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Preface

From ancient cave paintings to modern research labs, equine locomotion remains a source

of fascination. The past half-century has seen what Professor René van Weeren describes as

the “Second Golden age of equine locomotion research”. Recent developments have been made

possible through advances in computerization, micro-electronics, artificial intelligence, and the

development of lightweight, wireless sensors that have allowed equine gait analysis to migrate from

the sophisticated research laboratory to the field. Researchers, veterinarians, and equestrians can now

acquire high-quality data from horses in motion during clinical evaluations or athletic pursuits. This

Special Issue is dedicated to showcasing applications for existing and new techniques in equine gait

analysis and to demonstrating their value in analyzing a broad spectrum of equestrian activities.

The plethora of topics covered in this Special Issue include clinical diagnostic and surveillance

applications for lameness and field studies to evaluate and monitor equine gait and athletic

performance. The novel areas of investigation covered in this reprint include characterizations of

gait type and quality of movement; the harnessing of artificial intelligence for lameness detection; the

electromyographic evaluation of muscle function during canter; the evaluation of limb–arena surface

interactions during jumping, thresholds for upper body asymmetry parameters during straight and

circular motion, a comparison of axial and limb movement asymmetries of high-level dressage horses

during fitness-to-compete (in-hand) and ridden conditions at trot; and the effect of tack design on

performance. Some of the studies are based on well-established techniques, such as videography,

used with or without dedicated software to aid in data reduction. Other studies make use of

novel, emerging techniques, made possible through the development of body-mounted motion and

electromyography sensors, as well as cell phone apps that take advantage of the smartphone’s built-in

camera and artificial intelligence to quantify asymmetries in equine gait. Applications of artificial

intelligence, markerless motion capture, and wearable electromyography and motion sensors are

undoubtedly only the tip of an emerging iceberg in the transference of science into the hands of

practitioners and equestrians via field-deployable and user-friendly applications for analyzing equine

gait. The future in this arena of research is promising.

Hilary M. Clayton and Lindsay St. George

Guest Editors
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Is Markerless More or Less? Comparing a Smartphone
Computer Vision Method for Equine Lameness Assessment to
Multi-Camera Motion Capture

Felix Järemo Lawin 1, Anna Byström 2, Christoffer Roepstorff 1, Marie Rhodin 2, Mattias Almlöf 1, Mudith Silva 1,

Pia Haubro Andersen 2, Hedvig Kjellström 3 and Elin Hernlund 1,2,*

1 Sleip AI, Birger Jarlsgatan 58, 11426 Stockholm, Sweden
2 Department of Anatomy, Physiology and Biochemistry, Swedish University of Agricultural Sciences,

75007 Uppsala, Sweden
3 KTH Royal Institute of Technology, Division of Robotics, Perception and Learning, 10044 Stockholm, Sweden
* Correspondence: elin.hernlund@slu.se; Tel.: +46-18-672142

Simple Summary: Lameness, an alteration of the gait due to pain or dysfunction of the locomotor
system, is the most common disease symptom in horses. Yet, it is difficult for veterinarians to correctly
assess by visual inspection. Objective tools that can aid clinical decision making and provide early
disease detection through sensitive lameness measurements are needed. In this study, we describe
how an AI-powered measurement tool on a smartphone can detect lameness in horses without the
need to mount equipment on the horse. We compare it to a state-of-the-art multi-camera motion
capture system by simultaneous, synchronised recordings from both systems. The mean difference
between the systems’ output of lameness metrics was below 2.2 mm. Therefore, we conclude that
the smartphone measurement tool can detect lameness at relevant levels with easy-of-use for the
veterinarian.

Abstract: Computer vision is a subcategory of artificial intelligence focused on extraction of infor-
mation from images and video. It provides a compelling new means for objective orthopaedic gait
assessment in horses using accessible hardware, such as a smartphone, for markerless motion analy-
sis. This study aimed to explore the lameness assessment capacity of a smartphone single camera
(SC) markerless computer vision application by comparing measurements of the vertical motion
of the head and pelvis to an optical motion capture multi-camera (MC) system using skin attached
reflective markers. Twenty-five horses were recorded with a smartphone (60 Hz) and a 13 camera
MC-system (200 Hz) while trotting two times back and forth on a 30 m runway. The smartphone
video was processed using artificial neural networks detecting the horse’s direction, action and
motion of body segments. After filtering, the vertical displacement curves from the head and pelvis
were synchronised between systems using cross-correlation. This rendered 655 and 404 matching
stride segmented curves for the head and pelvis respectively. From the stride segmented vertical
displacement signals, differences between the two minima (MinDiff) and the two maxima (MaxDiff)
respectively per stride were compared between the systems. Trial mean difference between systems
was 2.2 mm (range 0.0–8.7 mm) for head and 2.2 mm (range 0.0–6.5 mm) for pelvis. Within-trial
standard deviations ranged between 3.1–28.1 mm for MC and between 3.6–26.2 mm for SC. The ease
of use and good agreement with MC indicate that the SC application is a promising tool for detecting
clinically relevant levels of asymmetry in horses, enabling frequent and convenient gait monitoring
over time.

Keywords: monocular motion analysis; objective lameness assessment; equine orthopaedics; animal
pose estimation; optical motion capture

Animals 2023, 13, 390. https://doi.org/10.3390/ani13030390 https://www.mdpi.com/journal/animals1
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1. Introduction

Objective measurement of a horse’s motion at the trot has become an important part
of the diagnostic procedures performed during clinical lameness investigation. These
measurements, which have been used in clinical practice for more than a decade, trace
the vertical displacement of axial body segments: the head, the pelvis and sometimes
the withers. Using reflective markers or inertial sensors attached to a point on each body
segment, a time series signal is generated. In trot, the vertical displacement signal takes the
shape of a sinusoidal double wave from each stride and it is the position of the two peaks
and valleys of this signal which are used for lameness analysis.

The degree of asymmetry in the vertical displacement signal i.e., the difference be-
tween the two peaks and valleys respectively is known to indicate asymmetric loading of
the left versus right limb during the midstance and the push-off phases of the stride [1–3].
Measurements of these asymmetries provide the veterinarian with high-resolution data
that help overcome the limited time resolution of the human visual system [4,5]. These
objective data seem crucial for quality control of the clinical procedure, since subjec-
tive lameness assessment has been shown to have moderate to low agreement between
veterinarians [6,7] and is affected by expectation bias [8]. The metrics derived from objective
motion analysis show high sensitivity for single-limb lameness, acting as early indicators to
detect asymmetric loading of the limbs [9]. However, the specificity for lameness on a pop-
ulation level is less clear. Motion asymmetries are commonly observed in cross-sectional
studies of different horse populations, such as Warmblood riding horses [10,11], Thor-
oughbred race horses [12], working Polo horses [13], elite eventing horses [14], endurance
horses [15] and young Standardbred trotters [16], with a prevalence ranging between
50–90 percent. Although these asymmetries are of the same magnitude as in horses inves-
tigated for lameness in a clinical setting [17], it is currently unknown if these asymmetry
levels indicate that a large proportion of horses in training are lame or if the asymmetries
can be explained by other factors, such as laterality. A key approach to the further investi-
gation of this issue is to perform longitudinal monitoring of individual horses over time.
For this to be possible, a reliable, ease of use and low-cost measuring system is required.

Several motion analysis systems have been developed for clinical use based on inertial
measurement units (IMUs) [18–20]. Also available is a multi-camera marker-based motion
capture (MC) system [21]. This MC-system, is considered to be the gold standard for
measuring body segment movement for kinematic gait analysis [22]. It relies on reflective
markers attached to a horse’s body. These markers are detected and tracked by a set of
cameras that are geometrically calibrated and temporally synchronized. By using the
synchronized tracks of the marker positions in the camera images, MC-systems reconstruct
the 3D coordinates using multi-view triangulation. It has been shown that under favourable
conditions, the accuracy of the computed estimates of the 3D positions over time is less
than a millimetre for the MC-systems [23]. However, placing markers on the horse are
resource and time-consuming in a clinical situation, and the equipment is a substantial
financial investment for a veterinary practice. This impedes the system’s large-scale clinical
and scientific use.

During the previous decade, the field of computer vision was revolutionized by
methods based on deep neural networks [24–26]. These networks are computer algorithms
that consist of multi-layered (referred to as deep) compositions of parametric functions that
can be trained on large datasets to perform classification and regression tasks. Deep learning
has demonstrated increased robustness to differing scenarios, light conditions, and noise
levels compared to traditional computer vision methods. Estimation of poses of the human
body from images has been enabled by deep learning and as a result of this development,
it has become possible to perform motion analysis from video, e.g., from a smartphone
camera [27]. Recent works on horse lameness classification [28,29] have demonstrated
a progressive movement towards the application of computer vision and deep learning
within objective motion analysis. However, a binary disease classifier of “lame” versus “not
lame” is a difficult approach for clinical use, given that lameness is often not a binary state
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and that the deep learning algorithms act in a black box manner, rendering distrust from
medical professionals [30]. Instead, providing a clinician with computer vision derived
metrics to support medical decision making is a more implementable approach. But until
now, the methodological accuracy of deep neural networks for quantification of clinically
used lameness metrics has not been investigated.

In this work, we validate a new single-camera markerless (SC) system designed for
equine lameness assessment which uses images from a smartphone camera video stream.
To achieve robust detection and tracking, the system employs a series of neural networks.
These networks were trained to detect and track the pelvis, head and hooves in video
streams of trotting horses. The system also detects the trotting direction of the horse,
away from or towards the camera, to determine which parts of the horse are visible for
measuring. The network designs were inspired by previously proposed methods for
object detection [28,31] and segmentation [32,33]. Unlike the MC-system, the deep neural
networks of the SC-system do not require that markers are placed on the horse. Instead,
the networks learn to detect the points of interest on the horse’s body visible in the images
through training on large datasets.

The specific aim of the study was to compare this new markerless smartphone system
to a state-of-the-art multi-camera marker-based system with respect to waveform similarity
of the derived vertical displacement signals and the limits of agreement for their extracted
lameness metrics.

2. Materials and Methods

2.1. Study Protocol

Twenty-five horses were recorded as they underwent motion analysis at the ortho-
pedic gait laboratory situated in the Equine Clinic of the University Animal Hospital in
Uppsala, Sweden. The recordings were performed simultaneously with a multi-camera
marker-based motion capture system and a single smartphone camera markerless system.
The experimental setup is illustrated in Figure 1. The study subjects were a convenience
sample selected from the horses visiting the clinic during the 10-day data collection period,
without any exclusion criteria. The horses were of different breeds, sizes (range 128 to
180 cm to the withers) and colours (black, bay, chestnut, grey). All owners gave their
written informed consent to participate. The study did not in any way alter the clinical
procedures or add physical manipulation of the animals. Hence, no ethical approval was
required according to the national animal ethics legislation.

2.2. Data Collection

During data collection, each horse was guided by a handler (the owner, or a researcher
running at the horse’s left side) to trot at least two times back and forth on a 30 m concrete
runway in a corridor. The horses were jogged at the handler’s preferred speed.

We employed a MC-system with 13 cameras (Qualisys AB, Motion Capture Systems).
The MC cameras were placed ≈ 4 m over the ground and in a manner such that the union
of the field of view of each camera covered as much of the runway as possible while
still maintaining sufficient overlap between neighboring cameras to perform tracking and
triangulation of the marker positions. The recording rate was set to 200 Hz. We attached
spherical reflective markers in the median plane over the poll on the horse’s head and
between the tubera sacrale of the pelvis, allowing the MC-system to detect and track
the markers over time. Additional markers were placed, but not used in this study (see
Figure 2).

The smartphone (iPhone12 Pro Max) was placed ≈ 1.6 m above the ground on a
tripod facing the direction of the horse trot recording 4k video (2160 × 3840 pixels) at
60 Hz. The video streams recorded were input to the SC-system. Example frames from the
smartphone camera recordings are shown in Figure 2.
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Figure 1. Illustration of the experimental setup. We recorded horses trotting back and forth in a
corridor with a multi-camera system and a single smartphone camera. The multi-camera system
detected and tracked reflective markers attached to the horse. Marker positions were triangulated
into 3D coordinates from which vertical displacement curves were extracted. The single-camera
system used deep neural networks to predict the vertical displacement curves of the head and pelvis
from the images in the smartphone video stream. We then compared the displacement curves from
the two systems using normalised peak and valley differences.

For each recording, the MC-system and the smartphone camera were triggered at
approximately the same time such that the data streams from both systems would cover
the same sequence of events.

Figure 2. Example images from data set (horse 21) taken from the video recorded by the markerless
single-camera system (SC). Attached to the horse’s skin by double adhesive tape are the spherical
reflective markers used by the multi-camera marker-based system (MC) for tracking head and pelvic
motion. The markers on the poll and between the tubera sacrale were used.

2.3. Signal Extraction

The MC-system software (Qualisys Track Manager—QTM, Qualisys AB) automatically
tracked the reflective markers and generated 3D coordinates corresponding to the positions
of the markers in each frame. The 3D marker coordinates from QTM were exported to .mat
files (MATLAB). From these coordinates, vertical displacements were extracted for each
frame, one for the head marker and one for the pelvis marker. This resulted in two vertical

4
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displacement signals (VDS), yhead
mc (t) and ypelvis

mc (t) for head and pelvis respectively, where t
is time in seconds.

For the SC-system, deep neural networks were applied (software of Sleip AI AB) on
the input video stream from the smartphone camera. The deep neural networks were
trained to output the pixel coordinates of horse body parts for each frame of the video.
The training material for the deep neural networks contained horses of many different
coat colours and varying conformation, but none had physical markers attached to the
skin. Head (yhead

sc (t)) and pelvis (ypelvis
sc (t)) VDS was calculated from the pixel coordinates.

Additionally, the VDS of all four hooves were extracted from the SC-system for stride
splitting purposes (see Section 2.4). Both the MC-system and the SC-system data were
further processed using custom written python scripts.

Note that the pelvis was visible to the SC-system only when the horse was trotting
away from the camera, while the head was mostly visible in both directions. Consequently,
SC generally produced data from a higher number of strides with head tracking than strides
with pelvic tracking. The following analyses only included strides with data matched from
both systems for the body segment in question (head and pelvis). Horses were removed
from the dataset where less than 10 matching strides were available for either head or
pelvis since we deemed that insufficient for statistical relevance.

2.4. Stride Split and Signal Filtering

The recorded data contained noise, due to measurement errors and because the horses
seldom trot in a consistent manner throughout a trot-up. This noise was present for both
the MC-system and the SC-system data. Thus, the VDS had to be band-pass filtered in
order to remove the noise without affecting the frequency content of the signal that related
to movement asymmetries and lameness [34].

In order to perform the VDS filtering described in [34], the within horse mean stride
frequency of a measurement was needed. This was estimated by extracting strides from the
hoof VDS of the SC-system. Firstly, we performed a pre band-pass filtering of the hoof VDS
to remove trends and high-frequency noise. Specifically, a 7th order Butterworth digital
filter with a lower bound cut-off frequency of 0.6 Hz and an upper bound cut-off frequency
of 2.2 Hz. This allowed us to determine in which time intervals the left hoof was above the
right hoof and vice versa, ultimately enabling the classification of left and right strides.

Next, the lengths of the intervals were used to compute the stride frequency, which
in turn was used to set the bounds of the 10th order Butterworth band-pass filter applied
to the VDS of the pelvis and head. Specifically, we set the lower bound to 0.75 times the
stride frequency, to not alter frequency content related to the movement asymmetry [34].
Similarly, the upper bound was set to 2.42 times the stride frequency to not attenuate the
frequency content related to the symmetric movement, while omitting higher frequency
content and noise.

2.5. Signal Synchronization

Since the MC and SC recordings were triggered manually, the extracted signals were
not adequately synchronized in time. To synchronize the vertical displacement signals we
computed cross-correlations to find the relative time shift tshi f t that solved the following
maximization problem:

tshi f t = arg max
t

(
(ypelvis

mc � ypelvis
sc )(t) + (yhead

mc � yhead
sc )(t)

)
. (1)

Here � denotes the correlation operator. The signals were band-pass filtered according
to Section 2.4 before synchronization.

2.6. Asymmetry Quantification

In this section, we introduce a number of definitions that we use in the remaining parts
of the paper. First, we define a stride segment as a section of the VDS corresponding to a
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time interval of a full stride. To extract the stride segment we utilize the extreme values (see
the illustration in Figure 3). Tracing of the vertical displacement of the horse’s head or pelvis
while it trots yields a sine-shaped signal as depicted in Figure 3. The valleys (local minima)
and peaks (local maxima) of the signal are associated with the vertical forces generated
during impact (the more force, the lower the valley position) and the relative timing of
horizontal and vertical forces during the propulsive phase of the stride respectively (less
push-off rendering a lower peak position). Differences between consecutive peaks or
valleys can be quantified into an asymmetry index [22], which can be used as an indicator
of lameness severity. Depending on the measurement technique and due to variation in
horse size, these values may need to be normalised to be comparable [35,36]. Therefore,
normalisation of these values to the range of motion (R) is used in the SC-system to obtain
values that are more independent of horse size.

p
i

p
i+1

v
i

v
i+1

MaxDi

MinDi

i

i

p
i+2

t
p
i

t v
i

t p
i+1

t v
i+1

t p
i+2

t

y(t) y(t)s
i

Figure 3. Example of the vertical displacement signal from head or pelvis, with local minima denoted
with v for valley and local maxima with p for peak. Metrics for lameness quantification are calculated
as the difference between the two minima (MinDiff) and the two maxima (MaxDiff) per stride.
A stride segment yi

s(t) was defined as the section of y(t), starting at tpi and ending at tpi+2 .

2.6.1. Extraction of Valleys and Peaks

To find the extreme values within each stride segment (the VDS from one stride),
consecutive data points were compared to find points at which the derivative of the VDS
was zero. Let y(t) be the VDS value at time t. We defined the peaks pi = y(tpi ), i = 1, 2, . . .,
as the local maximum values and the valleys vj = y(tvj), j = 1, 2, . . ., as the local minimum
values. Further, we assumed that tpi < tpi+1 and tvj < tvj+1 . We extracted a sequence of
consecutive peaks and valleys pi, pi+1, vj, vj+1 such that tpi < tvj < tpi+1 < tvj+1 < tpi+2 .

In horses showing moderate to severe lameness, the changes in motion asymmetry
can cause extreme asymmetries in y(t). In these cases, local extreme values might be
canceled out, interrupting the assumed stride pattern of two peaks and two valleys in
sequence. Instead, a single peak or valley signal pattern occurs. To handle this, we
implemented a robust extreme value extraction method. The reasoning behind this method
is that y(t) contains two dominant harmonics [1]. The first harmonic corresponds to the
stride frequency, thus contributing to the asymmetry of the signal. The second harmonic
corresponds to twice the stride frequency and should dominate y(t) if the horse is healthy.
In our approach, we extracted extreme values based on the curve shape of the second
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harmonic. We first removed the asymmetric component of y(t) by performing high-pass
filtering with a frequency bound higher than the first harmonic. Next, we employed local
extreme value extraction on the high-pass filtered signal. Finally, we refined the selection
by selecting the extreme values from the original y(t) within 50 ms of the estimated value.
As a result, we were able to estimate normalised peak/valley differences at any degree
of lameness.

2.6.2. Normalised Differences for Valleys and Peaks

From the extracted stride peaks we computed local extreme value differences per
stride i, consisting of the following scalars,

MinDiffi = vi+1 − vi (2)

MaxDiffi = pi − pi+1 . (3)

These values provide information about the asymmetries between the right and left
leg impact and push-off. However, since different horses have different amplitudes in their
vertical displacement trajectories, these values are not comparable. In this work, we instead
use the normalised extreme value differences (NEVd), which show more independence
from the scale of the vertical displacement. The NEVd-values were computed using the
following operations,

Vi =
MinDiffi

Ri
(4)

Pi =
MaxDiffi

Ri
(5)

where Ri = max(pi, pi+1)− min(vi, vi+1) .

Here, normalization was performed by division by the range-of-motion Ri. Thus,
the NEVd-values measures asymmetry as a rate of Ri.

2.6.3. Outlier Removal

To remove occasional strides with erroneous measurements from the analysis, we
performed a series of outlier removal steps.

While the noise in the vertical displacement signals is partly suppressed by band-pass
filtering, the signal quality becomes inadequate for asymmetry analysis when the noise is
too prevalent. Therefore, we first removed strides where the stride segments contained a
substantial amount of high-frequency noise. A stride segment was deemed to contain too
much high frequency noise when the majority of the frequency content amplitudes were
found above 10 Hz in at least a quarter of a stride interval.

As a second step, we performed a linear discriminant analysis (LDA). In addition to
MinDiffi and MaxDiffi from Equation (4), we used the peak valley differences pi − vi and
pi+1 − vi+1 to represent each stride as features. We then removed NEVd-values from the
analysis that corresponded to strides that were considered outliers in the LDA.

