curr Opin Rheumatol., 

23(5), pp. 471–478. doi: 10.1097/BOR.0b013e328349c2b1.Inflammation. 

Gómez Álvarez, C. B. et al. (2007) ‘The effect of induced forelimb lameness on thoracolumbar 

kinematics during treadmill locomotion’, Equine Veterinary Journal, 39(3), pp. 197–201. doi: 

10.2746/042516407X173668. 



68 

 

Gómez Álvarez, C. B. et al. (2008) ‘The effect of induced hindlimb lameness on thoracolumbar 

kinematics during treadmill locomotion’, Equine Veterinary Journal, 40(2), pp. 147–152. doi: 

10.2746/042516408X250184. 

Goodrich, L. R. and Nixon, A. J. (2006) ‘Medical treatment of osteoarthritis in the horse - A 

review’, Veterinary Journal, 171(1), pp. 51–69. doi: 10.1016/j.tvjl.2004.07.008. 

De Grauw, J. C. et al. (2009) ‘In vivo effects of meloxicam on inflammatory mediators, MMP 

activity and cartilage biomarkers in equine joints with acute synovitis’, Equine Veterinary 

Journal, 41(7), pp. 693–699. doi: 10.1016/j.tvjl.2014.03.030. 

Greve, L. and Dyson, S. J. (2014) ‘The interrelationship of lameness, saddle slip and back shape 

in the general sports horse population’, Equine Veterinary Journal, 46(6), pp. 687–694. doi: 

10.1111/evj.12222. 

Gunst, S. et al. (2019) ‘Influence of Functional Rider and Horse Asymmetries on Saddle Force 

Distribution During Stance and in Sitting Trot’, Journal of Equine Veterinary Science. 

Elsevier Ltd, 78, pp. 20–28. doi: 10.1016/j.jevs.2019.03.215. 

Halling Thomsen, M. et al. (2010) ‘Symmetry indices based on accelerometric data in trotting 

horses’, Journal of Biomechanics. Elsevier, 43(13), pp. 2608–2612. doi: 

10.1016/j.jbiomech.2010.05.004. 

Hammarberg, M. et al. (2016) ‘Rater agreement of visual lameness assessment in horses during 

lungeing’, Equine Veterinary Journal, 48(1), pp. 78–82. doi: 10.1111/evj.12385. 

Hardeman, A. M. et al. (2019a) ‘Variation in gait parameters used for objective lameness 

assessment in sound horses at the trot on the straight line and the lunge’, Equine Veterinary 

Journal, 0, pp. 1–9. doi: 10.1111/evj.13075. 

Heim, C. et al. (2016) ‘Determination of vertebral range of motion using inertial measurement 

units in 27 Franches-Montagnes stallions and comparison between conditions and with a 

mixed population’, Equine Veterinary Journal, 48(4), pp. 509–516. doi: 10.1111/evj.12455. 

Hewetson, M. et al. (2006) ‘Investigations of the reliability of the observational gait analysis for 

the assessment of lameness in horses’, Veterinary Record, 158(25), pp. 852–858. doi: 

10.1136/vr.158.25.852. 

Hobbs, S. J. et al. (2014) ‘Posture, flexibility and grip strength in horse riders’, Journal of Human 

Kinetics, 42(1), pp. 113–125. doi: 10.2478/hukin-2014-0066. 

Holcombe, A. O. (2009) ‘Seeing slow and seeing fast: two limits on perception’, Trends in 

Cognitive Sciences, 13(5), pp. 216–221. doi: 10.1016/j.tics.2009.02.005. 

Hu, H. H. et al. (2005) ‘Evaluation of the analgesic effects of phenylbutazone administered at a 

high or low dosage in horses with chronic lameness’, Journal of the American Veterinary 

Medical Association, 226(3), pp. 414–417. doi: 10.2460/javma.2005.226.414. 

Ishihara, A., Bertone, A. L. and Rajala-Schultz, P. J. (2005) ‘Association between subjective 

lameness grade and kinetic gait parameters in horses with experimentally induced forelimb 

lameness’, American Journal of Veterinary Research, 66(10), pp. 1805–1815. doi: 

10.2460/ajvr.2005.66.1805. 

Keegan, K. G. et al. (1997) ‘Effects of anesthesia of the palmar digital nerves on kinematic gait 

analysis in horses with and without navicular disease.’, American Journal of Veterinary 

Research, 58(3), pp. 218–223. 



69 

 

Keegan, K. G. et al. (2000) ‘Changes in kinematic variables observed during pressure-induced 

forelimb lameness in adult horses trotting on a treadmill’, American Journal of Veterinary 

Research, 61(6), pp. 612–619. doi: 10.2460/ajvr.2000.61.612. 

