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Weeren, 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? (2010),
https://doi.org/10.1016/j.tvjl.2018.01.006

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

https://doi.org/10.1016/j.tvjl.2018.01.006
https://doi.org/10.1016/j.tvjl.2018.01.006


1 
 

Review  

 

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? 

 

 

Filipe M. Serra Bragança a,*, Marie Rhodin b, Paul René van Weeren a 

 
a Department of Equine Sciences, Faculty of Veterinary Medicine, Utrecht University, 

Yalelaan 112-114, NL-3584 CM Utrecht, The Netherlands 
b Department of Clinical Sciences, Swedish University of Agricultural Sciences, SE-

750 07 Uppsala, Sweden. 

 

 

 

 

* Corresponding author. Tel.: +31 3025 33743. 

E-mail address: f.m.serrabraganca@uu.nl (F.M. Serra Bragança).  

ACCEPTED M
ANUSCRIP

T



2 
 

Highlights 

 Quantitative gait analysis offers objective and unbiased information which can be 

valuable during a lameness examination. 

 Kinetic and kinematic methods can be used to quantify changes in locomotion due to 

lameness. 

 Gait analysis using optical motion capture and inertial motion unit sensors have good 

potential for clinical application. 

 Repeated measurements (e.g. before and after diagnostic anaesthesia or treatment) 

may have highest clinical relevance. 

 

Abstract 

Quantitative gait analysis has the potential to offer objective and unbiased gait 

information that can assist clinical decision-making. In recent years, a growing number of 

gait analysis systems have come onto the market, highlighting the demand for such 

technology in equine orthopaedics. However, it is imperative that the measured variables 

which are used as outcome parameters are supported by scientific evidence and that the 

interpretation of such measurements is backed by a proper understanding of the 

biomechanical principles of equine locomotion. This review, which is based on studies on 

experimentally induced lameness, summarises the currently most widely used methods for 

gait analysis and the available evidence concerning gait parameters that can be used to 

quantify gait changes due to lameness. These are discussed regarding their current and future 

potential for routine clinical application. 

 

Keywords: Asymmetry; Gait analysis; Horse; Lameness; Motion capture.    

ACCEPTED M
ANUSCRIP

T



3 
 

Introduction  

The primary uses of the horse as sport and leisure animal are based on the capacity of 

its locomotor system. Disorders of that system, which become almost invariably clinically 

manifest as lameness, are one of the main reasons for equine veterinary consultation (Nielsen 

et al., 2014). It has also been reported that equine practitioners spend most of their working 

time on lameness examination (Loomans et al., 2007). Lameness can affect horses from all 

equestrian disciplines, leading to a financial loss for horse owners, days lost in training and/or 

competition (Jeffcott et al., 1982; Murray et al., 2006; Dyson et al., 2008; Egenvall et al., 

2008, 2013).). 

 

In the context of this review, it is essential to define the term ‘lameness’ as a clinical 

interpretation of one or more signs indicating a pathological condition of the locomotor 

system (van Weeren et al., 2017). It is hence an alteration of the normal gait due to a 

functional or structural disorder in this system (Buchner, 2013), making it a clinical entity 

that is more than just a deviation of what can be seen as optimal gait. This definition of 

lameness challenges the veterinarian to discriminate between normal and abnormal (i.e. 

pathological) gait for a specific subject presented with a complaint of lameness. When 

confronted with animals without complaints, the challenge may be two-fold. First, to decide 

whether some gait irregularity and/or asymmetry is present. Second, to judge whether there is 

an underlying pathological condition or not, hence whether or not the irregularity/asymmetry 

should be considered a subclinical sign of lameness. In the majority of cases, standard 

practice has been and still is to accomplish this by subjective assessment of gait. 

 

Although it is widely recognised that most gait events can be assessed efficiently by 

experienced clinicians through subjective visual examination (Dyson, 2014), any observer is 
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hampered by limitations of the maximal temporal resolution of the human eye, limits to the 

perception of asymmetry (Parkes et al., 2009) and memorisation. Partially related to these 

limitations, a subjective visual evaluation suffers from some substantial drawbacks which are 

reflected in the low inter-observer agreement (Fuller et al., 2006; Hewetson et al., 2006; 

Keegan et al., 2010; Thomsen et al., 2010; McCracken et al., 2012; Keegan et al., 2013, 

Hammarberg et al., 2016) and the difficulty of consistent and interchangeable documentation 

of gait alterations. The latter is mainly due to the lack of uniformity in lameness rating scales 

(Wyn-Jones, 1988; AAEP, 1999; Dyson, 2011; Ross, 2013). A detailed overview of the 

limitations of subjective lameness assessment can be found in the review of Keegan (2007).  

 

There is also a potential bias in the interpretation of nerve/joint blocks (Arkell et al., 

2006), which can be aggravated by false positive and false negative results (Schumacher et 

al., 2014). An additional confounding issue may be the effect of nerve blocks in sound 

horses, although the few studies available (Kübber et al., 1994; Keegan et al., 1997; Drevemo 

et al., 1999; Liedtke et al. 2012) have reported somewhat contradictory results (Van de Water 

et al., 2016), and further investigation of the effect of diagnostic analgesia in sound horses is 

warranted. 

 

 These issues complicate lameness examinations and form confounding factors 

affecting clinical decision-making and hampering clinical orthopaedic research on the 

evaluation of diagnostic procedures, treatments and rehabilitation protocols.  

 

Long restricted to sophisticated gait labs due to financial and practical constraints, 

measurement systems for equine gait are becoming more affordable and practically 

applicable, paving the way for routine application in daily clinical practice. This development 
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raises new issues about the reliability of available systems and the validity and usefulness of 

the output of such systems. This review aims to summarise and critically evaluate current 

evidence related to methods of objective gait analysis in horses. This review is limited to 

techniques of gait analysis with potential for practical daily use in a clinical setting, of which 

evidence regarding the relevant outcome parameters and the applications and limitations are 

discussed. The emphasis is on data regarding objective gait parameters associated with 

lameness based on induced lameness models and the interpretation of objective gait 

assessment measurements. Essential areas for future development are also identified.  