2.7. System Comparisons

We compared the MC and SC systems on the data set of trotting horses described in
Section 2.2. For each recorded sample, we used MC and SC to generate vertical displace-
ment signals. From these, we extracted and compared stride segments and NEVd-values
between the two systems. The following sections detail the implementation and setup of
the comparison.

7
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2.7.1. Comparison Metrics

To compare the extracted asymmetry indices between the MC and SC systems the
following deviations were calculated from the synchronized NEVd-vales,

ΔVi = MinDiffsc
i −MinDiffmc

i (6)

ΔPi = MaxDiffsc
i −MaxDiffmc

i . (7)

To recover an estimate of geometric deviation, we multiplied ΔVi and ΔPi with the
range of motion Ri,mc computed from the NEVd-values of the MC signal.

In practice, lameness indication is deduced from the trial mean of the NEVd-values
V̄ = 1/N ∑N

i MinDiffi and P̄ = 1/N ∑N
i MaxDiffi, where N is the number of strides in the

trial after the outlier removal in Section 2.6.3. We computed the trial mean deviations as,

ΔV̄ = V̄sc − V̄mc (8)

ΔP̄ = P̄sc − P̄mc . (9)

We further scaled ΔV̄ and ΔP̄ with the mean range of motion R̄mc = 1/N ∑N
i Ri,mc to

estimate the geometric deviation.

2.7.2. Statistical Analysis

Bland-Altman analysis [37] was used to evaluate the statistical agreement between the
MC and SC-systems for head and pelvis NEVd-values. The Bland-Altman analysis was
subdivided into deviations for MinDiff and MaxDiff and was performed both on trial and
stride level.

In addition to the comparison of the NEVd-values, we compared the shapes of the
band pass filtered vertical displacement signals using the root mean square deviations
(RMSD),

RMSD =

√√√√∑Mi
m=1

(
Rmc

i,sc · ysc(ti
m,sc)− ymc(ti

m,mc)
)2

Mi
(10)

where Rmc
i,sc =

Ri,mc

Ri,sc
.

Here, M = 23 is the number of trials, i.e number of horses in the dataset. ti
m,sc and

ti
m,mc are equally spaced points in time for sampling the vertical displacement signals

corresponding to the ith synchronized stride, i.e ti
1,sc = pi,sc, ti

M,sc = pi+2,sc, ti
1,mc = pi,mc

and ti
Mi ,mc = pi+2,mc. Note that we scaled the ysc samples to the geometric scale of ymc.

Further, since ysc and ymc have different frame rates, we aligned and re-sampled the signals
with linear interpolation before applying (10).

3. Results

In this section, we outline the results from the experiments described in Section 2.7.
In total, the results below were generated from 23 of the 25 horses in the initial data set,
after the exclusion of two horses with less than 10 synchronized strides. From the included
horses we extracted a total of 655 stride observations of the head motion and 404 stride
observations of the pelvic motion. Descriptive statistics of the head measurements from
the 23 trials can be found in Table 1 and the pelvis measurement in Table 2.
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Table 1. Descriptive statistics for head measurements from the 23 included horses showing number
of matched strides per trial (N) and the mean trial deviations between the two systems for the valley
values ΔV̄ (MinDiff) and peak values ΔP̄ (MaxDiff). Also, the actual trial means for the V̄ (MinDiff)
and the P̄ are presented per trial for the multi-camera marker-based (mc) and the single-camera
markerless (sc) systems, followed by their within trial standard deviation (σV and σP). From the mc,
the trial mean range of motion of the vertical displacement signal is presented.

Horse N ΔV̄ ΔP̄ V̄sc V̄mc P̄sc P̄mc σVsc σVmc σPsc σPmc R̄mc

1 16 −0.4 −4.8 −1.5 −1.1 13.1 17.9 15.2 15.4 18.1 16.5 66.6
2 23 −2.1 8.7 −9.4 −7.3 43.0 34.3 12.3 10.4 19.7 20.8 82.2
3 29 2.3 −1.9 −1.6 −3.9 9.5 11.4 17.7 15.0 13.6 14.1 70.4
4 38 4.1 3.4 −39.8 −44.0 −0.8 −4.2 14.3 15.7 14.8 16.8 71.2
5 28 −0.3 2.2 70.0 70.3 −17.5 −19.8 17.4 15.2 17.2 14.5 109.6
6 26 4.4 5.7 −39.2 −43.6 −3.9 −9.6 16.8 19.1 15.8 15.8 68.5
7 19 3.3 −3.1 5.4 2.1 3.3 6.3 13.5 14.2 19.9 21.1 77.5
8 22 −0.6 −3.7 7.1 7.7 8.8 12.5 15.7 11.9 11.0 10.4 73.6
9 29 1.0 −5.0 −39.7 −40.7 15.7 20.6 9.1 10.6 9.5 10.0 70.8
10 36 −0.6 0.6 1.8 2.4 −19.1 −19.8 22.3 22.0 20.7 21.4 95.2
11 27 0.0 0.4 −57.8 −57.9 13.0 12.5 11.5 13.1 16.4 15.2 90.1
12 28 −2.5 1.9 −11.7 −9.2 −18.5 −20.4 14.3 13.5 17.5 14.9 71.0
13 22 −0.0 1.6 62.8 62.8 −3.7 −5.3 8.9 8.2 10.8 10.3 79.8
14 22 0.3 −0.9 −1.6 −1.9 8.7 9.6 9.7 13.8 6.1 10.6 39.0
15 29 1.5 −1.8 27.0 25.5 −14.1 −12.4 13.8 13.1 11.2 11.6 75.2
16 19 −6.8 0.2 22.8 29.6 10.9 10.7 19.1 26.2 18.6 28.1 75.5
17 34 −0.2 −3.7 3.7 3.9 −4.2 −0.5 18.9 17.5 19.6 18.7 95.0
18 24 1.8 −3.1 14.9 13.1 −13.1 −10.1 8.3 7.9 13.6 11.4 57.9
19 35 −0.4 −2.1 0.2 0.6 24.2 26.3 6.9 6.4 8.6 6.0 51.0
20 41 −0.5 1.7 −21.6 −21.0 7.0 5.3 11.9 12.6 9.1 8.5 71.4
21 16 −0.4 1.2 −23.5 −23.0 5.8 4.6 8.4 7.7 6.7 7.4 43.0
22 36 2.2 −1.8 −13.0 −15.2 −1.5 0.3 8.5 8.2 12.3 10.5 50.9
23 56 −4.2 −0.1 −18.2 −14.0 −16.3 −16.2 18.7 17.6 18.8 18.9 74.7
mean 28.5 1.7 2.6 21.5 21.8 12.0 12.6 13.6 13.7 14.3 14.5 72.2

Table 2. Descriptive statistics for pelvic measurements from the 23 included horses showing the
number of matched strides per trial (N) and the mean trial deviations between the two systems for
the valley values ΔV̄ (MinDiff) and peak values ΔP̄ (MaxDiff). Also, the actual trial means for the V̄
(MinDiff) and the P̄ are presented per trial for the multi camera marker based (mc) and the single
camera markerless system (sc), followed by their within trial standard deviation (σV and σP). From
the mc, the trial mean range of motion of the vertical displacement signal is presented.

Horse N ΔV̄ ΔP̄ V̄sc V̄mc P̄sc P̄mc σVsc σVmc σPsc σPmc R̄mc

1 13 1.0 −0.1 −0.1 −1.1 6.6 6.6 8.4 6.1 8.2 8.3 83.4
2 15 1.7 4.3 −0.4 −2.1 0.6 −3.8 11.0 8.6 10.0 8.6 82.3
3 16 −1.8 2.1 −0.6 1.2 −2.7 −4.8 6.5 4.0 8.9 5.6 82.6
4 24 4.3 6.5 −15.8 −20.1 21.0 14.5 9.3 7.9 9.6 8.1 92.5
5 17 5.5 −0.5 5.7 0.2 4.3 4.8 5.1 4.3 10.3 11.3 79.3
6 15 4.8 5.9 −12.8 −17.6 27.2 21.3 11.0 7.5 8.9 6.3 92.8
7 17 1.5 0.0 −0.1 −1.5 −5.2 −5.2 6.8 6.9 10.5 8.5 74.8
8 13 1.1 3.1 2.1 1.0 −8.6 −11.6 8.0 8.1 9.2 4.7 76.7
9 15 −0.8 2.2 −13.0 −12.2 −4.3 −6.5 7.1 4.6 6.0 6.0 67.5
10 22 4.6 2.1 9.0 4.4 2.2 0.1 6.5 7.7 15.8 16.0 77.7
11 15 −1.7 0.7 −7.0 −5.3 −11.9 −12.6 6.4 8.3 10.2 9.6 88.0
12 14 −0.9 1.1 −4.5 −3.6 2.6 1.5 6.4 4.8 7.3 7.9 64.7
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Table 2. Cont.

Horse N ΔV̄ ΔP̄ V̄sc V̄mc P̄sc P̄mc σVsc σVmc σPsc σPmc R̄mc

13 11 3.9 2.4 −12.6 −16.5 9.0 6.6 9.7 6.9 8.1 8.5 70.8
14 14 1.3 0.9 −5.1 −6.4 13.0 12.0 5.8 6.7 9.0 8.6 74.8
15 14 −2.3 −3.0 5.8 8.1 −16.9 −13.9 5.7 3.1 6.0 3.3 75.3
16 13 4.2 −1.1 11.8 7.7 −25.8 −24.7 10.5 13.0 13.8 8.7 75.7
17 18 −1.4 −0.8 −10.6 −9.3 −1.4 −0.6 12.2 11.2 11.4 11.5 103.7
18 15 −3.2 −0.3 −2.8 0.4 −13.1 −12.8 5.6 4.6 7.1 3.3 85.5
19 26 1.2 −1.2 −9.6 −10.8 4.4 5.6 3.6 3.4 4.3 4.6 39.6
20 21 −4.9 1.3 −7.2 −2.3 0.1 −1.2 6.5 6.6 11.6 9.0 87.8
21 21 0.8 2.6 −38.0 −38.9 48.5 46.0 7.1 6.8 12.7 8.6 97.7
22 25 −1.5 2.8 −10.2 −8.7 −1.4 −4.2 6.6 5.1 5.5 6.1 67.0
23 30 1.0 0.4 −21.5 −22.6 12.5 12.1 8.9 9.8 8.8 8.0 72.6
mean 17.6 2.4 2.0 9.0 8.8 10.6 10.1 7.6 6.8 9.3 7.9 78.8

We split the comparisons into per-stride and per-trial comparisons. In the per-stride
comparisons, we treated each stride as a sample and performed statistical analysis on the
stride-based deviations ΔVi and ΔPi. In the per-trial comparison, we treated each horse as
a sample and performed statistical analysis on deviations computed from the mean NEVd
values ΔV̄i and ΔP̄i.

3.1. Per-Stride Comparisons

An example of the time-domain curves from the MC and SC for all strides in a recorded
trial (horse 11) are displayed in Figure 4. The displayed stride segments of the two systems
show high resemblance, resulting in similar conclusions on lameness diagnosis. We provide
more examples from the experiment in Appendix A.

The Bland-Altman analysis for head and pelvis lameness metrics is illustrated in
Figures 5 and 6 respectively. The deviations are similar for both valley and peak differences
and generally higher for head than for pelvis signals. Moreover, the correlations between
the NEVd-values are high and the deviations are generally small, rarely exceeding 21 mm
for the head signals and 14 mm for pelvis.

We further provide histograms over the deviations for head and pelvis in Figure 7.
The histograms include both V and P-values. In addition, these plots show the empirical
estimates of normal distributions computed from the stride samples. The distributions of
the absolute values for stride mean residuals are presented in Figure 8.

Finally, we provide mean RMSD values in Table 3 to give an estimate of curve sim-
ilarity. Note that RMSD, as computed in Table 3, is sensitive to small time shifts. As the
synchronization between signals ysc(t) and ymc(t) is approximate, the RMSD does not only
reflect curve similarity but also errors in the synchronization.

10
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Head

Pelvis

Figure 4. Example of the vertical displacement signal per stride for the head and pelvis for horse 11.
Each subplot contains the matched stride segments for the markerless single-camera system (SC) in
green and the multi-camera marker-based motion capture system (MC) in red. The y-axis shows the
vertical displacement in millimetres. The four dots on each curve indicate the positions of the two
peaks and two valleys extracted using the approach in Section 2.6.2. We observe that despite the high
variability in curve shape between strides, there is a notable resemblance between the two systems.
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Head V

Head P

Figure 5. Scatter plots of the head metrics obtained per stride (n = 655) observed by the multi-camera
marker-based motion capture system (MC) plotted against the observation by the single-camera
markerless system (SC) are shown in the left sub-panels. Agreements between the systems, with limits
of agreement (LoA) displayed as orange horizontal lines, are presented in the Bland-Altman plots
in the right sub-panels. In the top row, we show the ΔV (MinDiff) and in the bottom row, we show
ΔP (MaxDiff) defined in Section 2.7.1. For the purpose of visibility, we have fixed the range of the
y-axis, causing a few samples with large residuals to be out of range. In the left plot, we have out
of range residuals at 97.0 and −55.2, and in the right plot out of range residuals are at −48.9, −81.5,
70.9, 56.0, −47.1 −71.5, −44.4. While these samples have large errors they have little impact on the
overall statistics.
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Pelvis V

Pelvis P

Figure 6. Scatter plots of the pelvic metrics obtained per stride (n = 404) observed by the multi-camera
marker-based motion capture system (MC) plotted against the observation by the single-camera
markerless system (SC) are shown in the left sub-panels. Agreements between the systems with
limits of agreement (LoA) displayed as orange horizontal lines are presented in the Bland-Altman
plots (right sub-panels). In the top row, we show the ΔV (MinDiff) and the bottom row we show ΔP
(MaxDiff) defined in Section 2.7.1.
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Figure 7. Distributions of the per-stride deviations for head (left) and pelvis (right). Here we
have combined both peak and valley deviations defined in Section 2.7.1 (ΔV and ΔP). The dashed
line displays the normal distribution estimated from the means and standard deviations of the
between-systems deviations.

Figure 8. Distributions of the absolute values for stride mean residuals for head (left) and
pelvis (right).

Table 3. Results summary for the measurement deviations between the systems over the entire
dataset. In the top 6 rows we provide combined per-trial deviations (D̄) using both deviations for
the normalised MinDiff (ΔV̄) and MaxDiff (ΔP̄). For both head and pelvis, we compute the overall
absolute mean, maximum and minimum deviations. In the bottom two rows we provide mean root
mean square deviations (RMSD) as a comparison of the shape of the vertical displacement signals.

Per Trial

head D̄ 2.2 mm
pelvis D̄ 2.2 mm
head max D 8.7 mm
pelvis max D 6.5 mm
head min D 0.0 mm
pelvis min D 0.0 mm

Per Stride

head mean RMSD 5.0 mm
pelvis mean RMSD 3.5 mm

3.2. Per-Trial Comparisons

In this section, we provide the results from the per-trial comparison between MC
and SC. In Table 3 we present statistics over the entire dataset from the per-trial mean
NEVd-values. In this case, we combine V̄ and P̄. Thus, each stride contributes with

14



Animals 2023, 13, 390

two deviation values. For these, we compute the overall absolute mean, maximum and
minimum absolute deviations as,

D̄ =
∑M

m=1 |ΔV̄m|+ ∑M
m=1 |ΔP̄m|

2M
(11)

max D = max({|ΔV̄m|}M
m=1 ∪ {|ΔP̄m|}M

m=1) (12)

min D = min({|ΔV̄m|}M
m=1 ∪ {|ΔP̄m|}M

m=1) , (13)

where M = 23 is the number of trials, i.e number of horses in the dataset, and ∪ denotes
the union of the sets of {|ΔV̄m|}M

m=1 and {|ΔP̄m|}M
m=1.

Similar to the per-stride comparison in Section 3.1, we use Bland-Altman plots [37] to
inspect the statistical agreements. The plots for head and pelvis are shown in Figures 9 and 10,
respectively. Not unexpectedly, the deviations between systems are smaller for the per-trial
mean NEVd-values than for the per-stride comparison in Section 3.1, rarely exceeding
6.4 ms. Similar to the per-stride comparison, the differences between V̄ and P̄ are small.
However, the per-trial deviations show similar values for pelvis and head, which could be
due to the fact that the two systems jointly observed more strides for the head signal than
the pelvis.

Head V̄

Head P̄

Figure 9. Trial-level scatter plots of the head metrics from the 23 included horses measured by
the marker-based motion capture system (MC) versus the single-camera markerless system (SC)
are presented in the left panel. Agreements between the systems, with limits of agreement (LoA)
displayed as orange horizontal lines, are presented in the Bland-Altman plots in the right sub-panels.
In the top row, we show ΔV̄ (trial mean MinDiff) and in the bottom row, we show ΔP̄ (trial mean
MaxDiff) defined in Section 2.7.1.
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In addition, we provide histograms over all the deviations (both V̄ and P̄ ) for head and
pelvis in Figure 11. These plots also show the empirical estimates of normal distributions
computed from the stride samples.

Pelvis V̄

Pelvis P̄

Figure 10. Trial-level scatter plots of the pelvic metrics from the 23 included horses measured by
the marker-based motion capture system (MC) versus the single-camera markerless system (SC)
are presented in the left panel. Agreements between the systems, with limits of agreement (LoA)
displayed as orange horizontal lines, are presented in the Bland-Altman plots in the right sub-
panels.In the top, we show ΔV̄ (trial mean MinDiff) and in the bottom row, we show ΔP̄ (trial mean
MaxDiff) defined in Section 2.7.1.
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Figure 11. Distributions of the per-trial deviations for head (left) and pelvis (right). Here we have
combined both peak and valley deviations defined in Section 2.7.1 (ΔV̄ and ΔP̄). The dashed line
shows the normal distribution estimated from the means and standard deviations of the deviations.

4. Discussion

In this work, we demonstrated that deep neural networks and computer vision can be
applied to reliably perform orthopaedic gait analysis for horses when trotted in hand on
the straight during lameness assessment. The recorded average per-trial errors of 2.17 mm
(head) and 2.19 mm (pelvis) are well below the previously recorded between-measurement-
variation, of 18 mm (head) and 6 mm (pelvis) of horses trotting in a MC-system with several
repetitions over two consecutive days and a one-month follow-up [21]. The results thus
indicate that the average per-trial errors of the SC-extracted variables compared to the
MC-extracted variables were small enough to not be a major hindrance when used for
objective lameness assessment.

From a clinical perspective, the ease-of-use of the SC-system studied has a clear benefit
since it allows affordable, repeated observations of equine patients, which can help to
understand the considerable between trial variations observed in gait asymmetry [21].

When comparing the results of this study to another validation study performed on
an IMU-based system (compared to a MC-system), it was found that stride-by-stride limits
of agreement for the pelvic variables were approximately twice the magnitude for the
SC-system described in this work [20]. It has to be acknowledged that comparing results
from different samples can be a confounding factor in this case, but it still presents a general
indication of how a computer vision based solution may compare to an IMU-based solution.
Unfortunately, limits of agreement for the IMU-system in the Bosch et al. study [20] versus
our SC-system can not be compared for the head variables since these were not presented
in the IMU-system validation study.

The reported accuracy of the SC-system could also be compared to a previous test-
retest repeatability study of an IMU-system, where the 95% confidence interval was re-
ported as approximately 6 mm for head asymmetries and 3 mm for pelvic asymmetries [38].
However, a later study comparing that IMU-system to a different IMU-system, also de-
veloped for detecting equine lameness, found that the limits of agreement between the
two systems were in this same range [36]. Further, it was found that the system used
by [38] consistently underestimated the amount of movement asymmetry compared to the
other IMU-system, which had previously been shown to give values comparable to optical
motion capture. It has been suggested that the confidence intervals reported by Keegan et
al [38] should be adjusted to 8 and 4 mm [13] for the other IMU-system, and this is likely a
suitable adjustment also for an MC-system.

There were two outlier trials with a recorded per-trial mean deviation of 8.71 mm
(head) and 6.54 mm (pelvis). Notably, these outliers occurred for horses with large asym-
metries (see horse 2 in Table 1 and horse 4 in Table 2), and did not change the sign of the
calculated variables or the clinical interpretation of the gait data. Hence, these deviations
would not confuse which limb was affected by the asymmetry. We hypothesized that these
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errors might be due to difficulties in detecting and tracking the head and pelvis when they
were occluded e.g., the horse lowering its head and hiding it behind the trunk, or lifting
the tail obscuring the pelvic region.