Keegan, K. G. et al. (2001) ‘Signal decomposition method of evaluating head movement to 

measure induced forelimb lameness in horses trotting on a treadmill’, Equine Veterinary 

Journal, 33(5), pp. 446–451. doi: 10.2746/042516401776254781. 

Keegan, K. G. et al. (2002) ‘Accelerometer-based system for the detection of lameness in horses’, 

Biomedical sciences instrumentation, 38, pp. 107–112. 

Keegan, K. G. et al. (2008) ‘Effectiveness of administration of phenylbutazone alone or 

concurrent administration of phenylbutazone and flunixin meglumine to alleviate lameness in 

horses’, American Journal of Veterinary Research, 69(2), pp. 167–173. doi: 

10.2460/ajvr.69.2.167. 

Keegan, K. G. et al. (2010) ‘Repeatability of subjective evaluation of lameness in horses’, Equine 

Veterinary Journal, 42(2), pp. 92–97. doi: 10.2746/042516409X479568. 

Keegan, K. G. et al. (2011) ‘Assessment of repeatability of a wireless, inertial sensor–based 

lameness evaluation system for horses’, American Journal of Veterinary Research, 72(9), pp. 

1156–1163. 

Keegan, K. G. et al. (2012) ‘Comparison of an inertial sensor system with a stationary force plate 

for evaluation of horses with bilateral forelimb lameness’, American Journal of Veterinary 

Research, 73(3), pp. 368–374. doi: 10.2460/ajvr.73.3.368. 

Kelmer, G. et al. (2005) ‘Computer-assisted kinematic evaluation of induced compensatory 

movements resembling lameness in horses trotting on a treadmill’, American Journal of 

Veterinary Research, 66(4), pp. 646–655. doi: 10.2460/ajvr.2005.66.646. 

Kramer, J. et al. (2000) ‘Kinematics of the hind limb in trotting horses after induced lameness of 

the distal intertarsal and tarsometatarsal joints and intra-articular administration of 

anesthetic’, American Journal of Veterinary Research, 61(9), pp. 1031–1036. doi: 

10.2460/ajvr.2000.61.1031. 

Kramer, J. et al. (2004) ‘Objective determination of pelvic movement during hind limb lameness 

by use of a signal decomposition method and pelvic height differences’, American Journal of 

Veterinary Research, 65(6), pp. 741–747. doi: 10.2460/ajvr.2004.65.741. 

Kübber, P. et al. (1994) ‘Erkenntnisse über den Einfluß der tiefen Palmarnervanästhesie auf das 

Gangbild des lahmheitsfreien Pferdes mit Hilfe einer kinematischen Meßmethode’, 

Pferdeheilkunde, 10(1), pp. 11–21. 

Leach, D. H. and Drevemo, S. (1991) ‘Treadmill, Velocity-dependent changes in stride frequency 

and length of trotters on a’. 

Leelamankong, P. et al. (2019) ‘Agreement among equine veterinarians and between equine 

veterinarians and inertial sensor system during clinical examination of hindlimb lameness in 

horses’, Equine Veterinary Journal, (February), pp. 1–6. doi: 10.1111/evj.13144. 

Licka, T., Kapaun, M. and Peham, C. (2004) ‘Influence of rider on lameness in trotting horses.’, 

Equine veterinary journal, 36(8), pp. 734–6. doi: 10.2746/0425164044848028. 

van Loon, J. P. A. M. et al. (2010) ‘Intra-articular opioid analgesia is effective in reducing pain 

and inflammation in an equine LPS induced synovitis model’, Equine Veterinary Journal, 

42(5), pp. 412–419. doi: 10.1111/j.2042-3306.2010.00077.x. 



70 

 

Van Loon, J. P. A. M. et al. (2013) ‘Upregulation of articular synovial membrane μ-opioid-like 

receptors in an acute equine synovitis model’, Veterinary Journal. Elsevier Ltd, 196(1), pp. 

40–46. doi: 10.1016/j.tvjl.2012.07.030. 

Maliye, S. et al. (2013) ‘An inertial sensor-based system can objectively assess diagnostic 

anaesthesia of the equine foot’, Equine Veterinary Journal, 45(S45), pp. 26–30. doi: 

10.1111/evj.12158. 

Maliye, S. and Marshall, J. F. (2016) ‘Objective assessment of the compensatory effect of clinical 

hind limb lameness in horses: 37 cases (2011–2014)’, JAVMA, 249(8), pp. 940–944. 

Maliye, S., Voute, L. C. and Marshall, J. F. (2015) ‘Naturally-occurring forelimb lameness in the 

horse results in significant compensatory load redistribution during trotting’, Veterinary 

Journal. Elsevier Ltd, 204(2), pp. 208–213. doi: 10.1016/j.tvjl.2015.03.005. 