 

Searches 

PubMed and Google Scholar were used as search engines to find suitable references 

for this review. The terms ‘horse’ and ‘equine’ were used in combination with the keywords 

‘kinematics’, ‘kinetics’, ‘gait analysis’, ‘motion capture’, ‘objective lameness’, ‘lameness’, 

‘force plate’, ‘pressure plate’, ‘treadmill’, ‘sensor’, ‘IMU’, ‘inertial measurement unit’, 

‘agreement’, ‘assessment’, ‘observer’. Articles were first selected based on their relevance to 

the topic of this review. Only manuscripts in the field of equine gait analysis were selected; 

studies using quantitative gait analysis tools for purposes other than lameness evaluation 

were excluded, as well as studies using theoretical models of lameness. Subsequently, the 

references in all selected articles were screened for further possibly relevant articles. As our 

purpose was the identification of the best parameters to give information about lameness, the 

majority of studies concerned experimental studies in which lameness was induced. This 

eliminated bias from possible multi-limb lameness, any disagreement regarding the exact 

location of pain, or inconsistencies of diagnostic methods to correctly identify the lame 

limb(s), as often encountered in clinical studies. No meta-analysis or statistical analysis was 

performed; this article constitutes a descriptive review.   
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Measuring techniques for objective gait assessment based on quantification of either 

forces (kinetics) or motion (kinematics) 

Kinetics 

In kinetic studies, the internal and external forces resulting from musculoskeletal 

work are analysed. The stationary force measuring platforms were among the first 

instruments used for objective lameness assessment (Morris and Seeherman, 1987; Aviad, 

1988; Merkens and Schamhardt, 1988a) and are still considered as the ‘gold standard’ for 

kinetic gait analysis and the detection of (weight-bearing) lameness. They measure the three 

components in which the ground reaction force (GRF) can be decomposed in a Cartesian 

coordinate system. Force plates are precise and accurate instruments, but the data collection 

process is laborious and time-consuming. 

 

Pressure measuring plates (van Heel et al., 2004) overcome some of these limitations 

by allowing collection of consecutive strides (if plate size is appropriate) and detailed 

mapping of the force distribution underneath the hoof. However, the sensors of a pressure 

plate cannot decompose the GRF in the three constituting elements and outcome will to a 

certain extent be influenced by shear forces as well. Furthermore, pressure plates are not as 

accurate and precise as force plates that use piezoelectric sensors (Oosterlinck et al., 2010) 

and this might be due to the lower sampling frequencies when compared to force plates and 

in some extent, to sensor activation thresholds (Oosterlinck et al., 2012). An alternative to 

force or pressure plates is the force measuring horseshoe. This idea dates from the late 50’s 

(Björck, 1958), but was only further developed in the 90’s (Roepstorff and Drevemo, 1993). 

Several types of force shoes have been developed and have been used successfully for 

measuring ground reaction forces (Kai et al., 2000), however, in most cases, size and weight 
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of the shoe were critical limiting factors for their clinical applicability. More recently, a more 

advanced, lighter version has been used successfully during athletic activity (Munoz-Nates et 

al., 2015), but the technology is not yet widely available.  

 

An attempt to overcome most of the limitations associated with stationary force plates 

was the development of a force measuring treadmill (Weishaupt et al., 2002), which allows 

measurements of consecutive strides of all four limbs simultaneously. The method enables 

accurate, quick and practical determination of GRF, but is only available in one specialised 

lab (University of Zurich, Switzerland), solely measures the vertical GRF and requires horses 

being accustomed to locomotion on a treadmill.   

  

Overall, the currently available kinetic methods for the assessment of lameness are 

not ready for widespread clinical application, due to complexities in data collection and 

analysis. Hence, there is a need to develop measuring systems for quantifying kinetics in a 

clinical setting. In the meantime, the existing methods remain highly valued tools for 

researchers in the field of equine gait analysis.  

 

Kinematics 

Kinematics is the study of the movement of body segments during locomotion. The 

movement can be described as the displacement/velocity/acceleration as a function of time, 

of a body segment relative to a reference coordinate system, or it can represent the relation 

(i.e. angle) between body segments. Since their development, serial photography and cine 

film were almost immediately used for equine gait analysis (van Weeren, 2013) and in the so-

called modern era of equine gait analysis, high speed film was the first technique used for 

recording equine locomotion using reflective skin markers, initially based on two-

ACCEPTED M
ANUSCRIP

T



8 
 

dimensional (2D) analysis (Fredricson and Drevemo, 1971). Further technological 

developments led to the introduction of more sophisticated methods of gait analysis (Kastner 

et al., 1990; van Weeren et al., 1990b) that allowed for higher recording speeds (up to 300Hz) 

in three dimensions (3D). Nowadays, the most widely used systems are the Oqus/Qhorse 

(Qualisys AB) system, the Vantage (Vicon) system and the Motion Analysis (Motion 

Analysis Systems) system. Three-dimensional optical motion capture (OMC) uses several 

(mostly infrared) cameras positioned around a calibrated measuring volume and records and 

automatically tracks the position of several reflective markers simultaneously, correcting for 

perspective and distortion errors and other artefacts that might influence single-camera 2D 

systems. The 3D systems are highly accurate and precise and are therefore considered the 

‘gold standard’ for kinematic analysis.  

 

Studies on equine kinematics using OMC have initially often been carried out on a 

treadmill due to the limited field of view of the cameras, but nowadays there are several 

locations where camera systems are used for the capture of overground locomotion. OMC 

using skin markers is affected by skin displacement artefacts due to the displacement of the 

skin over the skeletal structures that are in most cases the real objects of the measurements. 