Another SC-system utilizing deep neural networks to detect and track trotting horses
for the purpose of lameness assessment has been previously described [39]. Although their
approach was similar to the method presented in this study, the authors did not quantify
movement symmetry metrics directly. Instead, they focused on lame limb classification. It
is also worthwhile noting that a SC-system has been developed and shown to be able to
perform reliable gait analysis of human subjects [27]. The level of precision described is
said to open up for several potential applications in human medicine.

Is markerless more or less? A dichotomous answer cannot be given here. There
are technical drawbacks related to using computer vision techniques implemented in a
SC-system aimed towards objective equine lameness assessment, lower accuracy and lack
of 3D motion to name two. However, these drawbacks have to be weighed against the
benefit of having a lightweight, portable and low-cost system available for data collection,
that allows repeatable observations of the horse. Other systems, such as IMUs and MC are
typically more expensive, are sometimes limited to laboratory environments and require
more interaction in terms of placing markers and sensors on the horse. Inevitably, this
leads to fewer measurements being done and it is well known that low sample sizes of
horses are the standard in many equine biomechanics studies. This study has shown that
a simple application on a smartphone can be a tool for flexible and reliable collection of
kinematic asymmetry data from horses. By extension, this opens up opportunities for
larger-scale biomechanics research studies in non-laboratory environments. Coupling this
with current advances in machine learning, where computers efficiently learn from data to
perform predictions, we suggest that SC can be used to accelerate our understanding of
horse locomotion and horse welfare.

Limitations

In the current study, all measurements were performed in the same clinical indoor
environment on a limited number of horses (n = 23). The SC-system would likely be
more challenged if there was a severe lack of light or if for example heavy rain obscured
the visibility of the horse in the video. However, testing under such conditions was not
within the scope of this study and would have been impossible to perform given that
the state-of-the-art MC-system is a permanent indoor installation. The smartphone was
placed on a tripod during the data collection, as handheld recordings would demand a
stabilisation algorithm to be applied to the video. As such, further research is required to
evaluate the SC-system under handheld conditions. Also, the length of the runway was
30 m, hence a greater distance between the camera and the horse has not been investigated.
We did, however, analyse the error per stride index and did not find increasing deviations
of the lameness metrics studied.

There are today several iPhone models with different camera specifications, such as
image resolution and sampling rate. This study was limited to the use of an iPhone12
Pro Max where the resolution was set to 2160 × 3840 pixels and the frame rate to 60 Hz.
Newer iPhone models come with even better camera specifications. Further research
should investigate whether these models would improve the output from the SC-system
even further.

The neural networks used in the SC-system were trained on image data of horses that
did not have markers attached to the skin. Therefore, the skin-attached reflective markers
used in this validation study could be suspected to partly obscure the anatomical region
of interest and potentially present a problem to the SC-system. Visual inspection of the
tracking from the SC-system, did however show very stable detection of the anatomical
segments. This is confirmed by the comparison to the output of the MC-system.

This study only investigated vertical movement asymmetry of head and pelvis in
a straight line. 3D motion comparisons would be of interest in the future, in order to
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provide a more detailed analysis of horse locomotion e.g., limb retraction and protraction
angles studied from lateral view or on a circle. However, 3D lifting from a 2D image is an
inherently complicated computer vision task where more advanced methods would be
required, and so these kinematic variables were not investigated in this preliminary study.

5. Conclusions

We conclude that objective gait analysis for lameness assessment in horses can be
reliably performed using a smartphone and computer vision analysis built on deep neural
networks. The measurement deviation, when compared to a state-of-the-art motion capture
system, is larger compared to IMU-based systems [20], but the error is clearly lower than
observed levels of “between trial variation” from earlier studies [21]. The ease-of-use of
the system makes repeated observations of a horse’s lameness more feasible, which can
provide more objective data points for treatment evaluation.
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Abbreviations

The following abbreviations are used in this manuscript:

SC Single-camera markerless system
MC Multi-camera marker-based system
VDS Vertical displacement signal
NEVd Normalised extreme value differences
MaxDiff Difference between local maxima values within a stride
MinDiff Difference between local minima within a stride
P Normalised difference between local maxima values of the VDS per stride
V Normalised difference between local minima values of the VDS per stride
P̄ Trial mean P
V̄ Trial mean V
σP Trial standard deviation of P
σV Trial standard deviation of V
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ΔP Deviation between two corresponding P’s from different systems
ΔV Deviation between two corresponding V’s from different systems
ΔP̄ Deviation between two corresponding P̄’s from different systems
ΔV̄ Deviation between two corresponding V̄’s from different systems
D̄ Mean absolute deviation over dataset
max D Maximum absolute deviation over dataset
min D Minimum absolute deviation over dataset
R Range of motion of the VDS per stride
LDA Linear Discriminant Analysis
LoA Limit of Agreement

Appendix A. All Stride Curves

Head

Pelvis

Figure A1. Vertical displacement signals per stride for the head and pelvis for horse 1. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A2. Vertical displacement signals per stride for the head and pelvis for horse 2. Each subplot
contains the matched stride segments the single-camera markerless system (SC) in green and the
multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A3. Vertical displacement signals per stride for the head and pelvis for horse 3. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A4. Vertical displacement signals per stride for the head and pelvis for horse 4. Each subplot
contains the matched stride segments forthe single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A5. Vertical displacement signals per stride for the head and pelvis for horse 5. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A6. Vertical displacement signals per stride for the head and pelvis for horse 6. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A7. Vertical displacement signals per stride for the head and pelvis for horse 7. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A8. Vertical displacement signals per stride for the head and pelvis for horse 9. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A9. Vertical displacement signals per stride for the head and pelvis for horse 10. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A10. Vertical displacement signals per stride for the head and pelvis for horse 11. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A11. Vertical displacement signals per stride for the head and pelvis for horse 12. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A12. Vertical displacement signals per stride for the head and pelvis for horse 13. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A13. Vertical displacement signals per stride for the head and pelvis for horse 14. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A14. Vertical displacement signals per stride for the head and pelvis for horse 15. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A15. Vertical displacement signals per stride for the head and pelvis for horse 16. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A16. Vertical displacement signals per stride for the head and pelvis for horse 17. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A17. Vertical displacement signals per stride for the head and pelvis for horse 18. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A18. Vertical displacement signals per stride for the head and pelvis for horse 19. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A19. Vertical displacement signals per stride for the head and pelvis for horse 20. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A20. Vertical displacement signals per stride for the head and pelvis for horse 21. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A21. Vertical displacement signals per stride for the head and pelvis for horse 22. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A22. Vertical displacement signals per stride for the head and pelvis for horse 23. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Head

Pelvis

Figure A23. Vertical displacement signals per stride for the head and pelvis for horse 24. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red. The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.

Head

Pelvis

Figure A24. Vertical displacement signals per stride for the head and pelvis for horse 25. Each subplot
contains the matched stride segments for the single-camera markerless system (SC) in green and
the multi-camera marker-based system (MC) in red). The y-axis shows the vertical displacement in
millimeters. The four dots on each curve indicate the positions of the two peaks and two valleys
extracted using the approach in Section 2.6.2.
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Simple Summary: Physiotherapy and rehabilitation is a burgeoning area of practice; to be evidence-
based, it needs outcome measures designed for its focus on function. Based on frequency of use
and rationale, this online survey aimed to identify a core group of in-hand assessments for equine
movement. Additionally, the survey gathered information on how movement is currently monitored
and opinions on the usefulness of modifying a patient-reported outcome measure for equine use.
The survey attracted 81 participants and identified 24 key movements, including walk and trot on
both firm and soft surfaces in a straight line and on a small circle, plus step back, hind leg cross-over,
transitions and lunging at walk, trot and canter. Access to suitable surfaces and the training level of
the horse and handler are the main barriers to using other movements. The majority (82%) of survey
participants agreed or strongly agreed that a modified Patient-Specific Functional Scale would be
useful for measuring complex movements. This knowledge of how equine clinicians are currently
monitoring movement and using goal-setting will assist in designing a new outcome measure for
quality of movement that includes both standardised and individualised measures.

Abstract: Outcome measures are essential for monitoring treatment efficacy. The lack of measures for
quality of movement in equine physiotherapy and rehabilitation impairs evidence-based practice. To
develop a new field-based outcome measure, it is necessary to determine movements most frequently
observed during assessment of rehabilitation and performance management cases. An online survey
of 81 equine sports medicine veterinarians and equine allied-health clinicians was conducted. The
key movements identified included walk and trot on both firm and soft surfaces in a straight line
and on a small circle, plus step back, hind leg cross-over, transitions and lunging at walk, trot and
canter. The main barriers to observing some movements are access to suitable surfaces and the
training level of the horse and handler. Subjective visual assessment of live or videoed horses was the
most common method used to track progress of complex movements. The majority (82%) of survey
participants agreed or strongly agreed that a modified Patient-Specific Functional Scale would be
useful for measuring complex movements. Comments from all professions show a desire to have
outcome measures relevant to their needs. This survey identified 24 in-hand movements, which can
be used to form the foundation of a simple field-based outcome measure for quality of movement.

Keywords: equine physiotherapy; quality of movement; outcome measure; rehabilitation; goal set-
ting

1. Introduction

Movement dysfunction causes horses significant suffering, therefore managing it
efficiently is critically important. Because the body prioritises function over pain [1], ad-
dressing movement dysfunction is essential for positive animal welfare [2]. Movement
dysfunction refers to poor quality of movement, and considers aspects such as whole body
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biomechanics, gait pattern, symmetry, motor-control, muscle activity and timing, willing-
ness, and behaviours indicating discomfort [3,4]. Since physiotherapy is centred around
improving function [5,6], physiotherapists are ideally placed to treat horses presenting
with movement dysfunction.

Outcome measures that reflect client health status are essential for monitoring the
safety and efficacy of treatment [7,8]. The absence of even a simple tool to quantify the
functional change in response to treatment has allowed the use of non-evidence-based
therapies to proliferate within the equine industry [9]. Ineffective treatments likely have
negative welfare implications, wasting owners’ time and money, while prolonging equine
pain and dysfunction. Valid, reliable and relevant outcome measures that can be used in
the field to assess quality of movement in horses and to monitor the success of equine
physiotherapy and rehabilitation are needed [7,10].

Having been designed to grade lameness when walking and trotting in a straight line,
existing lameness scales are too broad to adequately document subtle changes in quality
of movement [3,11,12]. Given that these lameness scales are also subject to inconsistent
applications by different practitioners [13–16], the lack of agreement between veterinary ex-
perts on the definition and measurement of lameness and asymmetry is not surprising [17].
Trot in a straight line, on its own, is insufficient to assess quality of movement due to the
complexity and task-specific nature of movement [18]. Differences have been identified
in hoof loading, spinal kinematics, body lean and asymmetry between different gaits,
figures and surfaces [19–27]. Many movements tests are taught as an iterative assessment
process [28]; however, it is currently unknown which ones are used most frequently in
clinical practice, and if there is an established core group.

Instrumented gait analysis relying on inertia measurement units (IMUs) as used in the
Equigait® (Cheshunt, UK) or Equinosis Q® (Columbia, IN, USA) system can objectively
identify minute movement asymmetries. Despite acknowledging the value of IMUs, their
data should be used as an aid to diagnosis [3,29], similar to medical imaging, and the
clinical significance should be interpreted in conjunction with other assessments. While
research using IMU’s is rapidly advancing, in the authors’ experience in the field, visual
observation of movement still predominates, and this is routinely scored with subjective
lameness grading scales.

While veterinarians need lameness scales to direct the clinical pathway for diagnosis,
typically identifying a limb, severity and a pathoanatomical source [4,5], physiotherapists
tend to use lameness scales as a triage tool. In addition to lameness scales there is also a
place for a quality of movement outcome measure. Given that most horses are referred for
physiotherapy with an established pathoanatomical diagnosis, the physiotherapists carry
out a functional assessment to identify target tissues and directions for desensitising or
strengthening (e.g., a cervical vertebral joint stiff into left lateral flexion, with hypertonicity
of the right neck muscles and weak left neck muscles) [5].

Physiotherapists have a duty of care to ensure they provide quality practice; however,
without outcome measures, decision-making is subject to bias and guesswork [30,31]. There
is a strong desire from all stakeholders to have relevant outcome measures and research
on the efficacy of equine physiotherapy [8,32,33]. However, current outcome measures
designed for veterinarians that focus on lameness do not meet the needs of physiothera-
pists and equine clinicians working with rehabilitation and/or poor performance cases.
Impairments are problems in body structure or function, while activity limitations refer to
higher-level functions, such as complex whole-body movements [34]. Measures for both
impairments and activity limitations are needed to accurately describe patient status [35].
While there are a variety of suitable equine impairment measures such as goniometry [36],
palpation [37] and back profiles [38], there is currently a lack of outcome measures capa-
ble of monitoring activity limitations in horses. Without these, equine clinicians are left
relying on subjective visual assessment and measures of impairment (e.g., passive range of
movement), which should not be generalised to claim changes in whole-body movement.
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For complex whole-body movements, goal setting is sometimes used in place of
precise measures. In human physiotherapy, goal setting with the client is a vital part
of client-centred care, and is used to monitor the long-term impact or value of care [39].
The Patient-Specific Functional Scale (PSFS) [40] (see Appendix A) is a patient-reported
outcome measure used in human physiotherapy, which includes the client in scoring their
ability to perform personally meaningful tasks. Part of the PSFS’s popularity may be
due to its adaptability for a large variety of movements or goals, compared to exhaustive
list-style patient- or owner-reported outcome measures, which are often time-consuming
and contain many irrelevant questions [41]. It should be possible to modify the PSFS
for use by owners/riders and clinicians in equine physiotherapy and rehabilitation. Past
publications shed little light on methods used in equine practice to measure complex
movements; therefore, it is necessary to investigate how equine clinicians are currently
using goals and monitoring complex movements.

To address these problems, we propose a new outcome measure be developed for
equine quality of movement. The Equine Musculoskeletal Rehabilitation Outcome Score
(TEMROS) identified domains for a composite rehabilitation outcome measure, noting
outcome measures are lacking for the performance/functional capacity domain and sug-
gesting developing a battery of movement tests [42]. The proposed outcome measure
would be for use by equine clinicians working with horses undergoing rehabilitation or
managing performance issues. Such horses may present with movement dysfunction,
motion asymmetry, inconsistent, or subtle or mild lameness (e.g., AAEP < 2: Lameness
that is difficult to observe at a walk or trot in a straight line but is present under certain
circumstances [43]). It is currently unknown which movements clinicians believe to be
most important or useful to include when assessing quality of movement in equine reha-
bilitation and performance. The proposed outcome measure would be a combination of a
standardised battery of key movement tests (for simple routine movements) supplemented
with a client-specific measure (for bespoke complex movements) that can be integrated
into the assessment process.

This survey was an early investigative step in the development of a new field-based
outcome measure. The primary aim of the survey was to identify which in-hand move-
ments equine clinicians observe most frequently, and if there is a key group that could be
taken forward to develop a new quality of movement outcome measure for use in equine
physiotherapy and rehabilitation. Additionally, this study aimed to gather information
on how complex movement is currently monitored and opinions on the usefulness of
modifying the PSFS.

2. Materials and Methods

2.1. Subjects

For this study, equine clinicians were defined as equine sports medicine and rehabilita-
tion veterinarians and qualified equine allied health professionals. Qualifications/syllabus
of equine clinicians are heterogenous worldwide, and so it logically follows this would
affect clinical practices. Therefore, it was decided to set tight inclusion criteria to try and
achieve more homogeneity in qualification types and practice. The following inclusion
criteria were applied: equine clinicians experienced in the areas of rehabilitation and perfor-
mance, with at least an undergraduate degree in a relevant field (qualification names vary
worldwide). Post-graduate training was desirable to try to achieve similarity in clinical
reasoning and assessment processes due to comparable academic backgrounds.

There is an unknown number of equine clinicians with post-graduate qualifications
worldwide. While it is challenging to ascertain the population, response rate and study
power for web-based surveys, a detailed web-based investigation was conducted to attempt
to estimate the sample frame; this suggested 21 professional associations could provide
coverage of approximately 1000 equine clinicians. The a priori calculation of study power
(95% CI, 5% error) yielded a requirement of 278 responses. However, based on the generally
very low response to online surveys [44] and a previous online survey of a subgroup of
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this population gathering only 71 responses [32], a 90% CI and 10% margin of error were
applied for this study, reducing the required minimum sample size to 64. It must be
highlighted that this calculation is only an estimate—the results are largely descriptive and
should be interpreted in the context of the participants, and not generalized too broadly.
Additionally, the authors adhered to the Checklist for Reporting Results of Internet E-
Surveys (CHERRIES) where possible [44].

Participant recruitment was via equine clinicians’ professional associations (n = 21)
who distributed the survey link through their member networks, e.g., Equine Sports
Medicine and Rehabilitation Diplomats, Animal/Veterinary/Equine Physiotherapists and
Animal Biomechanical Professionals (Chiropractors, Osteopaths), and flyers were posted
on the associations’ public Facebook® groups. Demographic information was collected
on participant country of practice, qualifications, years of experience, current case load,
and use of instrumented gait analysis. These details were used to determine eligibility for
participation and to analyse variability in the sample’s responses based on participant’s
background.

2.2. Data Collection

The questionnaire was conducted online using the Survey Monkey ® platform. Ques-
tions were reviewed by Charles Sturt University’s (CSU) Spatial Data Analysis Network
(SPAN), before being pilot-tested for user-friendliness by a small convenience sample of
invited participants (n = 10). Pilot data were not included in the study results. Further revi-
sions were made and the survey received ethical approval from Charles Sturt University,
Human Research Ethics Committee (Protocol #H22082).

The questionnaire comprised 21 questions (7 open text, 2 closed-binary, 7 closed-Likert
scale and 5 semi-closed) in three sections: 1—demographic details, 2—the frequency of
movements used, and 3—how functional movement is currently monitored, with questions
about goal setting, owner reported measures and the patient-specific-functional-scale. For
Section 2, a list of 38 movements used during clinical assessment was compiled from pub-
lished literature by the primary researcher (AB). To indicate how frequently each movement
was used, participants had four possible responses: “always”, “often”, “sometimes” or
“never”. The PSFS was included as a display item alongside the questions relating to it.
Open text questions allowed participants to provide a rationale for their answers. The full
questionnaire and answer options are available in the Supplementary Materials.

The survey was designed to be completed in 15 to 20 min and was open for 6 weeks
from 23 May to 4 July 2022 inclusive. Reminders were emailed regularly to the associations
and posted on their social media pages to encourage participation by their members.

The survey’s online landing page provided participant information and collected
informed consent. Participation in the survey was voluntary and no incentives were
offered. Anonymized survey data were received by the primary researcher (AB) and
those requesting a summary of results were asked to directly email AB. The survey data
were stored in accordance with the approved Human Research Ethics Application data
management plan.

2.3. Data Analysis

Unusual responses were investigated before being included or excluded from the data,
and the screened data were then collated by question in Microsoft Excel prior to being
subjected to descriptive analysis. Jeffrey’s Amazing Statistics Program (JASP version 16)
was used for inferential analysis.

For descriptive analysis, mean and standard deviation (SD) were calculated for years of
practice. Percentages were calculated for undergraduate and post-graduate qualifications,
country of practice, workload with humans, equines and canines/other species, frequency
of seeing performance management and rehabilitation cases, frequency of using simple
video, kinematics, IMU or other devices, movements used “always” or “often” combined,
use of formal goal setting, use of owner-reported measures, familiarity with and use of the
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PSFS, opinion on usefulness of a modified PSFS for use by clinicians, owners (ADLs) and
owners (complex movements), and participants based on background training. Mode was
determined for the ordinal data relating to frequency of use of each movement.

For inferential analysis, Chi-squared tests were used to test for relationships between
clinician background and the following: frequency of seeing rehabilitation cases, frequency
of seeing performance cases, frequency of using simple video/kinematics/IMU/other
devices, frequency of use of movement tests (then post hoc z scores manually calculated),
use and familiarity with PSFS and opinion on usefulness of modified PSFS. Due to concerns
on the violation of the normality assumption condition, the non-parametric Kruskal–Wallis
test was used to test for relationships between clinician background and years of experience
and proportion of work with human/equine/canine, plus between years’ experience and
familiarity with PSFS. Statistical significance was determined by p < 0.05. NVIVO was used
to assist the qualitative analysis of themes from the open-ended questions.

3. Results

3.1. Responses

The questionnaire attracted 90 respondents; however, 9 were excluded for not meeting
the inclusion qualifications and/or incomplete responses (completion rate 94%). Responses
from 81 participants were therefore included in the analysis, of which 73 completed all
questions (completeness rate of 90%). Not all participants responded to every question;
the following results are presented based on the number of responses for each question.
While it is impossible to calculate response rate when distributing surveys online, of the
52 addresses emailed, 50 were received. Several associations replied that they were unable
to distribute surveys to their members due to internal policies, or requested payment. In
response to this, the sample frame was revised down to 700 equine clinicians, the resultant
sample size (90% CI, 10% error) being 62 participants. Reminders were emailed to active
email addresses representing 19 associations and regularly posted on association Facebook
pages (n = 14). Based on the estimated sample frame the approximate response rate was
13%.