Malmberg, A. B. and Yaksh, T. L. (1992a) ‘Antinociceptive actions of spinal nonsteroidal anti-

inflammatory agents on the formalin test in the rat’, Journal of Pharmacology and 

Experimental Therapeutics, 263(1), pp. 136–146. 

Malmberg, A. B. and Yaksh, T. L. (1992b) ‘Hyperalgesia Mediated by Spinal Glutamate or 

Substance P Receptor Blocked by Spinal Cyclooxygenase Inhibition’, Science, 257(5074), pp. 

1276–1279. 

Martin, P. et al. (2016) ‘Effect of the rider position during rising trot on the horse’s biomechanics 

(back and trunk kinematics and pressure under the saddle)’, Journal of Biomechanics. 

Elsevier, 49(7), pp. 1027–1033. doi: 10.1016/j.jbiomech.2016.02.016. 

Martin, P. et al. (2017) ‘Effects of the rider on the kinematics of the equine spine under the saddle 

during the trot using inertial measurement units: Methodological study and preliminary 

results’, Veterinary Journal. Elsevier Ltd, 221, pp. 6–10. doi: 10.1016/j.tvjl.2016.12.018. 

May, S. A. and Wyn-Jones, G. (1987) ‘Identification of hindleg lameness’, Equine Veterinary 

Journal, 19(3), pp. 185–188. doi: 10.1111/j.2042-3306.1987.tb01371.x. 

McGreevy, P. D. and Rogers, L. J. (2005) ‘Motor and sensory laterality in thoroughbred horses’, 

Applied Animal Behaviour Science, 92(4), pp. 337–352. doi: 10.1016/j.applanim.2004.11.012. 

McIlwraith, C. W. et al. (2010) ‘The OARSI histopathology initiative - recommendations for 

histological assessments of osteoarthritis in the horse’, Osteoarthritis and Cartilage. Elsevier 

Ltd, 18(suppl. 3), pp. S93–S105. doi: 10.1016/j.joca.2010.05.031. 

McLaughlin, R. M. et al. (1996) ‘Effects of subject velocity on ground reaction force 

measurements and stance times in clinically normal horses at the walk and trot’, American 

Journal of Veterinary Research, 57(1), pp. 7–11. 

Merkens, H.W. and Schamhardt, H. C. (1988) ‘Evaluation of equine locomotion during different 

degrees of experimentally induced lameness I: Lameness model and quantification’, pp. 99–

106. 

Merkens, H. W. and Schamhardt, H. C. (1988) ‘Evaluation of equine locomotion during different 

degrees of experimentally induced lameness I: Lameness model and quantification of ground 

reaction force patterns of the limbs’, Equine Veterinary Journal, 20(1977), pp. 99–106. doi: 

10.1111/j.2042-3306.1988.tb04655.x. 

Moorman, V. J. et al. (2017) ‘The Effect of Horse Velocity on the Output of an Inertial Sensor 

System’, Journal of Equine Veterinary Science. Elsevier Ltd, 58, pp. 34–39. doi: 

10.1016/j.jevs.2017.08.009. 



71 

 

Moriyama, T. et al. (2005) ‘Sensitization of TRPVI by EP1 and IP reveals peripheral nociceptive 

mechanism of prostaglandins’, Molecular Pain, 1, pp. 1–13. doi: 10.1186/1744-8069-1-3. 

Morris, E. and Seeherman, H. (1987) ‘Redistribution of ground reaction forces in experimentally 

induced equine carpal lameness’, Equine Exerc Physiol, pp. 553–563. Available at: 

http://www.iceep.org/pdf/iceep2/_1129105610_001.pdf. 

Murphy, J., Sutherland, A. and Arkins, S. (2005) ‘Idiosyncratic motor laterality in the horse’, 

Applied Animal Behaviour Science, 91(3–4), pp. 297–310. doi: 

10.1016/j.applanim.2004.11.001. 

Nielsen, T. D. et al. (2014) ‘Survey of the UK veterinary profession: common species and 

conditions nominated by veterinarians in practice’, Veterinary Record, 174(13), pp. 324–331. 

doi: 10.1136/vr.101745. 

Noble, G. et al. (2012) ‘Pharmacokinetics and Safety of Single and Multiple Oral Doses of 

Meloxicam in Adult Horses’, Journal of Veterinary Internal Medicine, 26(5), pp. 1192–1201. 

doi: 10.1111/j.1939-1676.2012.00976.x. 