This artefact depends mainly on the location on the body, being almost negligible in the distal 

limb but being large in the proximal parts of the limb where for example the greater 

trochanter of the femur may move over a range of up to 15 cm under the skin (van Weeren et 

al., 1988, 1990a). However, this is less important in comparative studies, as it affects horses 

of similar size and conformation to the same extent. For studies in which absolute values are 

essential, skin displacement correction algorithms have been developed (van den Bogert et 

al., 1990). More recently, low pass Butterworth filters (Sinclair et al., 2013) have been used 
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to remove soft tissue artefacts since correction algorithms are subject- and task-specific and 

therefore not universally applicable.  

 

Around the same time the use of OMC became more common in equine gait analysis, 

another method of kinematic analysis based on body mounted accelerometers was reported 

(Kastner, 1989). The technology relies on sensors attached to body segments and recording 

data on acceleration during locomotion. This technique allows gait analysis during 

overground locomotion without the need for costly infrastructure, making these systems very 

versatile. The development of this technology has been boosted by the introduction of 

microelectromechanical systems (MEMS) and the introduction of miniature wireless 

accelerometers (Keegan et al., 2011), permitting the fabrication of more complex inertial 

measurement units (IMUs) (Pfau et al., 2005). These instruments provide objective gait 

information calculated from acceleration data (Barrey et al., 1994), or acceleration data can 

be double integrated to estimate displacement. However, IMU sensors are prone to 

integration errors that may accumulate (i.e. drift), making these instruments less and less 

accurate as the measurement progresses. This can be accounted for by attitude and heading 

reference systems (AHRS), periodically re-setting the gyroscope during cyclical movements, 

by advanced filters (e.g. a Kalman filter (Kalman et al., 1960)) and, if measuring outdoors, by 

global positioning system (GPS) data. Nevertheless, these systems are less accurate and 

precise compared with OMC measuring displacement, although they are more accurate and 

reliable than OMC when measuring acceleration (Clayton and Schamhardt, 2013; Peham, 

2013). Despite these well-known limitations, they may be a practical, mobile and user-

friendly solution with suitable potential for practical daily clinical use.   
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In conclusion, OMC and IMU technology can successfully measure overground 

locomotion. However, OMC needs several cameras to cover several strides during one run. 

IMU systems are attached to the horse and can hence record many continuous strides, but 

they are less accurate than OMC for determining an absolute position.  

 

Kinetic and kinematic parameters associated with lameness  

There is extensive evidence regarding the association between individual gait 

parameters and lameness (Table 1-3), but there are some inconsistencies between 

publications, leading to divergence concerning the assessment of the significance of some of 

these gait changes for lameness evaluation. Several factors may contribute to this, such as 

difficulty in assessing the level of pain experienced by the horse, different methodologies to 

measure specific parameters, differences in study design, in lameness model and differences 

between treadmill and overground locomotion (Barrey et al., 1993; Buchner et al., 1994; 

Gómez Álvarez et al., 2009). However, in general, the evidence is robust with a clear 

association between lameness and changes for several gait parameters at the trot.  

 

Kinetics and temporal stride parameters 

In unilateral lameness at the trot, the most commonly reported changes measured in 

the lame limb are a reduction of peak vertical force, vertical impulse (Fig. 1) and decreased 

swing duration (Table 1), although swing duration is reduced in all limbs. The horizontal 

forces during the stance phase, described as breaking and propulsion forces, are also affected 

by lameness, with the reduction of peak breaking force reported as the most consistently 

altered parameter due to lameness (Morris and Seeherman, 1987; Keg et al., 1994; Clayton et 

al., 2000; Ishihara et al., 2005). 
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Stance duration has been reported to decrease, but this was only observed in studies 

using the shoe pressure model for transient lameness induction (Merkens and Schamhardt, 

1988b), suggesting that the location of pain might influence the observed gait adaptation 

mechanisms.  

 

Some kinetic variables of the non-lame limbs are also affected to a certain extent, as a 

consequence of compensatory mechanisms in gait adaptation to lameness (Weishaupt, 2008).  

 

Kinematics 

Most research has focused on the kinematic analysis of head and pelvis movement, 

back motion and temporal and angular changes in limb motion. Although the first reports on 

symmetry parameters to quantify lameness were based on acceleration measurements 

(Kastner, 1989; Kastner et al., 1990), research in the last two decades has focussed more on 

measurements of vertical displacement, probably since interpretation of displacement data is 

more intuitive and closer to the commonly observed parameters during visual lameness 

assessment than acceleration or speed (Fig. 1).  

 

At the trot in a straight line, the head, withers and pelvis of non-lame horses move 

upwards and downwards twice during the stride cycle, generating a typical sinusoidal pattern. 

In the presence of lameness, this sinusoidal pattern becomes asymmetrical and, by measuring 

the specific changes in the vertical displacement curves, lameness can be quantified 

objectively (Buchner et al., 1996a) (Fig. 1).  

 

With increasing lameness, the amplitude of the vertical displacement during the 

stance phase of the lame limb decreases, while the amplitude of the contralateral limb 
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increases (Buchner et al., 1996a). This can be measured as the difference of the amplitude of 

the vertical displacement, or as a symmetry index between contralateral steps (Fig. 1; Table 

2).  