3.2. Subjects’ Background

Participants reported undergraduate qualifications in human physiotherapy (59%,
n = 48), veterinary medicine (27%, n = 22), veterinary physiotherapy (10%, n = 8), human
chiropractic (5%, n = 4), human osteopathy (5%, n = 4), and other (7%, n = 6) (zoology, biol-
ogy, equine science, physical education, agriculture and manual therapy). Post-graduate
qualifications included masters in veterinary/animal/equine physiotherapy (27%, n = 22),
post-graduate diploma in veterinary/animal/equine physiotherapy (22%, n = 18), cer-
tificate or diploma in equine physiotherapy or rehabilitation (19%, n = 15), masters or
post-graduate diploma in veterinary/animal/equine chiropractic (12%, n = 10), veterinary
sports medicine and rehabilitation diploma (11%, n = 9), post-graduate diploma in animal
biomechanical area (10%, n = 8), certificate or diploma in veterinary/animal/equine os-
teopathy (6%, n = 5), and other (14%, n = 11) (PhD, equine orthopaedics, equine surgery,
veterinary acupuncture, equine biomechanics and rehabilitation, equine craniosacral ther-
apy, equine anatomy and physiology, doctor of veterinary medicine, equine science).

Participants commonly held multiple qualifications, with 12% (n = 10) indicating
more than one undergraduate qualification and 20% (n = 16) reporting more than one
post-graduate qualification. Only 2% (n = 2) reported no post-graduate qualification.

Participants practiced as equine clinicians for a mean of 13.9 years (SD = 9.3). The
majority of participants practiced in Australia (35%, n = 28), with 16% (n = 13) from the
United Kingdom, 14% (n = 11) from the United States of America, 10% (n = 8) from New
Zealand, 11% (n = 9) from mainland western European countries (Finland, Belgium, France,
Germany, Italy, Netherlands and Sweden) and 13% (n = 10) from other countries (Ireland,
Canada and South Africa).
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All participants reported working with horses, with almost one-third, 29% (n = 17),
focusing solely on horses, 57% (n = 46) also working with dogs or other species, and
64% (n = 52) having performed some work with human clients. As a proportion of their
workload, horses ranged from 1 to 100%, humans from 0 to 99% and dogs or other species
from 0 to 70%. For all participants, the mean proportion of work with equids was 58%,
with humans 29% and with canids or other species 20%. The majority of participants,
80% (n = 65), saw horses for performance management either daily or weekly, while 77%
(n = 62) saw horses for rehabilitation either daily or weekly (see Figure 1).

 

Figure 1. Frequency of participating equine clinicians seeing horses for (a) performance management
and (b) rehabilitation (n = 81).

Simple video recordings were “always” or “often” used by 49% (n = 39) of participants
while assessing quality of movement. Use of other technology was less frequent, with more
than half “never” using kinematics, IMU’s or other unnamed devices (see Figure 2).

 
Figure 2. Frequency of participating equine clinicians using simple video (n = 80), kinematics (n = 79),
Inertia Measurement Units (IMU) (n = 79) and other devices attached to the horse (n = 79) during
assessment of quality of movement.

50



Animals 2023, 13, 2822

3.3. Essential Movement Tests

Movements on a firm surface were the most frequently used in-hand movement tests,
with the use of inclines the least frequent. Movements are grouped by surface type (firm,
soft or other) and displayed in the order used in the questionnaire; the cell containing the
mode is highlighted/marked up (see Table 1).

Table 1. Frequency of use of in-hand movement tests when assessing equine quality of movement.
Mode indicated with * and shaded (green for a mode of always, yellow for a mode of often, orange
for a mode of sometimes and red for a mode of never), percentages < 50% shaded grey (n = 73).

Frequency of Use

Movement Test Never Sometimes Often Always
Percentages of Often and

Always Combined (%)

Firm Surface

Walk in a straight line—viewed from behind 4 8 61 * 95
Walk in a straight line—viewed from in front 1 6 7 59 * 90

Walk in a straight line—viewed side-on 9 15 49 * 88
Trot in a straight line—viewed from behind 8 17 48 * 89
Trot in a straight line—viewed from in front 10 17 46 * 86

Trot in a straight line—viewed side-on 14 27 32 * 80
Small circle (5–10 m) at the walk left and right rein 3 18 22 30 * 71
Small circle (5–10 m) at the trot left and right rein 4 23 * 23 * 23 * 63

Rein back/step back 20 14 39 * 73
Pivot/turn on the forehand left and right (aka hind leg

cross-over, yielding the hind quarters) 5 21 15 32 * 64

Front leg cross-over/yielding the shoulders 11 28 * 15 19 47
Figure of 8/change of bend using tight turns (<5 m) in

walk 17 31 * 19 6 34

Soft Surface

Walk in a straight line—viewed from behind 4 15 38 * 16 74
Walk in a straight line—viewed from in front 4 16 38 * 15 73

Walk in a straight line—viewed side-on 5 18 37 * 13 68
Trot in a straight line—viewed from behind 3 16 41 * 13 74
Trot in a straight line—viewed from in front 3 20 38 * 12 68

Trot in a straight line—viewed side-on 3 22 39 * 9 66
Small circle (5–10 m) at the walk left and right rein 5 26 33 * 9 58
Small circle (5–10 m) at the trot left and right rein 7 23 35 * 8 59

Rein back/step back 8 26 * 26 * 13 53
Lunged on a circle (~15–20 m) at walk left and right rein 6 23 26 * 18 60

Lunged on a circle (~15–20 m) at trot left and right rein 7 21 26 * 19 62
Lunged on a circle (~15–20 m) at canter left and right rein 7 23 26 * 17 59

Other

Walk up and down an incline 5 52 * 14 2 22
Lunge on an incline 36 * 33 3 1 5

Walk over pole/s 13 46 * 13 1 19
Trot over pole/s 16 47 * 9 1 14

Transition from halt to walk 7 21 23 * 22 62
Transition from walk to trot 4 24 * 24 * 21 62

Transition from trot to canter left/right lead on the lunge 4 30 * 26 13 53
Transition from canter to trot 3 32 * 26 12 52
Transition from trot to walk 3 25 * 22 23 62
Transition from walk to halt 6 24 * 21 22 59

Transition walk to halt on a diagonal line down incline 51 * 19 2 1 4
Transition halt to walk on a diagonal line up an incline 51 * 18 2 2 5

Dynamic mobilisations/baited stretches
flexion/extension plane 2 14 31 * 26 78

Dynamic mobilisations/baited stretches lateral flexion
and rotation left and right 1 15 30 * 27 78
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Other movements suggested by participants fell into broad categories with some
overlap: manual tests (n = 16 comments), particularly flexion tests (n = 4) and stimulating
reflex movements (n = 5); balance (n = 13); neurological assessments (n = 12); lateral work
(n = 5); under saddle (n = 2) and other (n = 10).

Rationales provided for the frequency of use of particular movements could be divided
into factors related to the clinician (n = 16), the facilities (n = 13) or the horse (n = 12).
Clinician factors describe un/familiarity with and preference for particular movements, as
well as time limitations. Barriers to using movement tests included the facilities available,
such as access to a level soft surface, inclines and poles, and horse factors such as the
training level of the horse, age and discipline. Horse factors also covered the capability of
the handler (n = 4) and that the clinicians’ choice of movements to observe is needs-based
(n = 10). For example, the differences between a young racehorse on a yard with only access
to straight concrete and an older jumping horse at an equestrian centre.

3.4. Patient-Specific Measures

When asked if they use formal goal setting with clients, 64% (n = 47) of participants
replied in the affirmative, and 36% (n = 26) replied no. In the open-ended question,
the themes raised related to the type of goal (n = 21) (being clinical/problem list, task,
short/long term, performance/competition), who was involved (n = 24) (client/owner/rider,
trainer/coach and veterinarian), the method—SMART (n = 8), and use of realist timeframes
or feasibility of the plan (n = 17). Five participants mentioned objective measurements
(time, scoring tasks, IMU data, imaging), three raised the lack of objective measures and
seven described informal subjective measurement of goals.

Owner-reported measures were indicated to be used by 74% (n = 54) of participants.
When asked to specify, 7 participants provided outcome measures (three- or four-point
grading systems), 18 reported quantitative measures (time/sets and repetitions, heart
rate, flexi-curve, competition results) and the majority (n = 44) mentioned qualitative
descriptions. Themes within the qualitative descriptions included subjective descriptions
of movement quality (n = 29), observation of behaviour change (n = 18), lameness (n = 4)
and third-party feedback (instructor, jockey/trainer/driver, dressage score or competition
results).

The monitoring of complex functional movements was reported to be via clinician vi-
sual assessment (n = 27) including repeat video assessment (n = 23) and slow-motion video
(n = 4), or owner subjective report (n = 19), with a small number mentioning measurements
(n = 10) such as range of motion or workload and five reporting instrumented assessment
techniques (IMU, Pain trace, FES).

In spite of 62% (n = 45) of participants reporting familiarity with the PSFS, only 21%
(n = 15) confirmed using it. A further 36% (n = 26) of the participants were unfamiliar with
the PSFS. Most of the participants, 82% (n = 58), agreed, of which 20% (n = 14) strongly
agreed, that a modified equine version of the PSFS for use by clinicians to observe complex
equestrian tasks would be useful. A similar trend was seen for usefulness of a modified
equine version of the PSFS by owners/riders to observe both complex equestrian tasks and
activities of daily living (ADLs) (see Figure 3).

Comments were mostly positive, with some neutral, while some raised limitations of
using owners. Positive comments focused on how the PSFS can be individualised (n = 6).
Key concerns around owners using the PSFS were the difficulty of grading movement
(n = 10), owners being biased (n = 4) and the lack of compliance (n = 8).

General comments in the final open-ended question were overall positive, describing
the study as useful work and expressing a desire for clinically relevant outcome measures.
Concerns were raised about the scope of the challenge due to the sheer volume of vari-
ables that influence movement, and suggestions were made that the focus should be on
developing outcome measures for clinicians rather than owners.
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Figure 3. Participating equine clinicians’ opinion on the statements; “a modified equine version of
the Patient-Specific Functional Scale would be useful for: (a) clinicians to observe complex equestrian
tasks (n = 71), (b) owners to report complex equestrian tasks (n = 71) and (c) owners to report activities
of daily living (ADLs)” (n = 70).

3.5. Relationships between Variables Based on Background

Dividing participants based on undergraduate background resulted in 58% (n = 47)
having a human physiotherapy background, 28% (n = 23) having a veterinary background
and 15% (n = 11) having a mixed or other background.

There was a significant difference in years of experience between those with a veteri-
nary background (19.21 years, SD = 9.7) and those with a human physiotherapy background
(11.57 years, SD = 8.5)—p = 0.003.

The proportion of work with humans differed. Naturally, participants with a hu-
man physiotherapy background reported a larger percentage of work with humans (38%;
SD = 31.82) than those from a mixed background (35%; SD = 36.83) or veterinary back-
ground (<1%; SD = 0.65) (p < 0.001). Those with a veterinary background attributed more
of their workload to equines (88%; SD = 23.88), which significantly differed (p < 0.001) from
the equine workload of those with a human physiotherapy background (45%; SD = 29.99)
and those with a mixed background (55%; SD = 37.78).

Most participants saw rehabilitation and performance management cases regularly
regardless of background discipline, be it rehabilitation (χ2(10, N = 81) = 8.28, p = 0.602)
or performance management (χ2(10, N = 81) = 4.122, p = 0.942). There was no significant
relationship between background and frequency of using simple video, kinematics or
other devices; however, there was a statistically significant relationship (p = 0.009) between
groups in relation to use of IMU sensors. Those with a veterinary background reported
using IMU sensors “sometimes”, which was more frequently than expected, as 11/22
(50%) of the veterinary background group “sometimes” or “often” used IMUs, while
only 5/46 (11%) of the human physiotherapy background group “sometimes” or “often”
used IMUs. In total, 2/11 (18%) of the mixed group “sometimes” or “often” used IMUs
(χ2(4, n = 79) = 13.485, p = 0.009).

In relation to the frequency of use of different movements by background profession,
there were several associations between variables; however, post hoc pair-wise comparisons
revealed no pattern across “always” to “never” categories.

Veterinarians were more likely to be unfamiliar with the PSFS than allied health
professionals, with a significant difference between groups (p ≤ 0.001). Those with a
physiotherapy background are both more likely to use the PSFS (14/39; z = −2.72, p ≤ 0.001)
and less likely to be unfamiliar with the PSFS (4/39; z = 2.607, p ≤ 0.001). Those with a
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veterinary background are both more likely to be unfamiliar with the PSFS (18/22; z =
3.503, p ≤ 0.001) and less likely to be familiar with but not use the PSFS than statistically
expected (3/22; z = −2.065, p ≤ 0.001).

There was no significant relationship between background and opinion on the useful-
ness of the PSFS by clinicians or owners. Those with fewer years of experience were more
likely to be familiar with or use the PSFS (p = 0.043). All others relationships tested for,
including for themes in the open-ended responses, found no significant difference.

4. Discussion

This survey is the first time equine clinicians have been asked about assessing quality
of movement and, in contrast to existing lameness studies, this survey was multidisci-
plinary, consulting veterinarians and allied health professionals. In human medicine, siloed
healthcare is being discouraged [39], and multidisciplinary practice is the future. Grading
lameness is different to additionally assessing quality of movement; therefore, this list of
key movements is a springboard to developing a unique outcome measure. There is little
published research regarding quality of movement, including more complex movement,
although Hobbs’s scoping study [45] discusses it in relation to performance. Despite the
professions having differing aims, these results demonstrate similarities between veteri-
narians and physiotherapists in the frequency of use of movements, which raises hopes
regarding greater teamwork and complementary practice.

When the literature revealed no standardized set of movement tests for evaluating
lameness or quality of movement, consulting a focus group of experts was considered, but
it was decided a survey would canvas a larger audience and likely be more representative
of field-based practice.

4.1. Participant Characteristics

The majority of participants saw equine performance management and rehabilitation
cases either daily or weekly, thus regularly engaging with the type of horses this new
outcome measure is intended for. In this sample, there was no difference between veteri-
narians and allied health professionals in seeing rehabilitation cases; however, that may be
attributed to this survey targeting equine sports medicine and rehabilitation diplomats, not
general veterinarians.

Simple video recordings are easily accessible via smart phones, compared to more
expensive IMU systems, some of which are only available to veterinarians. It appears that
many clinicians do not have access to instrumented gait analysis despite new systems
becoming more readily available [46]. While the use of additional apps or software, e.g., to
measure angles in videos, was not ascertained, the widespread use of video is a positive
sign. Devices were reported to be used “sometimes” or “often”, implying that they are
not advantageous for assessing quality of movement with all equine clients. There was
no significant relationship between those using devices and responses to other questions,
such as preference for modifying the PSFS, suggesting access to technology did not bias
participants.

4.2. Movement Test Preference

A list of the key movements most commonly used when assessing quality of movement
has been collated from practicing equine clinicians. While previous studies had stated
trot in a straight line was insufficient [23,47], a broader range of movements had not been
defined. The movements listed are conducted in-hand, which helps bridge the gap between
passive movements, or manually applied pressures, and a ridden assessment. These results
support lists of common movements used for grading lameness [28], but refines those lists
into movements used “always” or “often” to assess quality of movement.

Information on how complex movement is currently measured has been gathered, and
although there were few objective outcome measures used for assessing complex movement,
clinicians are keen for these to be developed further. Equine clinicians reported wanting to
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be more objective, and acknowledged the subjectivity and limitations of current assessment
practices. This sentiment is in line with responses from veterinary physiotherapists in
the United Kingdom [32], which highlighted the lack of objective measures, the level of
understanding of the differences between subjective and objective measures, and the desire
for more outcome measures to be designed for clinical practice, not just research.

The most commonly used movements and the barriers to assessment, while pre-
dictable, are now formally supported by survey evidence upgrading previously anecdotal
assertions. A repeated theme in the comments was that assessment is an iterative process,
with movements being chosen on a case-by-case basis. Despite this, within the frequently
observed movements there appears to be a key group routinely used by equine clinicians.
Several movements on a firm surface scored a mode of “always”; these are walk and trot
in a straight line and on a small circle, step back and hind leg cross-over. In the context of
fully assessing quality of movement and designing a suitable outcome measure, this seems
a limited set of movements. In addition to the above “always”-observed movements, the
larger subgroup that received a classification of “often” branches out to include different
surfaces and gaits.

Movements scoring a mode of “never” or “sometimes” fit with the barriers mentioned
previously, as these movement tasks require equipment (e.g., poles) or facilities (e.g.,
inclines) and a greater skill level from the horse and handler (e.g., front leg cross-over).
Some clinicians described their assessment as restricted by industry expectations; for
example, limited time per horse in racing stables, with the expectation to abbreviate
assessment to palpation of the horse in the stable and not observing functional movements,
in comparison to thoroughly assessing a dressage/sports horse all the way through being
tacked up and ridden through specific movements reported by the rider as suboptimal.

Confining a new outcome measure to active in-hand movement tests avoids additional
tack and rider related factors, or tests involving manual pressure (such as provoking balance
reactions or stimulating muscular reflexes), which are difficult to standardise. Active in-
hand movements are directed or guided by a cue, not by manual pressure. In addition,
tools such as range of motion goniometers and palpation scales [37] already exist for
hands-on assessment, along with the Ridden Horse Pain Ethogram [48], for assessing
ridden behaviours. While acknowledging that pain, asymmetry, lameness, behaviour, and
performance are inter-related constructs, this new outcome measure will focus on quality of
movement or movement dysfunction. Dynamic mobilisation exercises were included in the
survey and had a mode of “often”; however, while they are active in-hand movements, they
differ from the other movement tests, as they are non-ambulatory and therefore should be
excluded from further development within a new quality of movement outcome measure.

When asked to suggest other movement tests (or to identify any missing), participants’
responses fell into categories of neurological tests (head high walking, tail pull), manual
tests (weight shifting, resistance to displacement, hop test), reflexes (myotactic rounding
response), manipulative assessments (flexion tests), three-leg balance, lateral work in-hand
(which requires more advanced training in horse and handler to provide accurate pressure
and release cues), under saddle active movements, and passive movements such as limb
range of movement and back wiggle using the tail head. Participants also suggested
observing movements the horse owner reported they are having issues with, such as
tacking up, which are more behavioural assessments rather than quality of movement-
related, but they are certainly a part of the observation phase of assessment and have been
investigated by others, e.g., [49]. Many of the stimulated responses, passive, assisted or
facilitated movements suggested can be influenced by the horse’s motivation level and
the applied external pressure, and are therefore difficult to standardise. Flexion tests have
known issues with standardisation of force, time and individual horse response [50–53];
although they are not an accurate diagnostic tool [54], they are nonetheless still used to
indicate areas of interest. However, it should be noted that the new outcome measure
being designed is not intended for diagnosis, and flexion tests will not be included in it.
Observing specific owner-reported movements comes under the remit of a modified PSFS,
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while balance and neurological tests are suitable for future research to create an equine
neurological battery, similar to the canine FINFUN [55]. Reliable methods of monitoring
canine functional movement are more advanced, with several condition specific outcome
measures already in use e.g., neurological, arthritis, stifle and chronic pain [56].

Participants did not mention lunging (15–20 m circles) or cantering on the firm surface,
only reporting small circles (5–10 m) at walk and trot. Due to its speed and biomechanics,
canter places higher forces through the limbs, and cantering on a firm surface may pose
an increased risk of exacerbating an issue and risk of slipping due to decreased traction
on a smooth surface. Observing canter is useful, particularly for back pain and hindlimb
lameness [57], but safety must always be considered first.

4.3. Patient-Specific Measure Preferences

The majority of therapists stated that they use formal goal-setting, sometimes with
separate goals for owners and the clinician. However, without measurement, they are
not outcome measures and lack the strong reliability, validity and sensitivity of systems
such as goal attainment scaling (GAS) [58]. GAS helps with setting realistic goals [59];
being realistic was repeatedly mentioned in the survey responses. While SMART goals are
supposed to be measurable, the achievement of many goals is often all or nothing [58]. No
participants mentioned the use of GAS, nor any way of applying a weighting to reflect the
importance or difficulty of the goal. However, GAS is time-consuming [60], which is one of
the main reasons equine physiotherapists mention for not using objective measures [32].