Olive, J. et al. (2010) ‘Comparison of magnetic resonance imaging, computed tomography, and 

radiography for assessment of noncartilaginous changes in equine metacarpophalangeal 

osteoarthritis’, Veterinary Radiology and Ultrasound, 51(3), pp. 267–279. doi: 

10.1111/j.1740-8261.2009.01653.x. 

Parkes, R. S. V. et al. (2009) ‘Evidence of the development of “domain-restricted” expertise in 

the recognition of asymmetric motion characteristics of hindlimb lameness in the horse’, 

Equine Veterinary Journal, 41(2), pp. 112–117. doi: 10.2746/042516408X343000. 

Peham  Licka, T., Kapaun, M., Scheidl, M., C. (2001) ‘A new method to quantify harmony of the 

horse–rider system in dressage.’, Sports Engineering, 4, pp. 95–101. doi: 10.1046/j.1460-

2687.2001.00077.x. 

Peham, C. et al. (1998) ‘Speed dependency of motion pattern consistency’, Journal of 

Biomechanics, 31(9), pp. 769–772. doi: 10.1016/S0021-9290(98)00040-2. 

Peham, C. et al. (2000) ‘Individual Speed Dependency of Forelimb Lameness in Trotting Horses’, 

Veterinary Journal, 160(2), pp. 135–138. doi: 10.1053/tvjl.2000.0483. 

Peham, C. et al. (2004) ‘Influence of the rider on the variability of the equine gait’, Human 

Movement Science, 23, pp. 663–671. doi: 10.1016/j.humov.2004.10.006. 

Peham, C. et al. (2010) ‘A comparison of forces acting on the horse’s back and the stability of the 

rider’s seat in different positions at the trot’, Veterinary Journal. Elsevier Ltd, 184(1), pp. 56–

59. doi: 10.1016/j.tvjl.2009.04.007. 

Peham, C. (2013) ‘Signals from materials’, in Back, W. and Clayton, H. M. (eds) Equine 

Locomotion. Second Ed. St. Luis, MO, USA: Saunders Elsevier, pp. 61–71. 

Peham, C., Scheidl, M. and Licka, T. (1996) ‘A method of signal processing in motion analysis of 

the trotting horse’, Journal of Biomechanics, 29(8), pp. 1111–1114. 

Peloso, J. G. et al. (1993) ‘Computer-assisted three-dimensional gait analysis of amphotericin-

induced carpal lameness in horses’, American Journal of Veterinary Research, 54(9), pp. 

1535–1543. 

Penell, J. C. et al. (2005) ‘Specific causes of morbidity among Swedish horses insured for 

veterinary care between 1997 and 2000’, Veterinary Record, 157(16), pp. 470–477. doi: 

10.1136/vr.157.16.470. 



72 

 

Pfau, T. et al. (2012) ‘Effect of trotting speed and circle radius on movement symmetry in horses 

during lunging on a soft surface’, American Journal of Veterinary Research. doi: 

10.2460/ajvr.73.12.1890. 

Pfau, T. et al. (2014) ‘Identifying optimal parameters for quantification of changes in pelvic 

movement symmetry as a response to diagnostic analgesia in the hindlimbs of horses’, Equine 

Veterinary Journal, 46(6), pp. 759–763. doi: 10.1111/evj.12220. 

Pfau, T. et al. (2016) ‘Lungeing on hard and soft surfaces: Movement symmetry of trotting horses 

considered sound by their owners’, Equine Veterinary Journal, 48(1), pp. 83–89. doi: 

10.1111/evj.12374. 

Pfau, T. et al. (2018) ‘Head, withers and pelvic movement asymmetry and their relative timing in 

trot in racing Thoroughbreds in training’, Equine Veterinary Journal, 50(1), pp. 117–124. doi: 

10.1111/evj.12705. 

Pfau, T., Witte, T. H. and Wilson, A. M. (2005) ‘A method for deriving displacement data during 

cyclical movement using an inertial sensor’, Journal of Experimental Biology, 208(13), pp. 

2503–2514. doi: 10.1242/jeb.01658. 

Pourcelot, P. et al. (1997) ‘Kinematic Symmetry Index: A method for quantifying the horse 

locomotion symmetry using kinematic data’, Veterinary Research, 28(6), pp. 525–538. 

Ratzlaff, M. H., Grant, B. D. and Adrian, M. (1982) ‘Quantitative evaluation of equine carpal 

lamenesses’, Journal of Equine Veterinary Science, 2(3), pp. 78–88. doi: 10.1016/S0737-

0806(82)80010-5. 

Rhodin, M. et al. (2013) ‘Effect of lungeing on head and pelvic movement asymmetry in horses 

with induced lameness’, Veterinary Journal. Elsevier Ltd, 198(SUPPL1), pp. e39–e45. doi: 

10.1016/j.tvjl.2013.09.031. 