 

Due to this change in the amplitude of the vertical displacement during the stance 

phase of a lame limb, the head/withers and pelvis reach a minimum position that is higher 

when compared with the contralateral non-lame limb, resulting in a difference between 

minimum positions (MinDiff) (Table 2) of either the head/withers or the pelvis in case of fore 

or hind limb lameness, respectively (Fig. 1). The head/withers or pelvis also reaches a 

maximum position at the end of the swing phase just before hoof contact with the ground and 

again at the end of the stance phase (Buchner et al., 1996a; Starke et al., 2012b). During 

lameness, the maximum positions of the head and pelvis at the end of the stance phase of the 

lame limb are also lower when compared to the non-lame limb, resulting in a difference 

between maximum positions (MaxDiff) (Table 2) of the head/withers or pelvis in case of fore 

or hind limb lameness, respectively (Buchner et al., 1996a; Keegan et al., 2004)   

 

The relation between MinDiff, MaxDiff and ground reaction forces has also been 

investigated for horses with hind limb lameness. It has become clear from force plate 

measurements in lame horses that MinDiff reflects the difference in vertical ground reaction 

forces and MaxDiff the differences in horizontal forces between limbs (Bell et al., 2016). 

However, kinetic analysis remains most discriminative for supporting limb lameness and, the 

authors stated that the kinematic parameters MaxDiff and MinDiff cannot be used to replace 

measurements of vertical and horizontal forces (Bell et al., 2016). 
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Compensatory movements of adaptation to lameness have also been reported for 

kinematic parameters (Kelmer et al., 2005; Rhodin et al., 2013) (Fig. 2), wherein primary 

(induced) hind limb lameness, a compensatory head nod resembling a forelimb lameness in 

the ipsilateral forelimb has been described (Buchner et al., 1996a; Kelmer et al., 2005). On 

the other hand, in case of a primary (induced) forelimb lameness, compensatory movements 

have been described in both the ipsilateral and contralateral hind limbs (Buchner et al., 

1996a; Kelmer et al., 2005). The compensatory head movement due to a primary hind limb 

lameness is more pronounced than the compensatory movement in the pelvis caused by a 

primary forelimb lameness (Rhodin et al., 2013).  

 

In forelimb lameness, the parameters associated with vertical head displacement have 

been reported to be affected more importantly than those associated with the vertical 

displacement of the withers (Buchner et al., 1996a). This may be true with respect to the 

magnitude of the effect, but there is indeed an effect on wither motion (Uhlir et al., 1997; 

Kelmer et al., 2005), and recent work (Persson Sjödin et al., 2016) showed that withers’ 

movement might be used to differentiate between head movement asymmetries resulting 

from a primary forelimb or a primary hind limb lameness. Horses with primary forelimb 

lameness show ipsilateral head and withers asymmetry (so pointing towards the same side as 

being lame), while in horses with primary hind limb lameness, the compensatory asymmetry 

of head is contralateral to the asymmetry of the withers (so both pointing towards a different 

side as being lame, with the withers asymmetry indicating the lame diagonal and the head 

asymmetry suggesting the non-lame diagonal (Persson Sjödin et al., 2016). Nevertheless, in 

case of subtle lameness, the symmetry of withers’ movement might not be affected (Buchner 

et al., 1996a). 
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Regarding thoracolumbar movement, a change in the range of motion (ROM) of back 

segments in horses with induced back pain at trot has been reported (Table 2). In one study, it 

was observed that unilateral pain in the longissimus dorsi muscle provoked increased flexion-

extension and lateral bending of the back at the trot (Wennerstrand et al., 2009). However, 

the reported changes in back motion are not very prominent, and further studies are needed to 

fully understand how back pain may affect back kinematics. In case of primary forelimb 

lameness at the trot, an increase of back ROM for flexion-extension and a reduction of lateral 

bending has been reported (Gómez Álvarez et al., 2007). In horses with primary hind limb 

lameness at the trot, only a reduction of ROM for flexion-extension was reported (Gómez 

Álvarez et al., 2008). Nevertheless, the currently commercially available clinical gait analysis 

systems do not generate data on back-specific parameters, and further development of the 

methodology for the specific assessment of back function is urgently needed.  

 

Apart from asymmetries, changes in the motion pattern of the individual limb due to 

lameness have also been reported (Table 3). The most consistently described changes in case 

of lameness induced in joints are reductions in stride duration, fetlock extension and in joint 

ROM (Table 3). Moreover, there is also an increase of relative stance duration, as a 

percentage of stride duration (Keegan et al., 2000; Weishaupt et al., 2006; Buchner et al., 

2010). 

 

The available evidence on objective kinematic parameters during lunging is scarce, 

with one study on induced lameness reporting an increase in the minimum pelvic height 

difference (PDmin) when the lame hind limb was on the inside of the circle, compared with 

the measurements on a straight line (Rhodin et al., 2013). More studies are needed to better 

understand the circle-dependent changes in the measured kinematic parameters of horses with 
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different causes of lameness. The situation is more complicated than on the straight line, as 

circular movements such as lunging induce asymmetrical kinematic patterns by itself (Starke 

et al., 2012a; Pfau et al., 2014; Rhodin et al., 2015; Greve and Dyson, 2016; Greve et al., 

2017) and because the magnitude of these effects depends on the speed and diameter of the 

circle (Pfau et al., 2012b). 

 

The interpretation of asymmetries detected by quantitative gait analysis  

Most of currently used objective gait analysis methods rely on gait symmetry 

measurements. In this respect, it is important to question whether or not asymmetry is 

invariably a sign of lameness. Whereas the relationship between unilateral pain induction and 

the consequential occurrence of kinematic asymmetry has been demonstrated multiple times 

(Peloso et al., 1993; Barrey et al., 1994; Buchner et al., 1996a, 1996b; Peham et al., 1996; 

Keegan et al., 2001, 2000; Kramer et al., 2004; Kelmer et al., 2005; Rhodin et al., 2013; Tóth 

et al., 2014; Persson Sjödin et al., 2016), the inverse relationship has not yet been 

investigated and the question if and to what extent small measurable asymmetries can be 

directly attributed to pain has not been answered so far. Furthermore, movement asymmetries 

may not be evident in horses with bilateral lameness and lameness may only become 

apparent after unilateral diagnostic analgesia. 