The PSFS is a streamlined version of monitoring goals, with the 0–10 scoring being
simpler for clients, but still incorporating discussion of what is realistic, and by setting
what a 10/10 performance would look like, the individual’s current ability and the steps
necessary to bridge the gap are made clear. The PSFS is used in human physiotherapy,
so it is unsurprising that fewer veterinarians had heard of the PSFS, and if a clinician is
unfamiliar with an outcome measure, they are less likely to use it [61]. If all those involved
in equine care embrace the new outcome measure, their ability to communicate with each
other will be enhanced.

Equine clinicians are predominately using subjective methods to monitor complex
movements, such as observation (live or video) and reported competition performance.
Several participants stated they used objective measurements where possible, but admitted
they were currently lacking. Many acknowledged that their approach taken to goal-setting
and monitoring complex movements was informal, heavily reliant on subjective reports
from the owner or the clinician’s opinion, and not objectively measured or scored. When
dealing with owners, a couple of participants mentioned using variations of a Likert
grading scale (same/better/worse/different). Generally, these are simple to use as they
indicate direction but not magnitude. The majority of participants supported the idea of
modifying the PSFS for use with horses. Comments revealed that owners are not trusted to
assess movement quality, yet for client-centred care, more education and involvement of
owners is desirable [39].

4.4. Limitations and Further Research

The number of participants exceeded the a priori calculation of what was required
to give the study acceptable power; nevertheless, sample size and self-selection bias must
be acknowledged as potential limitations regarding the generalisability of the research
findings reported in this study. The number of valid responses, from participants with
comparable qualifications and experience in rehabilitation and performance management,
would suggest that outcomes are associated with external validity. The number of par-
ticipants attracted was similar to that in Tabor and Williams’ [32] survey of veterinary
physiotherapists in the United Kingdom, which used snowball sampling. Interest in the
topic and survey fatigue likely contribute to the small participant numbers. Overall, the
reach of the survey was limited by relying on third parties (professional associations) to
distribute the link, and those parties not being personally invested or benefitting from
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ensuring distribution to all their members. Furthermore, some countries do not appear
to have national associations, some members email address maybe incorrect, and some
associations’ rules around frequency of contacting members may mean potential partici-
pants only saw the link once, perhaps within a scheduled monthly e-newsletter. The high
completion and completeness rates (94% and 90%) indicate strong engagement from those
who chose to participate. The high average years of practice (13.9 years) and multiple
qualifications support the participants having valuable clinical experience and knowledge
that will inform their responses. Predictably, many of the participants also worked with
humans, as in some countries this is a requirement to maintain their human physiotherapy
registration. Even with restricting the inclusion criteria, there were over 30 different qualifi-
cations reported within this sample, with participants coming form 14 different countries.
While the results of this study should be viewed through a descriptive lens, the coherence
of the responses suggests similar assessment practices and challenges across the globe.
Further research could look to replicate the findings with a broader population of equine
physiotherapists and equine veterinarians.

This summary of the opinions of 81 equine clinicians advances previous knowledge
by identifying a group of key movements to observe that can be taken forward as the
foundation for a new quality of movement outcome measure. Despite the small number
of objective measures in use, there is a strong desire for more robust outcome measures
that can be integrated into practice. Future research efforts should focus on adapting the
PSFS, currently in use in human medicine [62], for use with horses. Although research
published on lameness has progressed substantially with instrumented techniques, there
is still much that can be done to improve field-based visual observations of simple and
complex movements.

5. Conclusions

An online survey of equine clinicians identified the most frequently observed in-hand
movements, with a key group of 24 observed “always” or “often”. The main limiting
factors reported for assessments were the availability of different surfaces, and the horse
and handler training level. Participants perceive benefits in modifying the Patient-Specific
Functional Scale for monitoring complex movements. These movements will be taken
forward for refinement as a battery of field-based quality of movement tests, accompanied
by a modified PSFS for specific individual goals. Equine clinicians are keen for new
outcome measures to be developed, but concerned that they need to be not only valid and
reliable, but also user-friendly. Creating a new quality of movement outcome measure for
horses undergoing performance management or rehabilitation will improve the ability to
assess treatment efficacy, therefore enhancing evidence-based practice.
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Simple Summary: Racehorses compete in short (‘sprinters’); medium (‘milers’) or long distance
(‘stayers’) races. Sprinters are thought to naturally have a shorter stride than stayers; but no study
has objectively tested this theory. Here, using known race distance to categorize racehorses into
one of the three aforementioned categories together with a stride tracking device that objectively
measures locomotion; this study demonstrates that peak stride length in racehorses is a heritable
trait that is different in sprinters versus stayers prior to them even racing at that distance. In training,
sprinters took shorter strides of higher frequency and were faster to cover furlongs in race-speed
training sessions from a standing start than stayers. These stride data were recorded during training
sessions before the horses raced and thus categorised as ‘sprinters’ or ‘stayers’. Stride length during
training did not predict later racing success. This study provides the first objective insight into
locomotory differences between sprinters and stayers. Such information when coupled with the
trainer’s experience/eye could help them choose the most suitable race for each individual horse; to
benefit both its health and safety on the track.

Abstract: Racehorses competing in short (i.e., ‘sprinters’), middle- or longer-distance (i.e., ‘stayers’)
flat races are assumed to have natural variation in locomotion; sprinters having an innately shorter
stride than stayers. No study has objectively tested this theory. Here, racehorses (n = 421) were
categorised as sprinters, milers or stayers based on known race distance (n = 3269 races). Stride
parameters (peak length and frequency) of those racehorses were collected from prior race-pace
training sessions on turf (n = 2689; ‘jumpout’, n = 1013), using a locomotion monitoring device. Pedi-
gree information for all 421 racehorses was extracted to three-generations. In training, sprinters had
a shorter stride of higher frequency and covered consecutive furlongs faster than stayers (p < 0.001).
Relatively short or longer stride did not predict race success, but stayers had greater race success
than sprinters (p < 0.001). Peak stride length and frequency were moderately heritable (h2 = 0.15 and
0.20, respectively). In conclusion, differences in stride were apparent between sprinters and stayers
(e.g., shorter stride in sprinters) during routine training, even after accounting for their pedigree.
Objective data on stride characteristics could supplement other less objectively obtained parameters
to benefit trainers in the appropriate selection of races for each individual racehorse.

Keywords: horse; exercise; stride; performance; heritability

1. Introduction

In flat racing, Thoroughbreds compete in various types of races usually categorised
as short (<1500 m), middle (1600–2500 m) or long (>2500 m) distance. Racehorses are
usually considered to be naturally predisposed to one type of race distance, due to var-
ious physiological and morphological characteristics such as size, musculature [1], and
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stride [2,3]. Genetics is also important [4], although the precise contribution of genetics
versus environmental variables which classify successful sprinters or stayers are relatively
undefined. Nevertheless, subjective information is often used by many buyers and trainers
of racehorses to assign them to become predominantly short or longer-distance performers.
Even so, many racehorses initially race at shorter-distance, but subsequently perform better
at longer-distances (i.e., ‘sprinter-miler’ or miler-stayer’). It is a common assumption and
practice that racehorses are trained similarly, regardless of their labelling as a ‘sprinter’ or
‘stayer’. In human sport, the training regimes of 100 m sprinters will contrast markedly
to marathoners; short anaerobic bursts of speed requiring high muscular energy versus
high aerobic capacity, efficient fuel utilization and fatigue resistance [5,6]. If trainers could
complement their own assessment of a racehorses’ best distance (i.e., subjective experience
or their ‘eye’) with objectively obtained training data that classified the racehorses on
locomotory characteristics that distinguished a sprinter from a stayer, then more specific
training sessions could be implemented to increase the chances of better performance
earlier in the racehorses’ careers: horses would race at their appropriate distances and
wastage could be reduced. Monitoring speed and stride length over time allows trainers to
identify or anticipate musculoskeletal injuries early on during racehorse training [7].

Early determination of any type of racehorse involves complex decisions and multiple
parameters. For example, shorter distance races (i.e., those at a distance of <7 furlongs
or ~1400 m) require explosive speed and rapid, short strides to quickly reach maximum
speed. Such a racehorse is often of shorter stature and greater muscularity, much like
human sprinters. In contrast, racehorses that excel over longer-distance (>12 furlongs or
~2500 m) require stamina, often associated with leanness and longer, strides. Because such
disparity in phenotype can underpin sports performance, genetic testing has grown in
popularity across the racing industry [1,4]. Variation in single-nucleotide polymorphisms
of the myostatin gene (MSTN), which controls muscle development, has shown that nearly
all sprinters are homozygous (‘C/C’) at the MSTN locus, while heterozygous (‘C/T’)
horses tend to favour middle-distance races (7–12 furlongs; 1400 m–2400 m). Racehorses
homozygous (‘T/T’) appear better suited to longer distance races (>10 furlongs, 2000 m),
according to previously obtained race performance [4,8,9].

It is axiomatic that in order to win any competition based on speed, the fastest in-
dividual will get to the finish line first. Racehorses increase speed firstly by increasing
stride frequency (SF) up to a pace consistent with gallop (45+ kph) and then by increasing
stride length (SL; 45–65+ kph) [3,10]. Therefore, in sprint races of shorter distance, the
racehorse that is able to rapidly increase, or maintain a higher stride frequency, is more
likely to achieve a higher speed and good performance. Over longer distances, longer
stride becomes more important, alongside endurance capacity [11]. For decades, breeders
and trainers have attempted to relate the physiological characteristics of racehorses during
their training to their race-day performance [12]. Objective measurements of locomotory
parameters have only recently become available for racehorse trainers, allowing them to
potentially ascertain whether a young racehorse has a greater aptitude for sprinting or
longer-distance races [3,13]. However, to date, no study has related race performance over
multiple seasons with information on locomotory profile in training–do racehorses that
have only raced in sprint races demonstrate an innately shorter stride early on in training?
With the advent of smart devices that record multiple parameters in the equine athlete, the
possibility for such an early insight into locomotory differences between sprinters, milers
or stayers is now possible. A better understanding of individual horse stride characteristics
could help racehorse professionals select suitable race distances, while also taking into
account their own experience at placing racehorses in suitable meetings alongside other
historical aspects of how racehorse conformation and pedigree information can influence
such decisions. No study has specifically evaluated stride patterns in different types of
racehorses (stratified by performance in short, middle or longer distance races) and retro-
spectively assessed locomotory profile in training in the same racehorses, considering their
pedigree information, to account for the influence of genetics on racing outcomes.
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Hence, in the present study, an observational study was conducted, using a fitness
tracking device to study peak stride (length and frequency) in racing Thoroughbreds cate-
gorised according to the type of turf race they have participated in (sprint, mile or staying’
race; based on distance) and their subsequent racing result (win/podium/top5). Using
this classification of racehorses according to their race distance, we have retrospectively
classified the training data of the same horses galloping at race-speed on turf to observe
whether any differences in locomotory parameters were apparent in training sessions
prior to and during subsequent races. We were further able to determine whether any
training parameters within each category of racehorse could predict race performance.
The primary hypothesis of the study is that racehorses categorised according to race dis-
tance (sprinter/miler/stayers) may be distinguished in training by having relatively short,
medium or long stride, respectively when analysed at race speed (soft-medium-hard gallop
session or ‘jumpout’). Secondary hypotheses are: (1) sprinters-milers-stayers with relatively
short or long stride within each category are more successful in their respective races, and
(2) that locomotory parameters have moderate-to-high heritability. Finally, since many
racehorses compete in different types of races (e.g., sprint, mile and/or staying race) we
analysed the extent to which locomotory profiles (e.g., peak stride frequency, length) in
training evolved over time within individual horses throughout the race season.

2. Materials and Methods

2.1. Databases

This retrospective, observational study used three large datasets, all including the
same cohort of racehorses:

(1) racehorse training sessions: collected by means of a fitness tracker (the ‘Equimetre’™)

from a single racing yard (Ciaron Maher Racing) in Victoria, Australia
(2) racehorse pedigree information: publicly available and downloaded from https:

//www.pedigreequery.com (accessed 4 August 2022)
(3) race results: available upon subscription in Australia, with race data recorded and

downloaded from http://www.racing.com (accessed 7 July 2022)

2.2. Designation of Racehorses according to Race Distance

A total of n = 421 racehorses participating in a total of n = 3269 races were included
in this study. Races were categorised according to class of race. In Australia, Group and
Listed races are those established by the Australian Racing Board to reflect the highest
standard of racing for races run in Australia. Group 1 are the highest-class races, followed
by Group 2, Group 3 and Listed races. In this study, the highest-class races (n = 347, 10.6%
of total) comprised; Group 1 (n = 65 of 3269 races; 1.9 %), Group 2 (n = 55 races, 1.6%),
Group 3 (n = 97 races, 2.9%) and Listed (n = 130 races, 3.9%), whereas all other races
were classed as Uncategorised (n = 2922 races; 89.7%). Race distance was known from
http://www.racing.com (accessed on 28 October 2022) and was classified for this particular
study as a ‘sprint’ race <1600 m, ‘mile race’ 1601–2500 m or ‘staying race’ >2501 m. All
races were conducted on turf between 20 March 2020 to 13 May 2022. Five types of
racehorse were created: (1) pure sprinter–exclusively racing over sprint distance only
(n = 265 horses, 1563 races); (2) sprinter-miler, competing predominantly in sprint but also
some mile races (n = 81 horses, 775 races); (3) miler, pure mile races only (n = 22 horses,
167 races); (4) sprinter-miler-stayer, competing in all types of race (n = 37 horses, 327 races)
and (5) stayer-miler, purely or predominantly racing at stayer distance with some mile
races (n = 16 horses, 131 races). Racehorses were aged between 2–10 years of age at the
time of racing and included males (colts/stallions; n= 33 average age, 2.93 ± 0.42 years),
females (fillies/mares; n= 197, 3.88 ± 0.90 years), geldings (n = 174, 4.67 ± 1.42 years)
or of unknown/unrecorded sex (n = 17, 3.76 ± 0.69 years). All race data were extracted
online from http://www.racing.com, accessed on 28 October 2022. Other aspects of the
dataset such as venue, track condition, carried weight, handicap, rating and prize money
were recorded.
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2.3. Training Data

Horses wore their regular tack and were exercised by a randomly allocated work rider,
who varied according to individual training sessions. A tracking device (‘Equimetre™’, Ar-
ioneo, Ltd. Paris, France) was fitted to the girth prior to training by persons accustomed to
using the device, as previously described [14]. The device recorded locomotory parameters
(peak stride length and frequency) alongside speed (by GNSS) and cardiovascular parame-
ters (peak HR), as previously described in detail [3]. The trainer determined the nature of
each individual training session, directing the work-rider as appropriate. The Equimetre
was not systematically placed on each horse for every individual training session, rather
for specific sessions. From the GNSS (GPS + Glonass + Galileo) satellite data, speed (i.e.,
time taken to cover 200 m in seconds) recorded for each 200 m segment (at 200, 400, 600,
800, 1000, 1200 and 1400 m) was recorded. The fastest 200 m was then used to designate
the session as soft, medium or hard gallop. All training sessions at gallop were conducted
on turf. In addition, a separate dataset of ‘jumpout’ training sessions were available for
analysis with similar logged data. These sessions aim to replicate race-day barrier trials
and conditions. Horses of similar ability are grouped to ‘race’ simultaneously from starting
gates for the duration of the training session. All jumpout sessions were also conducted on
turf. All training data were collected between 7 April 2020 to 19 April 2022 and comprised
a total of 2689 training sessions, with 12 (8–19) median (first-third interquartile range [IQR]
per racehorse. From the exact date of training, together with the exact race date, the number
of days prior to each race plus the interval in days between races could also be recorded
for each horse. Final datasets were checked for artifacts and corrected accordingly in MS
Excel. Environmental temperature and precipitation were recorded as potential covariates
in any analyses. Using the hard outcome of race performance in races of known distance to
classify five categories of racehorse from sprinter to stayer, then the same categorisation
was applied retrospectively to all 421 racehorses during their gallop training sessions that
occurred prior to, and during the two race seasons as recorded here (2020 to 2022).

2.4. Pedigree Data

For each individual racehorse, an online search was first conducted on the Thorough-
bred Pedigree Database http://www.pedigreequery.com, accessed on 28 October 2022 to
obtain a three generation pedigree for all 421 individual racehorses The resulting pedigree
dataset consisted of n = 2690 horses from 629 sires (259 of which were founders), and
1628 dams (693 founders). Where racehorses were either not present or multiple race-
horses with the same name existed, then data were cross-checked using a further database
(Equineline.com). The data for each individual racehorse was then manually reverified
on http://www.racing.com/horses/, accessed on 28 October 2022 for trainer, horse age,
sex and racing profile. As a further check, using a random number generator in MS Ex-
cel (between 001–421), ten further racehorses were cross-checked for accuracy. The final
three generation pedigree was used to estimate heritability.

2.5. Statistical Analysis

Any normally distributed descriptive data (e.g., peak stride length, stride frequency)
are presented as mean (±1 standard deviation [SD]). Similar data that were not normally
distributed or categorical are presented as median (1st–3rd interquartile range) or as
percentage (of total number) for categorical variables. Data distribution was checked
either by standard tests (e.g., Shapiro–Wilk test) or checking of residuals post analysis. If
necessary, data was log-transformed (log10) to normalise the distribution of the data prior
to analysis. For some analyses, where assumptions for analysis of variance (ANOVA) could
not be met due to occasional missing data (e.g., artefacts removed or no data present), linear
mixed models (restricted maximum likelihood; REML) were used with the main effect of
interest fitted as a fixed effect and HorseID or racecourse fitted as random effects. This
statistical model assumes that occasional missing data are distributed at random amongst
fixed effects. Other potentially confounding factors that were not part of the design but
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may influence outcome, as assessed by univariate analysis (p < 0.10) were included as
co-variates (e.g., interval between race days, temperature, precipitation). Estimates of
heritability were generated using a sparse inverse relationship matrix (’ainv’) generated for
all 421 racehorses and their three-generation pedigree. Combining the pedigree file with
phenotypic outcomes such as stride length in an animal model (i.e., using REML) allowed
us to obtain variance parameters and narrow sense heritability estimates (additive genetic
variance; Genstat v21, VSNi, Rothampsted, Harpenden, UK). Approximate standardised
error (SE) for h2 was obtained using the delta method, which uses a Taylor’s expansion to
get the variance of a function of a parameter (Var(f(x)) = Var(x) × (f’(x))2). Estimates were
obtained after adjusting for age and including the type of racehorse (e.g., sprinter versus
stayer) as fixed effects. Significant variation in the proportion of wins/placing according to
the type of racehorse (‘sprinter versus stayer’) was analysed by logistic regression fitting
win, top3 or top5 as individual binomial outcomes (yes/no) and type of horse as a fixed
effect adjusted for any significant confounding variables (age of horse, track condition, race
class). All data were analysed using Genstat v22 (VSNi Ltd., Rothampsted, Harpenden,
UK). Statistical significance was accepted at p < 0.05.

3. Results

3.1. Racing Data and Performance

Within each category, racehorses participated in a similar number of races: (pure
sprinter, 4 [1–8] races); sprinter-miler, 7 [1–14] races; miler, 6 [1–11] races; sprinter-miler-
stayer, 8 [1–12] races; stayer, 7 [2–12] races, median [1st–3rd IQR]. Sprinters were signifi-
cantly younger than milers, who were younger than stayers at the time of racing: (pure
sprinter, 3.6 ± 0.9 years; sprinter-miler, 4.6 ± 1.2 years; miler, 4.8 ± 1.3 years; sprinter-
miler-stayer, 4.9 ± 1.0 years; stayer, 6.6 ± 1.3 years mean ± 1 SD). Average prize money
won according to the class of the race was significantly different between race classes,
(Group 1, $93,898 ± 85,880; Group 2, $38,955 ± 42,618; Group 3, $28,573 ± 29,159; Listed,
$27,012 ± 33,646; Uncategorised, $9847 ± 12,938). For n = 35 of 3268 races the final position
was unknown. Overall, 508 races were won by 255 different racehorses, 331 different race-
horses achieved a top three placing in a total of 2175 races and 375 of 421 racehorses were
placed top five in a total of 1668 races. The remainder were unplaced. Racehorses therefore
either won or were placed top three or top five in 15.5, 36.4 or 51.0% of races, which varied
significantly according to the type of horse (Table 1). ‘Stayers’ were less common, competed
in fewer races but were more successful than sprinters (Table 1). Race distance (meters)
was not different (p > 0.05) between different class of race (Group 1, 1712 ± 664; Group 2,
1624 ± 427; Group 3, 1564 ± 501; Listed, 1762 ± 653; Uncategorised, 1566 ± 571 m).

Table 1. Race performance stratified by type of horse.