Rhodin, M. et al. (2016) ‘Head and pelvic movement asymmetry during lungeing in horses with 

symmetrical movement on the straight’, Equine Veterinary Journal, 48(3), pp. 315–320. doi: 

10.1111/evj.12446. 

Rhodin, M. et al. (2017) ‘Head and pelvic movement asymmetries at trot in riding horses in 

training and perceived as free from lameness by the owner’, PLoS ONE, 12(4), pp. 1–16. doi: 

10.1371/journal.pone.0176253. 

Rhodin, M. et al. (2018) ‘Vertical movement symmetry of the withers in horses with induced 

forelimb and hindlimb lameness at trot’, Equine Veterinary Journal, 50(6). doi: 

10.1111/evj.12844. 

Robartes, H., Fairhurst, H. and Pfau, T. (2013) ‘Head and pelvic movement symmetry in horses 

during circular motion and in rising trot’, Veterinary Journal. Elsevier Ltd, 198(suppl. 1), pp. 

e52–e58. doi: 10.1016/j.tvjl.2013.09.033. 

Robert, C. et al. (2002) ‘Effects of trotting speed on muscle activity and kinematics in 

saddlehorses.’, Equine veterinary journal. Supplement, 34(34), pp. 295–301. doi: 

10.1111/j.2042-3306.2002.tb05436.x. 

Roepstorff, L. et al. (2009) ‘Kinetics and kinematics of the horse comparing left and right rising 

trot’, Equine Veterinary Journal, 41(3), pp. 292–296. doi: 10.2746/042516409X397127. 

Ross, W. (2011a). ‘Lameness in horses: Basic facts before starting’. In: Diagnosis and 

Management of Lameness in the Horse, 2nd ed. Eds: M.W. Ross and S.J. Dyson, Elsevier 

Saunders, St Louis. p 3. 



73 

 

Ross, W. (2011b). ‘Movement’. In: Diagnosis and Management of Lameness in the Horse, 2nd 

ed. Eds: M.W. Ross and S.J. Dyson, Elsevier Saunders, St Louis. p 64-80. 

Rungsri, P. K. et al. (2014) ‘Use of body-mounted inertial sensors to objectively evaluate the 

response to perineural analgesia of the distal Limb and intra-articular analgesia of the distal 

interphalangeal joint in horses with forelimb Lameness’, Journal of Equine Veterinary 

Science. Elsevier Ltd, 34(8), pp. 972–977. doi: 10.1016/j.jevs.2014.05.002. 

Schöllhorn, W. I. et al. (2006) ‘A pattern recognition approach for the quantification of horse and 

rider interactions’, Equine Veterinary Journal, 38(suppl. 36), pp. 400–405. doi: 

10.1111/j.2042-3306.2006.tb05576.x. 

Schoonover, M. J., Jann, H. W. and Blaik, M. A. (2005) ‘Quantitative comparison of three 

commonly used treatments for navicular syndrome in horses’, American Journal of 

Veterinary Research, 66(7), pp. 1247–1251. doi: 10.2460/ajvr.2005.66.1247. 

Sepulveda Caviedes, M. F., Forbes, B. S. and Pfau, T. (2018) ‘Repeatability of gait analysis 

measurements in Thoroughbreds in training’, Equine Veterinary Journal, 50(4), pp. 513–518. 

doi: 10.1111/evj.12802. 

Serra Bragança, F. M. et al. (2020) ‘Quantitative lameness assessment in the horse based on upper 

body movement symmetry: The effect of different filtering techniques on the quantification of 

motion symmetry’, Biomedical Signal Processing and Control, 57. doi: 

10.1016/j.bspc.2019.101674. 

Serra Bragança, F. M., Rhodin, M. and van Weeren, P. R. (2018) ‘On the brink of daily clinical 

application of objective gait analysis: What evidence do we have so far from studies using an 

induced lameness model?’, Veterinary Journal. Elsevier Ltd., 234, pp. 11–23. doi: 

10.1016/j.tvjl.2018.01.006. 

Starke, S. D. et al. (2012) ‘Vertical head and trunk movement adaptations of sound horses trotting 

in a circle on a hard surface’, Veterinary Journal. Elsevier Ltd, 193(1), pp. 73–80. doi: 

10.1016/j.tvjl.2011.10.019. 

Starke, S. D. et al. (2013) ‘The effect of trotting speed on the evaluation of subtle lameness in 

horses’, The Veterinary Journal. Elsevier Ltd, 197(2), pp. 245–252. doi: 

10.1016/j.tvjl.2013.03.006. 

Swanson T. D. (2011). ‘Evaluation of horses at work’. In: Adams and Stashak´s Lameness in 

Horses, 6th ed. Ed: G.M. Baxter, Blackwell Publishing, Ltd., Chichester. p. 151-153. 