 

The issue is not limited to the outcome of objective gait analysis since some reports 

suggest that up to 75% of horses in regular work are lame when subjected to a rigorous 

subjective lameness exam (Dyson and Greve, 2016). Using an objective gait analysis system, 

Rhodin et al. (2017) found that a large proportion (72.5%) of 222 horses presented significant 

movement asymmetries. In another study, 47% of 201 riding horses in training, which were 

all perceived as free from lameness by their owner, showed movement asymmetries at the 
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trot in a straight line, above previously reported asymmetry thresholds (Rhodin et al., 2015). 

If all these horses would have underlying pathology indeed, this may be considered a severe 

welfare problem, but, as said, it remains to be established if all visible or measurable 

asymmetries are indeed caused by orthopaedic pain. Nevertheless, it has been demonstrated 

clinically (Maliye et al., 2013, 2015, 2016) and experimentally (Tóth et al., 2014; 

Hoerdemann et al., 2017) that measurable movement asymmetries can successfully respond 

to diagnostic anaesthesia. 

 

It is therefore of utmost importance to investigate the relation between (mild) gait 

asymmetries and pain using objective parameters for both conditions. It should be stressed 

that at this moment, objective gait analysis systems only measure gait asymmetry and do not 

establish whether this asymmetry is due to an underlying pathological process. Moreover, it 

should be emphasised that objective gait analysis gives valuable additional information to the 

clinician that can help in decision-making, but does not and cannot replace the expertise of a 

veterinarian, who will make a final evaluation and decide whether the asymmetry that was 

detected should be labelled ‘lameness’ or not (Fig. 3) (van Weeren et al., 2017). 

 

Practical handling of information from objective gait analysis in a research or clinical 

setting 

When performing objective gait analysis, the results can be interpreted and analysed 

in a variety of ways. First, the gait parameters can be compared with a ‘standard horse’, i.e. 

an average of a sample being as representative as possible for the population. Although this 

approach is simple and commonly used for example in clinical chemistry, it might be less 

suitable for the interpretation of gait analysis information due to the considerable individual 

variation in most kinematic parameters. When the inter-individual biological variation is 
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more prominent than the variation induced by lameness in an individual horse, this approach 

will not work. Also, this method is affected by differences in kinematic and kinetic 

parameters due to individual differences in preferred speed (Khumsap et al., 2001; Weishaupt 

et al., 2010a; Pfau et al., 2012a; Starke et al., 2013) and in conformation. 

 

Second, gait parameters can be compared using repeated measurements of absolute 

kinetic/kinematic parameters of the same subject over time, or after interventions (e.g. 

diagnostic anaesthesia). Whereas this approach assumes the availability of baseline data, 

which is not always the case in horses presented for lameness, unless the situation after 

application of diagnostic anaesthesia is used as such, it does not suffer from the problems 

mentioned above. The approach could be very time consuming for some methods of gait 

analysis (e.g. force plate analysis), but this is not an issue for more recent automated 

techniques that are becoming increasingly available (e.g. IMU and OMC). This approach can 

also be affected by inter-trial differences in speed which may influence several gait 

parameters (Weishaupt et al., 2010a).   

 

Third, an alternative method that tries to overcome most of the problems mentioned 

above is the comparison between left and right steps and the calculation of asymmetry 

between both sides (i.e. left vs right), since all quadrupedal vertebrates are expected to exhibit 

bilateral movement symmetry within limb pairs (i.e. forelimb pair and hind limb pair) 

(Abourachid, 2003). This approach is less affected by inter-trial variation, since both sides 

are compared on a stride-to-stride basis, and is not affected by the within-horse variation 

since the measured horse is always its own control. Although this method eliminates the 

between-horse variation and minimises some of the inter-trial variation, it might fail to detect 

gait changes in cases of bilateral or even more complex multi-limb lameness (Ratzlaff et al., 
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1982; Buchner et al., 1995; Pourcelot et al., 1997; Serra Bragança et al., 2016), depending on 

the bi-or unilateral expression of compensatory mechanisms. Moreover, this method may not 

be suitable for assessment on a circle, by differences in circle diameter and speed (Pfau et al., 

2012a). 

 

Further, the approach is only valid for naturally symmetrical gaits (walk, trot, pace) 

and has thus far only been used for lameness assessment at unridden trot, on a straight line or 

during lunging (Peloso et al., 1993; Barrey et al., 1994; Buchner et al., 1996a, 1996b, Peham 

et al., 1996; Keegan et al., 2000, 2001; Kramer et al., 2004; Kelmer et al., 2005; Rhodin et 

al., 2013; Tóth et al., 2014; Persson Sjödin et al., 2016). 

 

As mentioned earlier, the challenge of using asymmetry measurements is to determine 

whether the measured asymmetry is caused by any underlying pathology or should be seen as 

the trait of a particular individual. Previous studies have used thresholds to determine 

whether horses should be deemed lame or not based on the measured asymmetry (Keegan et 

al., 2012, 2013). However, thresholds are based on limited reference populations and depend 

on the bandwidth chosen. Therefore, they may well represent the population as a whole but 

may present limitations for the evaluation of an individual case. This warning against the 

indiscriminate application of such thresholds to judge a horse sound or lame has been 

recently raised (van Weeren et al., 2017). A combination of repeated measurements of 

asymmetry (e.g. before and after a diagnostic anaesthesia/intervention) might provide the best 

information for research and clinical use. Another example is the use of repeated 

measurements before and after flexion tests to objectify the response to such provocations 

(Marshall et al., 2012; Starke et al., 2012c).  
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Another critical factor that poses a challenge when interpreting repeated 

measurements from the same horse is the effect of inter-trial variation due to differences in 

subject demeanour and speed. However, although speed is known to influence many of the 

measured kinetic and kinematic parameters (Khumsap et al., 2001; Weishaupt et al., 2010a; 

Pfau et al., 2012a; Starke et al., 2013), the effect of increased speed appears to only slightly 

affect the measured movement asymmetry during trot at a straight line, whilst during the 

subjective lameness assessment, increased speed can lead to the erroneous classification of 

lame horses as sound (Starke et al., 2013). 