All
(n = 3269)

Sprinter
(n = 1671)

Sprinter-Miler
(n = 874)

Miler
(n = 167)

Sprinter-Miler-Stayer
(n = 408)

Stayer
(n = 149)

* p-Value

Wins (%) 508 (15.5) 234 (14.0) 134 (15.3) 27 (16.2) 74 (18.1) 39 (26.2) <0.001

Top3 (%) 1190 (36.4) 593 (35.5) 299 (34.2) 60 (35.9) 166 (40.7) 72 (48.3) <0.001

Top5 (%) 1668 (51.0) 823 (49.3) 422 (48.3) 89 (53.3) 239 (58.6) 95 (63.8) <0.001

Values are number meeting criteria for each row (proportion [%] of total races in each column). Data as per
Racing.com racing records in Victoria, Australia (n = 421 different racehorses, n = 3269 different races). * analysed
by logistic regression (see Section 2.5 in Methods).

3.2. Training Data and Locomotory Performance

All sessions were effectively ‘race-pace’, as illustrated in Table 2, with horses covering
a furlong (200 m) in 10–12 s, achieving speeds of up to 67 kph, with peak stride frequencies
and length increasing with speed and indicative of race-pace efforts, as previously described.
However, when categorised according to the type of racehorse, then significant differences
were apparent; sprinters per se had significantly shorter peak stride length and higher
frequency than stayers, with a gradual change between intermediary categories (Table 3).
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The expected increments in peak stride length and frequency with harder training sessions
were observed across all categories of racehorse (Table 3).

Table 2. Descriptive characteristics of the training dataset.

Soft Gallop
(n = 635)

Medium Gallop
(n = 579)

Hard Gallop
(n = 585)

p-Value

Best 0–200 m (s) 11.6 ± 0.1 11.3 ± 0.1 10.8 ± 0.4 <0.001
Max speed (kph) 62.5 ± 0.9 64.2 ± 0.8 66.8 ± 1.4 <0.001

Peak stride frequency (stride/s) 2.37 ± 0.08 2.40 ± 0.00 2.45 ± 0.08 <0.001
Peak stride length (ms) 7.35 ± 0.24 7.48 ± 0.24 7.63 ± 0.27 <0.001

Values are Mean ± 1SD for continuous data recorded by ‘Equimetre’ in Australia (n = 421 different
racehorses, n = 1799 different training sessions). Data were available throughout the year. Training intensity
(soft/med/hard gallop) was calculated from the cohort based upon the fastest furlong (200 m interval) for each
session and slower intensities (slow/med/hard canter) were excluded. Such data was restricted to training
sessions conducted on turf track surfaces. Data were analysed by one-way ANOVA, blocking for the individual
horse to account for multiple training sessions conducted by the same horse.

Table 3. Peak stride frequency and length in race-speed training efforts categorised by type of racehorse.

Sprinter Sprinter-Miler Miler Sprinter-Miler-Stayer Stayer * p-Value

Training distance (m) 4924 ± 1146 a 4987 ± 1232 ab 4993 ± 1192 ab 5167 ± 1240 b 5333 ± 1148 ab 0.018

‘Work’ distance (m) 1802 ± 380 a 1912 ± 479 b 1968 ± 479 b 2124 ± 565 c 2292 ± 650 c <0.001

Peak stride frequency (strides/sec)

Soft Gallop 2.39 ± 0.07 a 2.36 ± 0.07 b 2.38 ± 0.08 bc 2.35 ± 0.08 bc 2.28 ± 0.06 c
Type horse, <0.001

Train intensity, <0.001
Interaction, 0.03

Medium Gallop 2.41 ± 0.07 2.39 ± 0.07 2.38 ± 0.08 2.37 ± 0.06 2.29 ± 0.08

Hard Gallop 2.46 ± 0.08 * 2.43 ± 0.08 * 2.46 ± 0.05 * 2.41 ± 0.06 * 2.34 ± 0.05 *

Peak stride length (meters)

Soft Gallop 7.31 ± 0.23 a 7.41 ± 0.23 ab 7.37 ± 0.21 b 7.41 ± 0.24 bc 7.60 ± 0.20 c
Type horse, <0.001

Train intensity, <0.001
Interaction, 0.07

Medium Gallop 7.44 ± 0.24 7.50 ± 0.22 7.52 ± 0.30 7.56 ± 0.22 7.77 ± 0.24

Hard Gallop 7.61 ± 0.28 * 7.67 ± 0.27 * 7.54 ± 0.20 * 7.67 ± 0.24 * 7.88 ± 0.08 *

Values are Mean ± 1SD for continuous data recorded by ‘Equimetre’ in Australia (n = 421 different racehorses,
n = 1799 different training sessions). Horse profile (sprinter, miler, stayer) was determined based on race distance
and subcategories (pure sprinter/miler, sprinter-miler, sprinter-miler-stayer) were formed according to the
nature/proportion of the races for every individual horse (see Methods). Data were available throughout the
period before (not more than three months) and during racing. Data were analysed by restricted maximal
likelihood (REML) for the main effect of type of racehorse, with each individual racehorse included as a random
effect, adjusting for significant covariates (age and weight of the horse). a,b,c Values within a row with differing
superscripts are significantly different at p < 0.05, with Bonferroni correction for multiple testing. * Significant
effect of training intensity (hard versus soft gallop).

In further data, for 378 of the 421 horses where speed and locomotory information
were available for pre-race ‘jumpout’ training sessions (n = 1013); that is, starting from
a standing start in stalls, then the best time to cover any 200 m (furlong) from the first to
the fifth furlong at 1000 m, then speed gradually became slower for all categories of horse,
as expected, but was always significantly faster for retrospectively designated sprinters
versus stayers (Figure 1a). In addition, peak stride frequency was higher (Figure 1b), stride
length was shorter (Figure 1c) and peak recorded speed was higher (Figure 1d) in sprinters
versus stayers. During the course of two racing seasons, we described whether locomotory
parameters changed within individual racehorses of each category (sprinters to stayers;
Figure 2). Whilst significant variability with individual training session from the first to
tenth (relatively few horses completed ≥10, data censured at n = 10 training sessions)
existed for peak stride length (Figure 2a) and peak speed (a slight increment; Figure 2c),
the effect sizes were relatively small and not consistent, suggesting little evolution of
locomotory parameters (i.e., no effect for peak stride frequency, Figure 2b,d).
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Figure 1. Training data during jumpout for different types of racehorse. (a) data are estimated
marginal means ± SEM for consecutive 200 m segments (b) data are for all horses’ peak stride
frequency or (c) peak stride length during jumpout training sessions, (d) mean ± 1SD speed, according
to category of racehorse. All data obtained from an ‘Equimetre’ used at a single racing yard in
Victoria, Australia (n = 378 different racehorses, n = 1013 different ‘jumpout’ training sessions). Type
of racehorse applied retrospectively to training data after competing in races of known distance.
Data analysed by Restricted Maximal Likelihood (REML), as described previously (e.g., see Table 3).
Differing superscripts are significantly different at p < 0.05.
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Figure 2. Evolution of locomotory parameters throughout the training season. Change in locomotory
parameter with number of training sessions (‘session’) for each type of racehorse (‘type horse’).
Racehorses were categorised based on competing in races of known distance, as described in Methods.
(a–d) data are estimated marginal means ± SEM for consecutive training sessions (x-axis) over the
course of two racing seasons, adjusting for age of racehorse and interval between training sessions.
Individual racehorse, year/training month were included as random effects. Data were obtained
using an appropriately fitted ‘Equimetre’ device from a single racing yard in Victoria, Australia.

3.3. Training Data, Type of Racehorse and Predicting Race Outcome

Combining locomotory data during training for each individual racehorse with their
race outcomes (win or top three ‘podium’) suggested that colts were more likely to win than
geldings, with the chance of winning a group race declining as the class of race increased
(Figure 3a). There was a trend for racehorses with longer peak stride length (i.e., stayers) to
have an increased chance of winning and finishing in the top 3, regardless of race class and
racehorse type (Figure 3b).

3.4. Heritability of Stride Parameters and Peak Heart Rate

After accounting for pedigree, which incorporates all traits with high genetic potential
that were not recorded in our dataset (e.g., height, musculature etc . . . ) then the difference
in stride parameters recorded during training, according to the type of racehorse, was
maintained (e.g., sprinters having shorter stride with higher frequency than stayers; Ta-
ble 4).The estimates of narrow-sense heritability were significant (as determined by change
in the log2 deviance ratio when pedigree information was included or not) and the values
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of h2 were low to moderate (Table 4). The heritability of peak heart rate was however not
significantly different across racehorse categories (Table 4).

Figure 3. Predicting race wins or podium places on training data. Predicting race wins or podium
places on training data. Data are predicted mean ± SEM for (a) winning a race (left graph) or
(b) achieving a top three placing (right graph). Predicted means were obtained by integrating
known race outcome data from Racing.com (Victoria, Australia; n = 421 different racehorses,
n = 3269 different races) with training data (only gallop on turf) for the same horses before and
during two race seasons (n = 1799 different training sessions). Data were analysed with race outcome
(e.g., win or top three) as the variable of interest fitting sex of horse, race class, stride length and age
as fixed effects in the model. Since the same horse completed multiple training sessions and multiple
races then the individual horse was fitted as a random effect using Generalised Linear Mixed Models
(GLMM). Statistics for main effects are indicated on the right on the graph with associated Wald
statistic and χ2 probability. Statistical significance was accepted at p < 0.05.

Table 4. Heritability (h2) of locomotory and peak heart rate during race-speed training efforts
categorised by type of racehorse.

Sprinter Sprinter-Miler Miler Sprinter-Miler-Stayer Stayer Heritability * p-Value

Peak stride frequency
(stride/s) 2.43 ± 0.01 a 2.39 ± 0.01 b 2.38 ± 0.01 b 2.37 ± 0.01 b 2.31 ± 0.02 c 0.20 ± 0.15 <0.001

Peak stride length
(meters) 7.45 ± 0.02 a 7.54 ± 0.03 ab 7.49± 0.05 ab 7.53 ± 0.04 b 7.62 ± 0.06 ab 0.18 ± 0.14 0.003

Peak heart rate
(beats/min) 217 ± 0.6 a 216 ± 0.8 a 214 ± 1.6 a 215 ± 1.2 a 215 ± 1.8 a 0.19 ± 0.15 0.08

Values are Mean ± 1SE for continuous data recorded by ‘Equimetre’ in Australia (n = 421 different racehorses
with three-generation pedigree). Horse profile (sprinter, miler, stayer) was determined based on race distance
and subcategories (pure sprinter/miler, sprinter-miler, sprinter-miler-stayer) were formed according to the
nature/proportion of the races for every individual horse (see Methods). Data are averaged values for each
horse from all available gallop sessions (n = 1699). Data were analysed and heritability estimated by REML
analysis of an Animal Model. SE for Heritability (h2) was calculated using the delta method. Values within a row
with differing superscripts are significantly different at p < 0.05, with Bonferroni correction for multiple testing.
* Overall p-value for comparison between groups of main effect.
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4. Discussion

This study has directly, and objectively, outlined how differences in locomotory profile
(short, medium or long peak stride length/frequency) are already apparent in sprinter
versus stayer racehorses, during race-speed training sessions. Indeed, during mock-races
from a standing start, i.e., ‘jumpout’ sessions, sprinters also achieved higher speeds than
stayers. Nevertheless, racehorses with relatively short or long stride within sprint or stayer
categories, respectively did not predict race performance (i.e., winning or podium position).
However, we are able to report for the first time that locomotory parameters of racehorses
have moderate heritability. Therefore, the study provides evidence to support our primary
hypothesis, that racehorses can be distinguished in training by having relatively short,
medium or long stride. Whilst locomotory parameters have moderate heritability, loco-
motory parameters in individual racehorses do not appear to alter considerably during
the course of a race season. Hence, we suggest that differences in locomotory profiles are
tangible for each type of racehorse (e.g. sprinter, miler, stayer), necessitating unique stride
and speed aptitudes for the required distance. Race-day performance remains complex
and may be influenced by a multitude of factors including sex of the horse, stride and to
some extent pedigree as described in this study.

4.1. Racing Data and Performance

In Australia, horses race all year long with the season running from August to July,
including a period of ‘spell or detraining’. A spell or period of detraining refers to an
extended period, usually 6 to 8 weeks, during which a racehorse is given a rest in the
paddock. This break is dependent on the number of race starts completed during that
year [15]. Thoroughbreds begin racing at the age of two and often progress from relatively
shorter to longer distances (~above 1600 m) as their stamina and musculature develops,
usually when they reach the age of three [16]. Previous research has shown that 2 year
old racehorses are more suited to shorter races than any other age group [4,17,18]. Older
racehorses, between 4 to 5 years of age, are therefore more likely to race over longer
distances (i.e., 1600–3200 m) [19]. These trends were consistent with the ages observed
across the three racehorse profiles (sprinter, miler or stayer) in this study; younger horses
tend to be sprinters, whilst milers and stayers were significantly older.

Racehorses being trained in Australia are predominantly sprinters. 39% of Group
races in Australia are run over less than 1400 m compared with 23% in both the UK
and Ireland [20–22]. This may be partially explained by the fact that, in some racing
nations, a premium is allocated to horses participating in shorter distance races, as the
prizemoney/class of the races tends to be higher than other race distances. Sprinters
largely characterised our dataset; we observed a much higher proportion of sprinters
with both race and training data than stayers (according to a race distance classification
established by [23]). This is not surprising considering the strong selection for early speed
which characterizes the Australian racing industry. However, there has been a surge
of global initiatives to boost and encourage the breeding of stayers to counteract this
phenomenon [24]. Evoking greater prestige and higher prize money, some examples of
long-standing stayers’ race include The Epsom Derby (UK; 2420 m), Prix de L’Arc de
Triomphe (France; 2400 m), Breeders’ Cup Classic (USA; 2000 m) and the Melbourne Cup
(Australia; 3200 m).

The limited number of pure stayers in our dataset nevertheless presented the highest
proportion of race wins, compared to other categories of racehorse. Stayers were sig-
nificantly older, were possibly more mature and of better ‘quality’ and thus retained to
race or were better placed in suitable races given greater knowledge about their optimal
characteristics. Younger, less talented and successful horses may also have dropped out
of the yard and thus dataset. To an extent, therefore, perhaps such longer distance races
are comprised of more appropriately placed and better racehorses. Additionally, in longer
distance races, there is more opportunity for jockeys or trainers to utilize racing tactics [25].
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Interestingly, a racehorse’s peak racing age was previously suggested to be 4.45 years [26],
a two-year difference with the stayers in this study.

4.2. Training Data and Locomotory Performance

Racehorse athletic careers generally only span a few years, during which racing
opportunities can be limited [15]. Opting for a race distance that matches the individual
horse’s characteristics and racing ability could markedly contribute to increasing its chance
of winning. Therefore, trainers subjectively determine individual racehorse locomotory
profile (sprinter, miler or stayer) early on in their training in order to ideally target the most
appropriate exercise program and maximize their racing performance. Yet, a racehorse’s
ability to gallop over five furlongs for a sprint race, as opposed to twenty for a stayer’s
race, will differ significantly in terms of locomotion strategy. As they approach peak
speeds, individual horses will either naturally increase their peak stride length or frequency.
Over shorter distances, the requirements for acceleration and speed are pivotal, but as the
distance increases, then efficiency of stride and stamina become more important. Stride
length, rather than frequency is the main determining parameter to achieve higher maximal
speeds [3]. During standard gallop training sessions, our results revealed clear locomotory
differences: sprinters had shorter stride length of a higher frequency than stayers. It is
conceivable that the effect of warm up, if different between sprinters and stayers (not to
our knowledge) may have exerted some effect on these stride characteristics, as previously
evidenced in showjumpers [27]. Fatigue can also cause racehorses to lose a stable stride
frequency [28], triggering a decrease in stride length [29]. We were unable to account for
such aspects in our study, but in-field biomarking of fatigue through spot-sampling of
blood could reveal important differences that could be trained in.

In preparation for racing, racehorses are often exposed to ‘jump-out’ training sessions,
which consist of grouping horses of similar age/level, to start from barrier stalls and to race
against each other under timed conditions. This race-day simulation exercise is different
to official race-day barrier trials [30], but, from the horses’ perspective, is akin to a race.
Unsurprisingly, speeds recorded during such sessions were among the highest recorded
in our dataset yet were still significantly higher for sprinters compared to milers/stayers.
Thus, in both regular training sessions and race-speed simulation sessions, sprinters and
stayers could be clearly differentiated on stride characteristics. Nevertheless, we did not
note any significant evolution of stride characteristics through incremental training sessions
over the course of two race seasons (~10 training sessions per horse). Such differences
are likely small for any individual horse and it is likely that a very large dataset would
be required to observe significant differences to validate the evolution of stride over
a racehorse’s career. Previous research has suggested that a typical racehorse improves its
race time by approximately 10 (horse) lengths in sprints of <1 mile and up to 15 lengths for
middle-longer distance races (≥1 mile) from the age of 2 to 4.5 years [26]. Hypothetically
speaking, a proportion of this improvement could be attributed to alterations in the speed
or efficiency of locomotion, although this was not measured in that study.

4.3. Training Data, Type of Racehorse and Predicting Race Outcome

Racehorse success on the track results from a complex combination of genetics [31],
nutrition [32] and training [33]. Such factors determine the expression of physical traits
specific to the athletic demands of the sport. In Thoroughbreds, muscle strength, speed and
endurance have been identified as traits that favour superior performance at various race
distances [34]. In this study, colts (i.e., younger male horses not gelded) had higher odds of
winning than geldings. This aligns with previous research which identified some of the
non-genetic factors that affect racehorse performance: sex, age, class of race, track condition,
handicap weight and distance [35], and suggests that younger ‘entire’ male horses have the
greatest chance of winning a race. Such an observation is also at odds with the fact that, in
our dataset, the few stayers, who were older, had more race success. Perhaps the greater
competition between horses in sprint races, the predominant race category in our dataset,
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is primarily won by colts as opposed to geldings. In stayer races, primarily competed in
by older mares and geldings, and for obvious reasons very few entire males, then such
differences are not apparent.

Thoroughbreds present unique musculoskeletal characteristics compared to other
breeds. Notably, they have a large mass of skeletal muscle, low body-fat proportion and
a greater percentage of fast twitch muscle fibres [36]. The composition of muscle fibre type,
namely in the propulsive gluteal muscles, evolves with age and training, progressively
improving stamina [37]. Previous work on racehorse wither height, has also revealed
interesting insights. In mature horses, wither height was positively correlated with racing
performance [38] and stride length [39]. The relationship between conformation and stride
variables in foals aged 6–8 months has also been studied: increased speed was attained
by longer stride length in heavier foals and higher stride frequency in taller foals [40].
The effect of training on performance has also been examined. [37] outlined that training
strategies targeting both strength and endurance concurrently impinge on performance
when compared to training programmes aimed at optimizing either one or the other [37].
This is explained by the fact that strength for acceleration is required for a sprint race.
Strength is associated with an increased muscle mass, a shift from slow twitch to fast twitch
muscle fibres and an increase in ATP utilisation. As a result, adaptations for sprinters
would be disadvantageous for stayers as they rely on slow twitch muscle fibres and
aerobic metabolism.

In Standardbreds and Thoroughbreds, after three years of training, changes in the
trotting strides were observed: stride length, stride duration and swing phase increased [41].
Training plays an important role in the development of the above parameters [42]. Our
findings highlighted a tendency of increased odds of winning and/or finishing in the top 3
in horses displaying a longer stride length. Similarly, in harness trotters, a test performed
on the track showed that performing horses presented the highest maximal stride frequency
and a long stride length [43].

4.4. Heritability of Stride Parameters and Peak Heart Rate

For the last three centuries, Thoroughbreds have been intensely bred for their elite
athleticism, stamina and aptitude for speed. Racehorse pedigree information is registered
in The General Studbook, 1791 [44] and can be traced back to their original ancestry.
The Thoroughbred genetic pool is narrow and emerges from three foundation stallions
(Arab, Barb and Turk) and approximately 30 foundation mares (UK) [45–47]. Since then,
the continuity of the breed has become ever more controlled and refined. For example,
English and Irish breeding industries focused on producing distinctive types of horses
from precocious, fast, 2-year-old sprinters, ‘classic’ middle-distance runners or horses with
enhanced stamina suitable for less popular ‘classics’ races such as the St Leger (United
Kingdom; 2900 meters). Heritability of any given trait refers to the percentage of the
parental trait that could effectively be transmitted to its offspring. Calculations on narrow-
sense heritability estimates (h2) for specific traits such as stride length aim to estimate
the strength of genetic determinants for the particular characteristic (human height being
highly heritable at 0.85), with the remainder being non-genetic, additive, environmental
effects such as trainer, rider, track, etc. In flat racing, heritability of performance has
been estimated as relatively low with wide confidence intervals, e.g., h2 between 0.15
to 0.55 [35,48]. The heritability of locomotory characteristics (speed, stride length and
frequency) has been estimated previously in French saddle horses and was considered to
increase with pace (e.g., from walk [h2 = 0.23], trot, canter through to gallop [h2 = 0.52]) [49].
In this study of racing thoroughbreds, heritability of peak stride length and frequency
was moderate (h2 = 0.15–0.20), suggesting that 15–20% of the variation in locomotion in
Thoroughbreds is due to the particular genes each racehorse inherited, with the remaining
80–85% of the variation due to environmental (non-genetic) factors. Since peak heart rate
was consistently measured in our training data, we thought it interesting to also assess its
heritability, despite previous papers indicating that between-individual variability is likely
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high [3,50,51]. Nevertheless, similar to locomotory characteristics heritability of peak HR
was moderate (h2 = 0.19).