Symes, D. and Ellis, R. (2009) ‘A preliminary study into rider asymmetry within equitation’, 

Veterinary Journal. Elsevier Ltd, 181(1), pp. 34–37. doi: 10.1016/j.tvjl.2009.03.016. 

Symonds, K. D. et al. (2006) ‘Use of force plate analysis to assess the analgesic effects of 

etodolac in horses with navicular syndrome’, American Journal of Veterinary Research, 

67(4), pp. 557–561. doi: 10.2460/ajvr.67.4.557. 

Thomsen, M. H. et al. (2010) ‘Agreement between accelerometric symmetry scores and clinical 

lameness scores during experimentally induced transient distension of the 

metacarpophalangeal joint in horses’, Equine Veterinary Journal, 42(suppl. 38), pp. 510–515. 

doi: 10.1111/j.2042-3306.2010.00287.x. 

Tóth, F. et al. (2014) ‘Effect of anesthetizing individual compartments of the stifle joint in horses 

with experimentally induced stifle joint lameness’, American Journal of Veterinary Research, 

75(1), pp. 19–25. 



74 

 

Toutain, P. and Cester, C. C. (2004) ‘Pharmacokinetic-pharmacodynamic relationships and dose 

response to meloxicam in horses with induced arthritis in the right carpal joint’, American 

Journal of Veterinary Research, 65(11), pp. 1533–1541. 

UCVM Class of 2016, Banse, H. and Cribb, A. E. (2017) ‘Comparative efficacy of oral 

meloxicam and phenylbutazone in 2 experimental pain models in the horse’, Canadian 

Veterinary Journal, 58(2), pp. 157–167. 

Uhlir, C. et al. (1997) ‘Compensatory movements of horses with a stance phase lameness’, 

Equine Veterinary Journal, 29(S23), pp. 102–105. doi: 10.1111/j.2042-3306.1997.tb05065.x. 

Vane, J. R. (1971) ‘Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like 

drugs’, Nature new biology, 231(25), pp. 232–235. 

Vertz, J. et al. (2018) ‘Effect of a unilateral hind limb orthotic lift on upper body movement 

symmetry in the trotting horse’, PLoS ONE, 13(6), pp. 1–14. doi: 

10.1371/journal.pone.0199447. 

Walliser, U. et al. (2015) ‘Evaluation of the efficacy of meloxicam for post-operative 

management of pain and inflammation in horses after orthopaedic surgery in a placebo 

controlled clinical field trial’, BMC Veterinary Research. ???, 11(1), pp. 1–8. doi: 

10.1186/s12917-015-0427-4. 

van Weeren, P. R. et al. (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’, Equine 

Veterinary Journal, 22(9 S), pp. 95–100. doi: 10.1111/j.2042-3306.1990.tb04744.x. 

van Weeren, P. R. et al. (2017) ‘Do we have to redefine lameness in the era of quantitative gait 

analysis?’, Equine Veterinary Journal, 49(5), pp. 567–569. doi: 10.1111/evj.12715. 

Weishaupt, M. A. et al. (2002) ‘Instrumented treadmill for measuring vertical ground reaction 

forces in horses’, American Journal of Veterinary Research, 63(4), pp. 520–527. 

Weishaupt, M. A. et al. (2004) ‘Compensatory load redistribution of horses with induced weight-

bearing hindlimb lameness trotting on a treadmill’, Equine Veterinary Journal, 36(8), pp. 

727–733. doi: 10.1016/j.tvjl.2004.09.004. 

Weishaupt, M. A. et al. (2006) ‘Compensatory load redistribution of horses with induced weight-

bearing forelimb lameness trotting on a treadmill’, Veterinary Journal, 171(1), pp. 135–146. 

doi: 10.1016/j.tvjl.2004.09.004. 

Weishaupt, M. A. et al. (2010) ‘Velocity-dependent changes of time, force and spatial parameters 

in Warmblood horses walking and trotting on a treadmill’, Equine Veterinary Journal, 

42(SUPPL. 38), pp. 530–537. doi: 10.1111/j.2042-3306.2010.00190.x. 

Williams, J. and Tabor, G. (2017) ‘Rider impacts on equitation’, Applied Animal Behaviour 

Science. Elsevier B.V., 190, pp. 28–42. doi: 10.1016/j.applanim.2017.02.019. 

Zeilhofer, H. U. (2007) ‘Prostanoids in nociception and pain’, Biochemical Pharmacology. 

Elsevier Inc., 73(2), pp. 165–174. doi: 10.1016/j.bcp.2006.07.037. 