 

In summary, although with some constraints, there is sufficient evidence to support 

the use of objective gait analysis during lameness assessment in research and in a clinical 

setting. It is important to stress that the technology should be used as a tool supporting the 

clinician formulating an evidence-based diagnosis, prognosis and/or therapeutic plan, and not 

as an infallible guideline that should be obeyed. The incorporation of this technology is not 

much different from the establishment of advanced imaging technology in the orthopaedic 

workup of horses. However, clinical expertise will remain paramount and decisive in the final 

decision making in equine orthopaedics.  

 

Conclusions 

We have reached the stage that kinematic analysis techniques have developed far 

enough regarding reliability and practicality to warrant regular clinical application. It is hence 

justified to incorporate objective gait analysis in the daily clinical assessment of lameness 

using state-of-the-art sensor or OMC-based gait analysis systems. The approach offers 

veterinarians an objective method to quantify gait and can be extremely relevant, especially 

in cases of mild lameness and as an invaluable aid in the comparison/interpretation of 
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repeated measurements between interventions (e.g. diagnostic anaesthesia and flexion tests). 

It can be anticipated that objective gait quantification techniques will become standard 

procedures for the longitudinal monitoring of sound and lame horses, and for accurate and 

unambiguous documentation of gait evaluation data.  
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Table 1 

Summary of publications describing kinetic changes due to lameness.  

Parameter Measuring tool 

 

Treadmill / overground Model Response measured on the lame limb  Reference  

Peak vertical force  Force plate Overground Induced lameness, modified shoe Decreases  (Merkens and Schamhardt, 1988a; Ishihara et al., 2005) 

Induced lameness, carpal joint defect. Decreases (Morris and Seeherman, 1987) 

Induced lameness, flexor tendon lesion  Decreases (Keg et al., 1994) (Clayton et al., 2000) 

Induced lameness, LPS injection (distal intertarsal and tarsometatarsal 

joints)  

Decreases  (Khumsap et al., 2003) 

Treadmill  Induced lameness modified shoe Decreases (Weishaupt et al., 2006, 2010b) 

Vertical Impulse Force plate Overground Induced lameness modified shoe Decreases  (Merkens and Schamhardt, 1988a; Ishihara et al., 2005) 

Induced lameness, carpal joint defect Decreases (Morris and Seeherman, 1987) 

Induced lameness, flexor tendon lesion  Decreases (Keg et al., 1994) 

Treadmill  Induced lameness modified shoe Decreases (Weishaupt et al., 2006, 2010b) 

Breaking force impulse  Force plate 

 

Overground Induced lameness, LPS injection Decreases (in the highest degrees of lameness) (Ishihara et al., 2005) 

Induced lameness, flexor tendon lesion  Decreases (Keg et al., 1994; Clayton et al., 2000) 

Induced lameness, carpal joint defect Decreases (Morris and Seeherman, 1987) 

Breaking force peak 

 

 

Force plate 

 

Overground Induced lameness, LPS injection Decreases (Ishihara et al., 2005) 

Induced lameness, carpal joint defect Decreases (Morris and Seeherman, 1987) 

Induced lameness, flexor tendon lesion  Decreases (Clayton et al., 2000) 

Propulsive force peak  

 

 

Force plate 

 

Overground Induced lameness, LPS injection Decreases (in the highest degrees of lameness) (Ishihara et al., 2005) 

Induced lameness, flexor tendon lesion  Decreases (Keg et al., 1994) 

Induced lameness, carpal joint defect Not significantly affected (Morris and Seeherman, 1987) 

Induced lameness, flexor tendon lesion  Not significantly affected (Clayton et al., 2000) 

Propulsive force impulse  

 

 

Force plate 

 

Overground Induced lameness, LPS injection Decreases (in the highest degrees of lameness) (Ishihara et al., 2005) 

Induced lameness, flexor tendon lesion  Not significantly affected (Keg et al., 1994; Clayton et al., 2000) 

Induced lameness, carpal joint defect Not significantly affected (Morris and Seeherman, 1987) 

Time of zero-crossing of 

horizontal ground reaction force 

as a percentage of stance time  

Force plate  Overground Induced lameness, flexor tendon lesion  Reduced (Keg et al., 1994) 

Induced lameness, LPS injection Decreases (in the highest degrees of lameness) (Ishihara et al., 2005) 

Stance duration Force plate 

 

 

Overground Induced lameness, LPS injection Increases   (Ishihara et al., 2005) 

Induced lameness, carpal joint defect Not significantly affected  (Morris and Seeherman, 1987) 

Induced lameness, flexor tendon lesion  Not significantly affected (Clayton et al., 2000) 

Treadmill Induced lameness, modified shoe Increases (Weishaupt et al., 2006, 2010b) 

Swing duration Force plate Treadmill Induced lameness modified shoe Decreases (Weishaupt et al., 2006, 2010b) 

Stride frequency  Force plate Treadmill  Induced lameness modified shoe Increases (Weishaupt et al., 2006, 2010b) 

 
LPS: lipopolysaccharide.  ACCEPTED M
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Table 2 

Summary of publications describing kinematic changes due to lameness.  