Finally, it should be recognized that the study is a convenience sample of racehorses
having used an ‘Equimetre’ intermittently, but in a repeatable fashion in training. The
study is retrospective and observational. One test of our data would be to prospectively
assign racehorses based on stride characteristics in training to being a sprinter or stayer and
observe whether greater success in that category was achieved. Other factors that could
influence stride but were not recorded consistently such as different warm-up protocols
or accumulated fatigue were not taken into account. Since many racehorses compete in
different types of race (e.g., sprinter or mile, mile or staying race) it would be interesting to
analyse the extent to which locomotion (e.g., peak stride frequency, length) evolves over
the course of a racehorse’s career for different profiles (sprinter, miler, stayer).

5. Conclusions

In conclusion, this study demonstrates that locomotory differences exist (peak stride
length, frequency) between various types of racehorse (sprinters, milers and stayers). Stride
characteristics measured at the onset of training can predict aptitude to racing in a given
category, regardless of the potential progress obtained with training. Peak stride length is
a moderately heritable trait that can be bred for. Considering heritability of stride along
with objective locomotory data and other aspects (i.e., preferred ground, going), may also
help trainers choose early on what type of training (short, middle- or long-distance work
outs) or which race to enter (distance, profile, going etc . . . ). Such a hybrid approach using
data alongside experience may contribute to improved welfare on the track and prolong
racing careers.
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Simple Summary: The muscular adaptations that facilitate the differing biomechanical functions
of the leading (Ld) and trailing (Tr) limbs during canter in horses remains largely unknown. We
conducted the first comparative study of muscle activation and movement within the leading and
trailing fore- (F) and hindlimbs (H) during overground canter. Surface electromyography and three-
dimensional motion capture data were collected from the right fore- and hindlimbs, as well as
the splenius muscle, of ten horses ridden in left- and right-lead canter, when the limbs functioned
as TrF/TrH and LdF/LdH, respectively. The TrH is first to make ground contact and exhibited
significantly greater gluteal activation than LdH to stabilize the more extended hip joint and to
generate greater limb retraction and a strong forward push-off during stance. Then, during TrF and
LdH diagonal support, bilateral splenius activation occurred, possibly to counteract downward head
and neck movement. The LdF was the last to make contact and was more protracted than the TrF
through greater elbow flexion during swing, but triceps activity did not significantly differ between
forelimbs. Inter-limb differences in movement and muscle activity provide an objective justification
for working the horse equally on both canter leads to promote balanced muscular development.

Abstract: This study compared muscle activity and movement between the leading (Ld) and trailing
(Tr) fore- (F) and hindlimbs (H) of horses cantering overground. Three-dimensional kinematic and
surface electromyography (sEMG) data were collected from right triceps brachii, biceps femoris,
middle gluteal, and splenius from 10 ridden horses during straight left- and right-lead canter.
Statistical parametric mapping evaluated between-limb (LdF vs. TrF, LdH vs. TrH) differences in
time- and amplitude-normalized sEMG and joint angle–time waveforms over the stride. Linear
mixed models evaluated between-limb differences in discrete sEMG activation timings, average
rectified values (ARV), and spatio-temporal kinematics. Significantly greater gluteal ARV and activity
duration facilitated greater limb retraction, hip extension, and stifle flexion (p < 0.05) in the TrH
during stance. Earlier splenius activation during the LdF movement cycle (p < 0.05), reflected bilateral
activation during TrF/LdH diagonal stance, contributing to body pitching mechanisms in canter.
Limb muscles were generally quiescent during swing, where significantly greater LdF/H protraction
was observed through greater elbow and hip flexion (p < 0.05), respectively. Alterations in muscle
activation facilitate different timing and movement cycles of the leading and trailing limbs, which
justifies equal training on both canter leads to develop symmetry in muscular strength, enhance
athletic performance, and mitigate overuse injury risks.

Keywords: equine; surface electromyography; sEMG; biomechanics; optical motion capture; gait
analysis; forelimb; intralimb coordination; lead
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1. Introduction

In quadrupeds, an asymmetrical gait is one in which the footfalls of one or both
contralateral limb pairs occur as couplets, which implies an unequal time interval between
left and right footfalls [1]. The limbs contacting the ground before and after the shorter
time interval are called the trailing (Tr) and leading (Ld) limbs, respectively [1–3]. Canter
and gallop are common asymmetrical gaits in horses. When the leading limbs are on the
same side of the body in the fore- and hindlimb pairs, the gait is said to have a transverse
sequence, whereas a rotary canter/gallop has the leading limbs on opposite side for the
two limb girdles [1]. In cantering horses, both the fore (F) and hind (H) limb footfalls
occur as couplets, and the order of limb contacts typically follows a transverse sequence [1].
Additionally, movements of the LdH and TrF are synchronized [1,4–9]. The footfall pattern
is: TrH, LdH-TrF, then LdF [4–9]. Based on the leading forelimb, the horse is said to be
cantering on the left lead or the right lead [4,5,7,8].

The canter represents an important gait due to its frequent and essential use in eques-
trian competition and training [4,10]. It is the gait employed during show jumping com-
petition [11], and the development of a quality canter has been described as one of the
most important aspects of jump training programmes [12]. Dressage horses perform four
variations of the canter (collected, working, medium, extended) as well as the execution
of half pass, canter pirouettes, and flying lead changes [8,9]. Furthermore, research has
determined that canter is the only trait evaluated during performance testing that is highly
correlated with future performance in both dressage and show jumping [13,14]. Despite
the importance of this gait for sport horse training and competition, relatively few studies
have focussed on canter within the equine biomechanics literature [10]. Of these studies,
the differing functional demands of the leading and trailing fore- and hindlimbs during
canter have been quantified [4,5,15,16], but the underlying differences in muscle function
that facilitate these differences remain largely unknown.

During canter, the leading limb is often referred to as the “swinging” limb and is
brought more forward during swing phase, while the trailing limb is generally referred to
as the “supporting” or “propelling” limb [4,15]. These definitions have been supported
by kinetic [5,15,17] and kinematic [4,16] studies. The “supporting” trailing limbs exhibit
the greatest propulsive forces [5,15], with the TrF also experiencing the greatest vertical
impulse and vertical loading of approximately 1.5 times the horse’s body weight [5].
The trailing limbs have been reported to show significantly more retraction [4,16], which
Back et al. [4] link to their closer orientation to the centre of mass (COM). The trailing
limbs also show greater metacarpophalangeal (MCPJ) [4,16] and metatarsophalangeal joint
(MTPJ) extension during stance [4] that is associated with greater vertical limb loading [18].
In contrast, the “swinging” LdF and LdH exhibit the greatest braking forces combined with
minimal propulsive forces, which is related to their functions of controlling the lowering
of the COM during the stance phase and subsequently raising of the COM prior to the
suspension phase [5,15]. Significantly greater protraction has been observed in the leading
limbs [4,16], which is driven by significantly greater hip and elbow flexion throughout
the stride cycle [4,16]. The differences in movement, intralimb timing and coordination,
and loading between leading and trailing limbs during canter [4,5,16] indicate that horses
should be worked regularly on the left and right canter leads to strengthen the muscles
symmetrically and thus reduce the risk of fatigue and injury. However, further research
is required to quantify the actions of muscles that facilitate these kinetic and kinematic
differences between leading and trailing limbs during canter.

Surface electromyography (sEMG) has been used in several studies to quantify muscle
function during walk and trot [19–25]. However, relatively few studies have used sEMG to
study muscle function during treadmill [19,26] or overground [27,28] canter. One study
used sEMG to study between-limb differences in muscular function during canter [28].
In this study St. George et al. [28] provided a proof of principle for appropriate sEMG
signal processing, developed using the known differences between LdH and TrH loading
and movement during canter [4,5,15,16]. Biceps femoris muscle activity, measured using
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average rectified values (ARV) and integrated EMG (iEMG), was significantly greater
in the LdH than TrH. This finding led the authors to suggest that biceps femoris must
work eccentrically with greater force to stabilise the hip and stifle joints of the LdH [28],
which experience greater limb loading [5]. This study provided preliminary insight into
differences in muscle function related to biomechanical changes during canter. However,
to our knowledge, no studies have compared both the movement and underlying muscle
activation of leading and trailing fore- and hindlimbs within the same horse during over-
ground canter. This information would have real-world applications for equestrians, as
understanding the differing neuromuscular demands between leading and trailing limbs
during canter could aid in the identification of muscular imbalances and the design of
training programs to improve muscular symmetry and athletic performance.

Thus, the aim of this study was to measure and compare muscle function and move-
ment between the leading and trailing fore- and hindlimbs during overground canter using
sEMG and three-dimensional (3D) motion capture. In addition, head and neck movement
represents an active element of the fundamental gait mechanism during canter [29,30], so
we evaluated splenius activation in the context of LdF and TrF movement cycles. Within
the forelimbs, it was hypothesized that the TrF, which experiences the greatest vertical limb
loading across all limbs [5], would exhibit greater joint flexion/extension during stance
and greater muscular activity across the stride cycle than the LdF. Within the hindlimbs, it
was hypothesized that greater protraction [4] and vertical limb loading [5], experienced by
the LdH, would be associated with greater joint flexion/extension and greater muscular
activity across the stride when compared to the TrH.

2. Materials and Methods

Ethical approval for this study was obtained from the University of Central Lan-
cashire’s Animal Projects Committee (RE/13/04/SH). Written informed consent was ob-
tained from all horse owners and riders prior to data collection.

2.1. Horses and Horse Preparation

Data were collected from 10 riding horses (mean ± SD age: 10.6 ± 2.4 years, height:
160.9 ± 8.0 cm, sex: 5 mares, 5 geldings, breed: 7 Warmblood, 1 Thoroughbred, 1 Irish
Sports Horse, 1 Arabian × Welsh Cob). All horses were in work/training at the time of
the study and were physically fit. Six (n = 6) horses had competed at a minimum level of
British Showjumping Foxhunter up to 1.60 m international show jumping classes. Four
(n = 4) horses had lower-level eventing and show jumping competition experience at
jump heights ranging from 0.8 to 1.0 m. Our study focusses on movement and muscle
activity within the general riding horse population, so lameness evaluations were not
conducted by a veterinarian, and all horses were believed to be sound by their owner/rider.
Horses were ridden by their normal rider, each with 14–20 years riding experience and
having competed at a minimum level of 1.0 m unaffiliated show jumping. Prior to data
collection, horses completed a short warm up of approximately 15 min in walk, trot, and
canter at the rider’s discretion. Following warm up, kinematic markers and sEMG sensors
were attached over pre-determined anatomical locations and to pre-prepared skin over
superficial muscles, respectively. Spherical retro-reflective markers (25 mm diameter) were
attached over anatomical landmarks on each horse’s right fore- and hindlimb, as described
by St. George et al. [31].

Surface EMG sensors (Trigno, Delsys Inc. Natick, MA, USA) were unilaterally po-
sitioned over prepared skin on the right side of each horse to record from the long head
of triceps brachii (triceps), middle gluteal (gluteal), vertebral head of biceps femoris (bi-
ceps), and splenius muscles. The reader is referred to St. George et al. [31] for detailed
descriptions of sensor site locations for each muscle. Prior to data collection, hair was
removed from sensor sites and thoroughly cleaned with isopropyl alcohol. A small amount
of saline solution was applied to the electrode bars to act as an electrolytic solution before
sensors were adhered to prepared skin using a combination of Delsys Adhesive Surface
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Interface Strips (Delsys Inc., Natick, MA, USA) and strips of double-sided tape [31]. Sensors
were positioned on the muscle belly, with the electrodes oriented perpendicular to the
underlying muscle fibre direction [32,33].

2.2. Equipment Set Up

Eight infrared Qualisys Oqus cameras (Qualisys AB, Goteborg, Sweden) were posi-
tioned side-by-side in a linear configuration and an extended calibration was conducted to
enable the collection of data from multiple strides. The calibration volume was approxi-
mately 8 m in length, and ground poles were placed parallel to and approximately 4.5 m
from the cameras to define the optimal capture volume for horse/rider combinations.

2.3. Data Collection Protocol

The sEMG and 3D kinematic data were collected from the right side of the horse
at 2088 Hz and 232 Hz, respectively, during ridden canter trials. Unilateral sEMG and
kinematic data were collected during right- and left-lead canter in a random order. The
right forelimb and hindlimb functioned as LdF and LdH during right lead canter and as TrF
and TrH during left lead canter. Kinematic and sEMG data were collected synchronously
using an external trigger system (Delsys Trigger Module, Delsys Inc. Natick, MA, USA)
and Qualisys Track Manager software (version 2018.1, Qualisys AB, Goteborg, Sweden).

A ridden static trial was initially recorded with each horse standing in the centre of the
optimal capture volume. Canter trials were then collected, with each horse being ridden
through the optimal capture volume (adjacent to the placing poles) at their preferred canter
velocity. A minimum of six canter trials were collected for each horse, with three trials
collected from randomised left- and right-lead canter. A trial was deemed successful when
the horse maintained the canter and correct canter lead and remained within the optimal
capture volume.

2.4. Data Processing and Analysis
2.4.1. Kinematic Data Processing and Analysis

Kinematic data were tracked in Qualisys Track Manager (version 2018.1, Qualisys AB,
Goteborg, Sweden), and then, both sEMG and kinematic data were imported into Visual3D
(version 2020.07.4, C-Motion Inc., Germantown, MD, USA) for further signal processing
and data analysis. Kinematic data were interpolated (maximum gap: 10 frames) and
low-pass filtered (Butterworth 4th order) with a cut-off frequency of 12 Hz, as determined
using residual analysis. For each horse, a rigid-body segment model of the right fore- and
hindlimb was created—in accordance with the method described by Hobbs et al. [34]—and
applied to all dynamic trials from the corresponding horse. Sagittal plane joint angles were
calculated based on the static trial using the cardan sequence x, y, z. Flexion/extension
was defined as rotation around the segment coordinate system x-axis, with the flexor side
defined as caudal for shoulder, carpal, stifle, MTPJ, and MCPJ joints and as cranial for elbow,
hip, and tarsal joints. Joint angular velocity was calculated as the first derivative of joint
angular displacement. To calculate pro-retraction angles, fore- and hindlimb segments were
defined using markers on the proximal end of the scapular spine and the tuber coxae as the
respective proximal ends and the corresponding lateral hoof wall marker (approximately
over the centre of rotation of the distal interphalangeal joint) as the distal end. Fore- and
hindlimb pro-retraction angles were calculated in relation to a body reference segment,
defined using a marker placed between the tubera sacrale and a virtual landmark, projected
from the tubera sacrale marker to a point directly above the marker on the scapular spine.

Fore- and hindlimb hoof impact and lift-off events were calculated using the method
described by Holt et al. [35] and were applied to kinematic and sEMG signals. Successive
right hindlimb impact events were used to segment canter strides, irrespective of whether
the hindlimb functioned as LdH or TrH. Discrete spatiotemporal variables were calculated
for each canter stride, including fore- and hindlimb stance duration, stride duration, and
stride velocity, which was calculated as the first derivative of the tubera sacrale marker
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coordinates within the laboratory coordinate system (y-axis) averaged over each canter
stride. To correct for conformational differences between horses, joint angle data were
normalised to the corresponding joint angles from each horse’s static trial and are thus
presented as angular changes from the standing position [36,37].

2.4.2. sEMG Data Processing and Analysis

Raw sEMG signals were differentially amplified by a factor of 909, a CMRR of >80 dB
and internal Butterworth high-pass (20 ± 5 Hz cut-off, >40 dB/dec) and low-pass filters
(450 ± 50 Hz, >80 dB/dec). During post-processing, signals were DC-offset removed,
high-pass filtered using a Butterworth 4th order filter with a 40 Hz cut-off frequency [28,38],
and full-wave rectified. The ARV was calculated from full-wave-rectified signals from
each muscle, using stride duration as the time interval, and normalised relative to the
maximum ARV value observed across all strides within each horse and muscle [28]. Prior
to normalisation, outlier ARV data were detected and removed using the method described
by St. George et al. [31]. Muscle activity onset and offset events were calculated using
the double threshold method for equine sEMG signals [31]. The timing threshold was
defined as 5% of the average stride duration across all horses, and the amplitude threshold
was defined as 5% of the peak amplitude of each individual sEMG signal. Onset and
offset events and the resultant activity duration for each muscle were normalised to the
percentage of each respective canter stride duration. Timing of peak amplitude for each
stride was detected from enveloped (10 Hz) signals and normalized to the percentage of
each respective canter stride [31].

For the analysis of continuous sEMG data, full-wave-rectified signals were enveloped
using a Butterworth low-pass filter (4th order, 25 Hz cut-off) and normalised to a reference
voluntary contraction (RVC). The RVC was defined as the maximum sEMG amplitude value
observed across all canter strides within each horse and muscle. Prior to normalisation,
peak amplitude values from each canter stride were checked for outliers to ensure that
sEMG signals were normalised to a value that accurately reflected the maximum activity
observed during canter [31]. The normalisation techniques for ARV and continuous sEMG
data permitted examination of the proportional difference between leading and trailing
limb muscle function.

2.5. Statistical Analysis

Descriptive statistics (mean ± SD) were calculated for discrete kinematic and sEMG
variables within each limb. sEMG data from the triceps and splenius were grouped
according to the LdF and TrF movement cycles, with the biceps and gluteal grouped
according to LdH and TrH movement cycles. Differences in discrete measurements between
leading and trailing fore- and hindlimbs (LdH/LdF vs. TrH/TrF) were analysed using
within-subjects linear mixed effects models, with limbs modelled as fixed factors and
with random intercepts by participants included, whilst adopting the restricted maximum
likelihood method. Linear mixed effects models were undertaken using SPSS software
(version 28.0.1.1. (15), IBM Corp., Armonk, NY, USA). In addition, one-dimensional
Statistical Parametric Mapping (SPM) was used to analyse differences between leading and
trailing fore- and hindlimbs using continuous, time-series data from normalised sEMG,
joint angle, and joint angular velocity data, which were time normalised to 101 data points
per gait cycle. SPM was undertaken within MATLAB 2019b (MATLAB, MathWorks, Natick,
USA), using source code available at http://www.spm1d.org/ (accessed on 16 April 2023).

3. Results

3.1. Kinematic Differences between Leading and Trailing Fore- and Hindlimbs

Kinematic and sEMG data from 67 left-lead and 64 right-lead canter strides were
analysed and are presented here. Descriptive statistics for discrete kinematic data are
presented as mean ± SD in Table 1. Forelimb stance duration was significantly longer for
the TrF compared to the LdF (p < 0.05). Stride duration, stride velocity, and hindlimb stance
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duration did not significantly differ between canter leads and the measured leading and
trailing limbs.

Table 1. Mean ± standard deviation for stride velocity (m/s) and measured temporal kinematic
variables. Data are grouped according to left and right canter lead, where the measured limbs
function as TrF/TrH and LdF/LdH, respectively. Differences between canter leads and the associated
leading and trailing limbs are presented for each variable as p values.

Variable

Canter Lead/Limb

p ValueLeft Lead
TrH or TrF

Right Lead
LdH or LdF

Stride velocity (m/s) 4.41 ± 0.42 4.42 ± 0.40 0.729

Stride duration (s) 0.59 ± 0.02 0.59 ± 0.02 0.641

Forelimb stance duration (s) 0.29 ± 0.02 0.27 ± 0.02 0.018 *

Hindlimb stance duration (s) 0.32 ± 0.03 0.32 ± 0.04 0.786
* Between-limb differences are significant at the 0.05 level. Abbreviations: leading forelimb (LdF), leading
hindlimb (LdH), trailing forelimb (TrF), trailing hindlimb (TrH).

Group-averaged joint angle–time curves and SPM results for joint angle and joint
angular velocity data from the fore- and hindlimbs are presented in Figures 1 and 2,
respectively. In the forelimbs, the LdF was more protracted and less retracted than the TrF
(p < 0.001), and the TrF elbow joint was more extended in late stance (p < 0.001). The MCPJ
was less flexed during mid-swing (p = 0.02) and the elbow was more extended during late
swing (p < 0.001) in the TrF compared to the LdF. The shoulder angle was more flexed in
the TrF than the LdF during the late swing phase (p = 0.016) and during the majority of
stance (p < 0.001). SPM results for forelimb joint angular velocity data (Figure 2) showed
no significant differences between the LdF and TrF (p > 0.05) except for peak protraction
velocity, which was faster in the TrF than the LdF (p < 0.001).