 

  



75 

 

Orthopaedic disorders are very common and a welfare issue in sports horses. 

Lameness is considered the hallmark clinical sign of orthopaedic pain. If 

lameness is detected and the underlying problem is correctly diagnosed at an 

early stage, treatment and rehabilitation have a greater chance of success. 

Lameness is primarily identified by detecting abnormalities in the horse’s 

movement pattern. However, there is a surprisingly low degree of consensus 

between veterinarians when assessing lameness, especially low-grade lameness. 

Biomechanical research has shown that asymmetric movement of the horse's 

head and pelvis are good indicators of lameness. This has led to the development 

of modern objective methods by which vertical movement asymmetry can be 

easily detected and documented. The aim of this thesis was to increase equine 

welfare by improving interpretation of movement asymmetries under different 

circumstances. This can support riders and veterinarians in detecting lameness 

at an early stage and improve lameness diagnostics. 

Objective gait analysis has previously revealed that a large proportion of 

riding horses in training, perceived as free from lameness by their owners, show 

movement asymmetries of equal magnitude to horses with mild clinical 

lameness. To investigate whether these asymmetries are pain-related, horses in 

training but with movement asymmetries were treated with a nonsteroidal anti-

inflammatory drug. Before and after treatment movement symmetry in these 

horses was measured using an objective system. It was found that treatment did 

not affect movement symmetry in these horses. This raises new questions as to 

whether such asymmetries are simply expressions of biological variation or 

related to pain/dysfunction not responsive to the treatment used.  

The most common situation in which riding horses are observed in motion is 

whilst being ridden. Knowledge of how the rider influences movement 

symmetry of the horse may thus aid observers and riders in detection of low-

grade lameness. It is also common for the veterinarian to ask to see the horse 

ridden during a lameness work-up. Therefore, the effect of different rider seating 

Popular science summary 
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styles on the movement symmetry of horses was investigated in this thesis. 

Rising trot was shown to induce asymmetric movement that mimicked low-

grade hindlimb lameness. Therefore, horses showing mild hindlimb movement 

asymmetries of equal magnitude that switch hindlimb when the rider switches 

between left- and right-rising trot should not be taken to be lame. In horses with 

mild lameness, i.e. low-level movement asymmetries without the rider, left- and 

right-rising trot may attenuate or reduce pre-existing hindlimb asymmetries, 

depending on rising diagonal. Knowledge that rising trot on one of the two 

diagonals may emphasise pre-existing asymmetry can be used to discover low 

grade lameness. It was also found that rising trot on the correct diagonal 

counteracts circle-induced asymmetry. This offers an explanation for the 

equestrian principle of rising on the ‘correct diagonal’. 

It has previously been shown that lameness of a hindlimb can cause a head 

nod down, in the exact same manner as if the horse had a lame forelimb. There 

is a risk of this compensatory head nod being mistaken for a forelimb lameness 

and consequently that of lameness investigation being initiated in the wrong 

limb. Therefore, this thesis investigated the potential of the movement symmetry 

of the withers to aid the equine practitioner in identifying the primary lame limb. 

It was shown that movement symmetry of the head and withers generally 

indicates lameness in the same forelimb in cases with forelimb lameness and in 

opposite forelimbs in cases of hindlimb lameness. Measuring withers movement 

asymmetry may therefore be helpful in identifying the true origin of the 

lameness.  

The work presented in this thesis assists in interpretation of movement 

symmetries in riding horses but much still remains to be elucidated. Future 

research should focus on prevalence and development over time of movement 

asymmetries to understand their clinical significance and identify risk factors for 

orthopaedic disorders. In addition, new ways of testing for the presence of pain 

and improved ability to interpret movement symmetry measurements during 

lameness evaluations. Most importantly, it is imperative that the increasing 

knowledge gained from biomechanical research reaches lay people and 

professionals in the horse industry, including equine practitioners.    
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Ortopediska skador är mycket vanliga hos våra sporthästar och är ett stort 

djurvälfärdsproblem. Hälta är det vanligaste symtomet på ortopedisk smärta och 

om den upptäcks tidigt och skadan kan diagnostiseras korrekt ökar chanserna att 

behandling och rehabilitering ska lyckas och hästen blir frisk. 

För att avgöra om hästen är halt och var hältan kommer ifrån studeras hästens 

rörelser. Det har dock visat sig att denna subjektiva bedömning är mycket svår 

och osäker, framförallt vid låggradiga hältor. Biomekanisk forskning har visat 

att asymmetrier i huvudet och korsets vertikala rörelser är bra mått på en fram- 

respektive bakbenshälta. Med denna kunskap har moderna objektiva metoder 

utvecklats som enkelt kan mäta och dokumentera asymmetrin i hästens rörelser. 