Parameter Detailed parameter  Measured Treadmill 

/overground  

Model Response measured on the specific kinematic parameter  Reference 

Head vertical 

displacement  

 

 

 

 

 

 

MinDiff OMC Treadmill  Induced FL lameness - modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Keegan et al., 2001, 2000; Kelmer et al., 2005) 

IMU Overground Induced FL/HL lameness - modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Rhodin et al., 2013) 

MaxDiff OMC Treadmill Induced FL lameness - modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Kelmer et al., 2005) 

IMU Overground Induced FL/HL lameness - modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Rhodin et al., 2013) 

Range up  OMC  Treadmill  Induced FL lameness – modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Peloso et al., 1993; Buchner et al., 1996a) 

SIup OMC  Treadmill  Induced FL lameness – modified shoe Decreases  (Buchner et al., 1996a) 

Induced HL lameness – modified shoe Decreases – only in higher degree of lameness  (Buchner et al., 1996a) 

Head signal transformation (FFT) OMC Treadmill Induced FL lameness - modified shoe Increased signal amplitude of fundamental wave after FFT transformation.  (Peham et al., 1996) 

Head acceleration  Maximum head acceleration  OMC Treadmill Induced FL lameness – modified shoe Decreases during the lame stance and increases during the contralateral stance. (Buchner et al., 1996a) 

Head acceleration amplitude  OMC Treadmill  Induced FL lameness – modified shoe Decreases during the lame stance and increases during the contralateral stance. (Buchner et al., 1996a) 

Withers vertical 

displacement  

Range up OMC  Treadmill  Induced FL lameness – modified shoe Decreases  (Peloso et al., 1993; Buchner et al., 1996a) 

SIup  OMC  Treadmill  Induced FL lameness – modified shoe Decreases – only in higher degree of lameness (Buchner et al., 1996a) 

MinDiff OMC  Overground Induced FL/HL lameness - modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Persson Sjödin et al., 2016) 

Withers acceleration  Withers maximum acceleration  OMC Treadmill  Induced FL lameness – modified shoe Decreases during the lame stance (Buchner et al., 1996a) 

Pelvis vertical 

displacement  

 

 

MinDiff 

 

 

Tri-axis 

accelerometer  

Overground Induced stifle synovitis (intra articular injection 

of IL-1)  

Increases. Values will be < or > than zero depending on the side of lameness (Tóth et al., 2014) 

OMC  Treadmill Induced FL/HL lameness - modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Kramer et al., 2004; Kelmer et al., 2005) 

OMC Treadmill Induced HL lameness – LPS injection hock Not significantly affected (Kramer et al., 2000) 

IMU Overground Induced FL/HL lameness - modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Rhodin et al., 2013) 

MaxDiff 

 

Tri-axis 

accelerometer  

Overground Induced stifle synovitis (intra-articular injection 

of IL-1) 

Increases. Values will be < or > than zero depending on the side of lameness (Tóth et al., 2014) 

OMC Treadmill Induced FL/HL lameness - modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Kramer et al., 2004; Kelmer et al., 2005) 

IMU Overground Induced FL/HL lameness - modified shoe Increases. Values will be < or > than zero depending on the side of lameness (Rhodin et al., 2013) 

Pelvis vertical displacement FFT, signal 

to noise ratio.  

OMC  Treadmill Induced HL lameness - modified shoe Increased signal to noise FFT ratio  (Kramer et al., 2004) 

Range Up  OMC  Treadmill  Induced HL lameness – modified shoe Decreases  (Buchner et al., 1996a) 

Tuber coxae upward movement 

amplitude during stance of the lame limb.  

OMC  Treadmill  Induced HL lameness – modified shoe Decreases  (Buchner et al., 1996a) 

SIup  OMC  Treadmill  Induced FL lameness – modified shoe Decreases  (Buchner et al., 1996a) 

Induced HL lameness – modified shoe Decreases  (Buchner et al., 1996a) 

Pelvis acceleration  Sacrum Acceleration amplitude  OMC Treadmill Induced HL lameness – modified shoe Decreased maximum acceleration and acceleration amplitude during lame stance  (Buchner et al., 1996a) 

Trunk  Acceleration symmetry  

 

Tri-axis 

accelerometer  

Treadmill & 

overground 

Induced FL lameness - modified shoe Decreased coefficient of correlation of the dorsoventral acceleration signal 

autocorrelation.  

(Barrey et al., 1994) 

Tri-axis 

accelerometer 

Overground Induced FL lameness – saline injection in to 

metacarpophalangeal joint 

A-scorea increases. Values will be < or > than zero depending on the side of 

lameness; S-scoreb increases. 

(Thomsen et al., 2010) 

Back Back range of motion  OMC Treadmill  Induced lameness – modified shoe Flexion-extension and lateral bending of back segments change significantly both 

in walk and trot.  

(Gómez Álvarez et al., 2007, 2008) 

Induced back pain – Lactic acid injection Flexion-extension and lateral bending of back segments change significantly both 

in walk and trot   

(Wennerstrand et al., 2009) 

Pelvic axial rotation  OMC Treadmill  Induced lameness – modified shoe Walk – Increased; Trot -   Decreased (Gómez Álvarez et al., 2007, 2008) 

Induced back pain Not significantly affected (Wennerstrand et al., 2009) 

OMC: Optical motion capture; IMU: Inertial measurement unit; LPS: lipopolysaccharide; FL: Forelimb; HL: Hind limb; MinDiff: Difference in minimum position between 

two consecutive steps; MaxDiff: Difference in maximum position between two consecutive steps; Range up/down: Difference in range of motion in the upwards/downwards 

direction between two consecutive steps; SIUp/Down: Symmetry index (between -1 and 1) in range of motion in the upwards/downwards direction between two consecutive 

steps. FFT: Fast Fourier transform. aThe natural logarithmic quotient of the total upwards accelerations during stance of the right and the left diagonals. bThe natural 

logarithmic quotient of the squared odd-numbered and even-numbered Fourier coefficients from the dorsoventral acceleration signal.  
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Table 3  

Summary of publications describing limb kinematic changes due to lameness.  

Parameter studied   Detailed parameter  Measured 

 

Treadmill / 

overground  

Model Response measured on the specific kinematic parameter  Reference 

Limbs Stance duration  OMC Treadmill  Induced FL lameness – modified shoe Increased on the sound forelimb and decreased on the diagonal hind limb (Buchner et al., 2010) 

Induced HL lameness – modified shoe Decreased only on the ipsilateral and diagonal forelimb  (Buchner et al., 2010) 

Stride duration  OMC 

 

Treadmill Induced FL lameness – modified shoe Decreases (Keegan et al., 2000; Buchner et al., 2010) 

Induced HL lameness – modified shoe Decreases (Buchner et al., 2010) 

Force plate  Treadmill Induced FL lameness – modified shoe Decreases (Weishaupt et al., 2006)  

Relative stance duration as a 

percentage of the 

stride duration 

OMC Treadmill Induced FL lameness – modified shoe Increases (Keegan et al., 2000; Buchner et al., 2010) 

Induced HL lameness – modified shoe Not significantly affected (Buchner et al., 2010) 

Force plate Treadmill Induced FL lameness – modified shoe Increases (Weishaupt et al., 2006) 

Induced HL lameness – modified shoe Increases (Weishaupt et al., 2006) 

Diagonal advanced placement  

 

OMC Treadmill Induced FL lameness – modified shoe Decreases – lame diagonal (Buchner et al., 2010) 

Induced HL lameness – modified shoe Not significantly affected (Buchner et al., 2010) 

Limb joint angles  

 

 

 

OMC  

 

 

 

 

 

Treadmill  Induced lameness – modified shoe Various significant responses depending on the measured joint ROM  (Buchner et al., 1996b; Keegan et al., 2000) 

Induced lameness – intra-articular LPS 

injection 

Various significant responses depending on the measured joint ROM  

 

(Kramer et al., 2000; van Loon et al., 2010) 

Overground  Induced lameness, flexor tendon lesion  Various significant responses depending on the measured joint ROM  (Clayton et al., 2000) 

Overground Induced lameness, LPS injection (distal 

intertarsal and tarsometatarsal joints) 

Reduction of ROM of the tarsal joint  (Khumsap et al., 2003) 

Goniometry  

 

 

Overground 

 

Clinical lameness (carpal) 

Reduced ROM of the affected joint, in unilateral carpal lameness.  

No effect in bilateral lameness.  

(Ratzlaff et al., 1982) 

 

Protraction (max) 

 

OMC  Treadmill  Induced lameness – modified shoe 

 

Decreases (only for the forelimbs, walk and trot) (Buchner et al., 1996b) 

Not significantly affected  (Gómez Álvarez et al., 2007, 2008) 

Increased – protraction distance (Keegan et al., 2000)  

Induced HL lameness – tarsal joint LPS 

injection 

Increased protraction length (Kramer et al., 2000) 

Overground  Induced lameness, flexor tendon lesion  Reduced, compared to the contralateral limb (Clayton et al., 2000) 

 

Retraction (max) 

 

 

OMC  Treadmill  Induced lameness – modified shoe Decreases (only for the hind limbs, walk and trot) (Buchner et al., 1996b) 

Not significantly affected  (Gómez Álvarez et al., 2007, 2008) 

Induced HL lameness – tarsal joint LPS 

injection 

Not significantly affected  

 

(Kramer et al., 2000) 

Overground  Induced lameness, flexor tendon lesion  Increased compared to the contralateral limb (Clayton et al., 2000) 

Step length  OMC  Treadmill  Induced lameness – modified shoe Decreases (only for the hind limbs at trot)  (Buchner et al., 1996b) 

Hoof orientation angles  Hoof mounted 

IMU sensors 

Overground Induced lameness Various significant responses based on measured angle orientation.  (Moorman et al., 2014) 

Max hoof height  OMC  Treadmill Induced lameness – modified shoe Decreases (only for hind limbs at trot)  (Buchner et al., 1996b) 

 Fetlock extension OMC Treadmill Induced lameness – modified shoe Decreases (Buchner et al., 1996b; Clayton et al., 2000; Keegan et 

al., 2000) 

OMC: Optical motion capture; IMU: Inertial measurement unit; LPS: lipopolysaccharide; FL: Forelimb; HL: Hind limb; FFT: Fast Fourier transform. ROM: Range of 

motion.
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Figure legends 

 

Fig. 1. Graphical presentation of the vertical displacement of the pelvis during a complete 

stride at the trot (top) and vertical/horizontal ground reaction forces (bottom). The stance 

phase of each limb is represented by the horizontal bars below. The graph illustrates a left 

hind lameness. The vertical displacement of the pelvis, the vertical ground reaction force and 

the horizontal ground reaction force are presented in blue, green and black, respectively. 

Symmetry of the upward vertical displacement (SIup) is calculated as the difference between 

Range up 1 and Range up 2, and the symmetry of the downward vertical displacement 

(SIdown) is calculated as the difference between Range down 1 and Range down 2 (LH: Left 

hind, RH: Right hind, LF: Left front, RF: Right front, PVF: Peak vertical force, PBF: Peak 

breaking force, PPF: Peak propulsive force, SD: Stance Duration, asterisk: approximate 

timing of hoof-on). 
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Fig. 2. Schematic representation of the compensatory movements (yellow) of the head and 

pelvis, as traditionally observed during subjective lameness assessment (I, II) in case of a 

primary (red) forelimb limb lameness (I: with a compensatory contralateral (diagonal) 

vertical displacement asymmetry of the pelvis, indicated as a) and in case of a primary hind 

limb lameness (II: with an ipsilateral compensatory vertical displacement asymmetry of the 

head, indicated as b). In objective gait assessment (III, IV), a primary forelimb lameness (III) 

is commonly seen accompanied by a compensatory effect on the contralateral pelvis MaxDiff 

(d) and the ipsilateral pelvis MinDiff (c). For a primary hind limb lameness (IV), effects on 

sagittal head MinDiff and MaxDiff (e) have been described. See Table 1 and Fig. 1 for a 

description of these parameters.   ACCEPTED M
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Fig. 3. The parallel decision-making process in a lameness work-up supported by the use of 

objective gait analysis.  
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