Syftet med denna avhandling var att öka kunskapen om hur man ska tolka 

asymmetrier i hästens rörelsemönster i olika situationer. Det kan bidra till att 

djurägare och veterinärer upptäcker en hälta tidigare men även till förbättrad 

ortopedisk diagnostik, vilket främjar hästens välfärd. 

Med objektiva metoder har man kunnat visa att en mycket stor andel av hästar 

i träning har ett asymmetriskt rörelsemönster trots att ägarna upplever dem som 

friska. Asymmetrierna är ofta lika stora som de är hos hästar som utreds på klinik 

för lindriga hältor. För att undersöka om asymmetrierna hos dessa hästar är 

smärtorsakade behandlades en grupp sådana hästar i den första studien med en 

anti-inflammatorisk medicin. Effekten av behandlingen utvärderades genom 

objektiva symmetrimätningar med det sensor-baserade systemet Lameness 

Locator före och efter behandling. Studien visade att behandlingen inte hade 

någon effekt på hästarnas rörelseasymmetrier och detta väcker nya frågor. Kan 

asymmetrierna vara en naturlig biologisk variation eller är de ändå orsakade av 

smärta som inte svarar på den anti-inflammatoriska behandlingen? 

Ridhästar observeras oftast i rörelse med ryttare på ryggen. Kunskap om hur 

ryttaren påverkar symmetrin i hästens rörelsemönster är därför viktigt då ökad 

kunskap kan hjälpa ryttare och tränare att tidigt upptäcka en eventuell hälta. 

Ridprov är en vanlig del av en hältutredning och veterinären måste därför ha 

Populärvetenskaplig sammanfattning 
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kunskap om ryttarens påverkan på hästen för att korrekt kunna tolka hästens 

rörelsemönster. I studie två studerades därför effekten av ryttarens sits på hästens 

rörelsemönster. Resultaten visade att vid lättridning fick hästen ett asymmetriskt 

rörelsemönster som liknade en låggradig bakbenshälta. Om en häst visar en 

lindrig bakbensasymmetri vid lättridning, som är av samma grad och byter ben 

när ryttaren byter sittben, ska man inte misstolka den för en hälta. Hos hästar 

med en låggradig hälta kan lättridningen dölja eller förstärka hältan beroende på 

vilket sittben man sitter på och detta kan utnyttjas för att tidigt upptäcka en hälta 

hos hästen. Studien kunde också visa att lättridningen motverkar de 

asymmetrierna hos hästen som orsakas av voltens böjda spår, vilket ger en 

biomekanisk förklaring till varför man ska sitta på ”rätt” sittben. 

Tidigare studier har visat att bakbenshalta hästar kan nicka med huvudet för 

att avlasta det onda bakbenet så att de ser ut att vara halta på samma sidas 

framben. Det finns en stor risk att man misstar denna huvudnickning för att vara 

en riktig frambenshälta och att man börjar utreda fel ben vilket fördröjer eller 

förhindrar att hästen får en korrekt diagnos. I de två sista studierna undersöktes 

därför om man kan använda mankens rörelse för att skilja en äkta frambenshälta 

från en falsk (kompensatorisk). Resultatet visade att vid en frambenshälta 

indikerade huvudets och mankens asymmetrier samma framben. Vid en 

bakbenshälta indikerade däremot huvudet och mankens asymmetrier hälta i var 

sitt framben. Genom att mäta mankens rörelse kan man därmed få hjälp att direkt 

avgöra när en huvudnickning är orsakad av en frambenshälta eller när den 

kommer från en bakbenshälta. 

Resultaten från denna avhandling bidrar till en ökad förståelse för hur man 

ska tolka rörelseasymmetrier hos hästar i olika situationer men ännu kvarstår 

mycket att undersöka. Framtida studier bör undersöka förekomsten av 

rörelseasymmetrier i olika populationer och se hur de påverkas av faktorer som 

ålder, träning, utbildningsnivå, skadehistork och lateralitet. Detta skulle öka 

förståelsen av asymmetriernas betydelse hos enskilda hästar men även innebära 

att riskfaktorer för utvecklingen av ortopediska skador hos våra hästar skulle 

kunna identifieras. 

Nya smärtlindringsmetoder eller test för att utvärdera om hästars 

asymmetrier är smärtorsakade eller ej skulle behöva utvecklas. Ett fortsatt 

forskningsarbete för att korrekt förstå hästars rörelseasymmetrier samt utvärdera 

och förbättra de olika momenten vid ortopediska utredningar är också centralt. 

Men viktigast av allt är att den nya kunskapen når ut till lekmän och 

professionella inom hästnäringen inklusive veterinärer så den bidrar till ökad 

hästvälfärd. 
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