Figure 1. Cont.
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Figure 1. SPM results for normalized sagittal plane joint angles (◦) from the leading (red) and trailing
(black) fore- and hindlimbs across the group of horses (n = 10). For each kinematic variable, left-side
graphs illustrate mean (solid line) and standard deviation (shaded area) data, and right-side graphs
illustrate the paired samples t-test SPM results (black solid line) and the critical thresholds (α, t*)
for significance (red dashed line), with grey shaded areas indicating regions/data clusters with
statistically significant differences between limbs. p values for each data cluster are presented. The
joint angle graphs include horizontal bars that represent stance phase duration from their respective
leading (red bars) and trailing (black bars) limbs. Data are time-normalized to stride duration,
calculated using corresponding impacts of the leading or trailing hind limb.

Figure 2. Cont.
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Figure 2. SPM results for normalized sagittal plane joint angular velocity (◦/s) from the leading
(red) and trailing (black) fore- and hindlimbs across the group of horses (n = 10). For each kinematic
variable, left-side graphs illustrate mean (solid line) and standard deviation (shaded area) data and
right-side graphs illustrate the paired samples t-test SPM result (black solid line) and the critical
thresholds (α, t*) for significance (red dashed line), with grey-shaded areas indicating regions/data
clusters with statistically significant differences between limbs. p values for each data cluster are
presented. The joint angular velocity graphs include horizontal bars that represent stance phase dura-
tion from their respective leading (red bars) and trailing (black bars) limbs. Data are time-normalized
to stride duration, calculated using corresponding impacts of the leading or trailing hindlimb.

As with the forelimbs, in the hind limbs, the LdH was more protracted and less
retracted than the TrH (p < 0.001) (Figure 1). The TrH hip joint was more extended than the
LdH throughout stance (p < 0.001) and less flexed throughout swing (p < 0.05). In contrast,
the stifle joint was more flexed in the TrH than the LdH in late swing (p < 0.001) and during
stance (p < 0.001). In late stance, peak tarsal extension was greater in the TrH than the
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LdH (p = 0.05). Peak angular velocity of hind limb retraction and hip extension were faster
for TrH than LdH in late swing (p < 0.01) (Figure 2). The TrH exhibited a short period of
significantly faster angular velocity of hip, stifle, and MTPJ extension at approximately
mid-stance (p < 0.05) (Figure 2).

3.2. Surface Electromyography Data

Descriptive statistics for discrete sEMG data are presented as mean ± SD in Table 2.
In addition, the average phasic activation patterns of each muscle—derived from sEMG
activity onset and offset events—together with the stance phases of the leading and trailing
fore- and hindlimbs are illustrated in Figure 3. In the forelimbs, discrete (Table 2, Figure 3)
and continuous sEMG data (Figure 4) from triceps did not significantly differ between the
LdF and TrF (p > 0.05). There was a significant phasic shift in the splenius activation pattern,
in which LdF activity onset, offset, and peak amplitude occurred earlier in the stride cycle
than TrF (p < 0.05), with non-significant differences in ARV and activity duration observed
between limbs (p > 0.05) (Table 2, Figure 3). This phasic shift in splenius activation was
observed in continuous sEMG waveforms, where SPM results (Figure 4) showed significant
differences in splenius activity during late-swing and late-stance phase of the forelimbs
(p < 0.05). In the hindlimbs, ARV and activity duration of the TrH gluteal were greater
(p < 0.05) than the LdH (Table 2, Figure 3). Activation offset of the LdH biceps occurred
later in the stride cycle than the TrH (p < 0.05), but activity duration was not significantly
affected by this (p > 0.05) (Table 2, Figure 3). SPM results for hindlimb muscles showed no
significant differences between the LdH and TrH (p > 0.05) (Figure 4).

Table 2. Mean ± standard deviation for discrete sEMG variables from each superficial muscle
of interest. Data are grouped according to leading (LdF/LdH) and trailing (TrF/TrH) fore- and
hindlimbs. Differences between limbs are presented for each variable as p values.

Muscle Variable
Limb

p Value
TrH LdH

Biceps femoris

ARV (%) 62.7 ± 20.3 80.2 ± 14.9 0.179

Activity duration (% stride) 46.9 ± 13.7 47.5 ± 14.9 0.822

Peak amplitude (% stride) 16.5 ± 5.9 16.7 ± 7.2 0.541

Activity offset (% stride) 31.9 ± 7.8 36.2 ± 6.5 0.018 *

Activity onset (% stride) 93.5 ± 6.5 94.3 ± 5.7 0.287

Middle gluteal

ARV (%) 77.6 ± 14.1 66.3 ± 19.4 0.046 *

Activity duration (% stride) 54.8 ± 13.8 48.6 ± 14.5 0.024 *

Peak amplitude (% stride) 13.6 ± 5.2 16.7 ± 8.2 0.163

Activity offset (% stride) 32.6 ± 7.5 33.5 ± 7.5 0.340

Activity onset (% stride) 84.2 ± 7.3 88.2 ± 9.6 0.069

TrF LdF

Triceps brachii

ARV (%) 72.5 ± 18.2 68.5 ± 19.7 0.179

Activity duration (% stride) 66.4 ± 14.4 56.5 ± 18.0 0.234

Peak amplitude (% stride) 40.4 ± 13.9 35.9 ± 13.7 0.531

Activity onset (% stride) 101.8 ± 9.4 § 109.1 ± 9.7 § 0.061

Activity offset (% stride) 56.6 ± 6.5 56.6 ± 9.9 0.368
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Table 2. Cont.

TrH LdH

Splenius

ARV (%) 75.8 ± 17.0 64.8 ± 17.7 0.322

Activity duration (% stride) 51.1 ± 10.3 57.2 ± 12.5 0.192

Peak amplitude (% stride) 59.0 ± 11.4 32.3 ± 15.2 0.000 *

Activity onset (% stride) 42.7 ± 25.9 103.7 ± 14.0 § 0.002 *

Activity offset (% stride) 81.2 ± 7.0 60.7 ± 10.0 0.029 *

* Between-limb differences are significant at the 0.05 level. Abbreviations: average rectified value (ARV), leading
forelimb (LdF), leading hindlimb (LdH), trailing forelimb (TrF), trailing hindlimb (TrH). Note that only activity
onset and offset events from the main activation burst (as presented in Figure 3) of each muscle are presented here.
§ Values > 100% reflect activity onsets that spanned the end to the beginning of the stride cycle and so activity
onsets < 20% for these muscles were normalized to permit direct comparisons between horses, strides, and limbs.

Figure 3. Average phasic muscular activation patterns of the studied muscles across n = 10 horses
during the canter stride cycle, calculated using average sEMG activity onset and offset events from
the leading (LdF) and trailing (TrF) forelimbs, and the leading (LdH) and trailing (TrH) hind limbs.
Data are time-normalized to canter stride duration, calculated using impacts of the TrH. To present
data from a complete stride cycle, a composite stride was constructed by time shifting the leading
(LdF/LdH) limb data using the time ratio between TrH–LdH advanced placement and TrH stance
duration (55.5%) presented by Clayton [9] for overground, medium canter. Red and black horizontal
bars represent stance phase duration (diagonal stripe fill) and muscle activity duration from the
leading (LdF, LdH) and trailing (TrF, TrH) fore- and hindlimbs, respectively. Solid horizontal bars
represent the consistent, main burst of muscular activity, whereas unfilled horizontal bars represent
intermittent muscular activity across measured strides.
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Figure 4. SPM results for time- and amplitude-normalized sEMG data across the group of horses
(n = 10) for studied superficial muscles of the leading (red) and trailing (black) fore- and hindlimbs
across the group of horses (n = 10). Left-side graphs illustrate mean (solid line) and standard deviation
(shaded area) sEMG data, and right-side graphs illustrate the paired samples t-test SPM result (black
solid line) and the critical thresholds (α, t*) for significance (red dashed line), with grey shaded
areas indicating regions/data clusters with statistically significant differences between conditions.
p values for each data cluster are presented. Horizontal bars represent stance phase duration from
the respective leading (red bars) and trailing (black bars) limbs. Data are time-normalized to stride
duration, calculated using corresponding impacts of the leading or trailing hindlimb.
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4. Discussion

In this study, we combined sEMG and motion capture to conduct the first compara-
tive study of muscle activation and movement within the leading and trailing fore- and
hindlimbs during ridden, overground canter. In the forelimbs, the TrF showed greater
shoulder flexion and greater elbow extension in midstance, but the triceps muscle, which
acts across both joints, showed a non-significant trend for greater ARV and activity du-
ration within this limb. Thus, our hypothesis that the TrF would exhibit greater joint
flexion/extension during stance phase and greater muscular activity across the stride cycle
than the LdF can be partially accepted. We also investigated splenius activation in the
context of LdF and TrF movement cycles and found a significant phasic shift for earlier
activation within the LdF stride cycle, with non-significant differences in ARV and activity
duration observed between limbs. In the hindlimbs, we observed significantly greater LdH
protraction and hip flexion during swing and significantly greater stifle extension during
stance but with significantly less gluteal activity across the stride cycle compared to the
TrH. Thus, our hypothesis that the LdH would exhibit greater joint flexion/extension and
muscular activity across the stride than TrH was also partially accepted.

4.1. Electromyographic and Kinematic Differences between Leading and Trailing Forelimbs

In comparison to the LdF, the more vertically loaded TrF [5,17] exhibited a significantly
greater retraction angle, with greater shoulder flexion and elbow extension during stance. In
contrast, the LdF had significantly greater protraction driven by significantly greater elbow
flexion during swing. These kinematic findings agree with the between-limb differences
reported in previous studies of horses cantering overground [16] and on a treadmill [4]
at faster speeds than were studied here. Although we observed significantly greater
MCPJ flexion in the LdF during swing, which agrees with these studies [4,16], they also
reported significantly greater maximal MCPJ extension in the TrF during stance, which
was observed in our data but did not reach statistical significance. Since TrF is the limb
with the highest peak vertical force at canter [5,15,17], the significantly longer TrF stance
duration that was observed here but not in a previous study [4] may be a strategy to
provide the necessary impulse over a longer time with a lower peak load [17,39]. This
may suggest that, at the speed studied here, differences in limb loading were modulated
by significant alterations in stance duration and non-significant alterations in peak MCPJ
extension, which exhibits a linear relationship with limb force [18]. However, further
research using ground reaction force (GRF) data is required to confirm this. As such,
methodological differences—in particular, differences in canter speed and the study of
overground vs. treadmill locomotion—may explain discrepancies in temporal findings and
MCPJ kinematics between studies.

Crevier-Denoix et al. [16] is the only known study to measure and compare joint angu-
lar velocity of the forelimbs during canter measured on turf and synthetic surfaces, but only
reported data from the MCPJ and carpal joints. In accordance with this study, they found
no significant differences in carpal joint angular velocity or peak MCPJ extension velocity
during stance on either surface but reported significantly greater peak MCPJ flexion veloc-
ity of the LdF than the TrF during late stance, on the turf surface only [16]. In agreement
with Crevier-Denoix et al. [16], we did not observe significant differences in MCPJ flexion
velocity during canter on a synthetic surface. Thus, despite some discrepancies in temporal
findings and MCPJ kinematics between studies, our overall findings agree with previous
research comparing kinematics of the LdF and TrF during canter [4,16] and corroborate
their functional roles as the “swinging” and “supporting” limbs, respectively [4].

Harrison et al. [19] noted that, during walk and trot, most FL muscles display peak
EMG activity at the hoof impact event but noted two different peaks at mid-stance and in
early swing during canter. This agrees with phasic activity patterns observed in this study
for the triceps, in which a main burst of activity was consistently observed from late-swing
to mid-late stance, with a second shorter and less frequently observed burst following FL
lift-off (Figure 3). Thus, our findings support the suggestion by Harrison et al. [19] that this
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additional burst at the beginning of swing may reflect the need for active muscle contraction
to aid passive forces, produced by the tendons and ligaments, in the generation of greater
joint torques that are required to sustain a steady canter gait. Triceps activity did not differ
significantly between LdF and TrF, but subtle differences in sEMG amplitude and phasic
activation patterns appear to reflect the facilitation of significantly different movement
cycles between forelimbs. Earlier, albeit non-significant, triceps activation within the TrF
corresponded with significantly earlier and decreased peak limb protraction and elbow
flexion and earlier hoof impact, and vice versa in the LdF. Non-significant differences
in ARV may also reflect the differing functions of each limb during stance phase, where
triceps activation is possibly more related to stabilization of the shoulder and elbow joints
against the greater vertical forces experienced by the TrF and against the high braking
forces experienced by the LdF [5,15]. We suggest that future studies examine co-contraction
of the biceps brachii and triceps brachii, which has previously been described as important
for joint stability, positional control of the limb, and mitigation of shear loading during
stance phase at canter [19]. Therefore, studies examining the synergistic activity of biceps
brachii and triceps brachii may provide further insight into the neuromuscular strategies
of the LdF and TrF during canter.

We observed significantly different phasic activity patterns of the splenius between
the LdF and TrF movement cycles, offering some insight into splenius activity in relation
to ipsilateral forelimb movement during canter. Splenius activity onset occurred from
mid-swing to mid-stance phase during the LdF movement cycle and from early-stance to
early-swing phase during the TrF movement cycle (Figure 3). Tokuriki and Aoki [40] noted
the same asymmetrical phasic activation pattern for splenius relative to the ipsilateral
forelimbs during canter, measured using intramuscular EMG. They summarised that
the splenius is bilaterally activated during the late-swing phase of the TrF, just prior to
impact [40]. This agrees with the activity onset detected here, in which the muscle remained
active during the diagonal support phase of TrF and LdH. At this point in the stride cycle,
sagittal pitching of the trunk and neck segments are largely “in phase”, resulting in a “nose
down”—or clockwise—pitching angle [7,29,30], which occurs during 50% of the stride cycle
and corresponds to the activity duration of the splenius observed here, supporting previous
suggestions that the splenius is bilaterally activated to counteract the downward movement
of the head and neck [7]. In the remaining 50% of the canter stride, which includes the
suspension phase and the single limb support phases of the LdF and TrH, sagittal pitching
of the trunk and neck segments are “out of phase” and the neck segment is elevated in
a “nose up” or counterclockwise position [7,29,30]. During this time, Gellman et al. [29]
reported that active muscular work is required to reverse downward angular rotation
and raise the head and neck, after which the nuchal ligament passively provides most of
the mechanical work required to elevate the head and neck through the release of elastic
strain energy. Our findings support this claim, as splenius activation was not observed
during the single support and suspension phases. However, splenius activity observed
during LdF stance may represent the active muscular contribution for reversing the neck
segment rotation [29], particularly during the high decelerating forces experienced by this
limb [5,15], which together may contribute to vertical lifting of the COM for the upcoming
suspension phase [30]. Further studies are required to investigate the relationship between
splenius activity and head and neck kinematics at canter, but our findings provide objective
support for the splenius making an active contribution to the characteristic body pitching
mechanisms that occur during this gait [7,29,30].

4.2. Electromyographic and Kinematic Differences between Leading and Trailing Hindlimbs

Kinematic findings from the hindlimbs corroborate a previous report of greater LdH
protraction and greater TrH retraction during canter on a treadmill [4]. These were associ-
ated with significantly greater LdH hip joint flexion during swing and significantly greater
TrH hip joint extension during stance. Additionally, Back et al. [4] reported significantly
greater peak MTPJ extension in TrH and peak tarsal flexion in LdH during stance, which
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was also observed here but did not reach statistical significance when analysed using SPM.
In contrast to Back et al. [4], who observed significantly greater TrH stifle flexion only dur-
ing early stance, our evaluation of continuous joint angle data revealed significantly more
flexion of the TrH stifle throughout stance and the majority of swing. Again, discrepancies
for variables reaching significance may be due to methodological differences between
studies, as described above. In particular, the use of SPM in this study allows comparison
between continuous angle–time waveforms to statistically compare, for the first time, the
limb movements across the entire canter stride cycle, whereas previous kinematic investi-
gations of canter compared discrete kinematic variables between limbs [4,16]. Furthermore,
to reduce inter- and intra-subject variability, we normalised joint angle–time data to the
standing position, which was not performed in the other comparative studies [4,16] and
may account for some discrepancies.

The significantly greater and delayed peak protraction velocity of TrH during swing
is probably related to the peak retraction angle occurring significantly later, necessitating
faster protraction during late swing to enable correct limb positioning for impact. During
early stance, the MTPJ extended more rapidly in the TrH than the LdH, suggesting that the
TrH is more rapidly loaded [18] and/or generates propulsive forces more rapidly than the
LdH [5]. This significant peak in TrH MTPJ extension velocity was followed by significant
peaks in extension velocity of the hip and stifle joints that were not present in the LdH
and occurred at approximately mid-stance, which coincided with significantly greater
TrH hip joint extension and stifle joint flexion. Taken together, these findings suggest that
the proximal joints of the TrH actively damp vertical loading, as has been observed as
a compensatory strategy in lame horses [41]. Integration of GRF and kinematic data is
required to confirm this, but our kinematic results from the hindlimbs corroborate the
propulsive and supporting functions of the TrH and LdH, respectively [4,5,15].

A main burst of activation from late swing to approximately mid-stance was observed
for the middle gluteal and biceps femoris muscles during canter, which agrees with previ-
ous equine EMG studies [23,42–44]. Muscle activity during the first half of stance is related
to limb loading and the generation of positive work, primarily by the hip joint [45], which
is stabilized by contraction of the middle gluteal and hamstring muscles [46]. Quiescent
activity during late stance phase and the majority of swing phase, appears to reflect a
passive contribution of the gluteal and biceps to hip flexion and limb protraction, sup-
porting the highly economical locomotor strategy of horses, which has been described for
faster gaits, such as canter [47]. We observed significantly greater ARV and significantly
longer activity duration for the TrH gluteal compared to LdH. This finding may be related
to the generation of greater muscular force for stabilizing the more extended TrH hip
joint during stance [46] and to produce the large propulsive forces required to generate a
strong push-off for the rapid reversal of COM movement during stance [5]. Like forelimb
movement and triceps activity, earlier—albeit non-significant—onset of gluteus activity in
the TrH coincided with the significantly earlier initiation of hip extension and greater limb
retraction velocity in late swing. This suggests an active muscular contribution to earlier
reversal of this limb’s direction of movement.

In contrast to the gluteal, significant between-limb differences were not observed for biceps
activity, except for a significantly delayed activation offset in the LdH. St. George et al. [28]
reported significantly greater ARV for the LdH biceps when appropriate sEMG signal processing
and analysis procedures were employed. The same recommended procedures were employed
here, but our findings did not reach statistical significance for ARV. Mean difference values
between limbs were similar between studies at approximately 20% (17.5% vs. 21.5% reported
by [28]), but we observed greater SD values, which may account for non-significant findings
for ARV in this different group of horses. Still, the differing roles of the LdH and TrH are
shown by the significantly greater TrH gluteal activity that stabilises the more extended hip
joint and generates the highest propulsive forces across all limbs at canter [5,15]. In the LdH,
greater—albeit non-significant—biceps activity may reflect its role for stabilising the hip, stifle,
and hock joints against the greater decelerative and vertical forces experienced by this limb [5].
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4.3. Practical Applications for Equestrian Training

The canter is an essential gait for equestrian competition and training, particularly for
dressage and jumping disciplines, which aim to develop an equine athlete that exhibits
straightness, balance, and symmetry of gait [4,10,48,49]. However, it is widely accepted
within the equestrian and scientific community that horses display a motor asymmetry that
can manifest as a preference to use one canter lead over the other [48,49]. As such, attempts
to correct the “sidedness” or motor asymmetry of a horse is central to most equestrian
training programmes [48–50]. In the scientific literature, there is contention surrounding
whether motor asymmetry is inherent, the result of cerebral lateralisation, and/or linked to
external factors, such as asymmetrical training or rider position/laterality [49,51]. Here,
we have provided objective evidence for the differing functional demands of the studied
muscles when they act within the leading and trailing limbs during canter. A deficiency
in muscular strength on one side of the horse’s body may result in one canter lead being
more physically demanding and could thus offer another factor contributing to a horse’s
preference to use a specific canter lead. As such, our findings provide objective evidence for
training the horse equally on both canter leads to develop symmetry in muscular strength,
enhance athletic performance, and mitigate the risk of overuse injuries. In addition, an
understanding of the differing neuromuscular demands between leading and trailing limbs
during canter may allow trainers to better identify muscular imbalances and to implement
exercises to improve muscular symmetry during canter. These exercises may include, but
are not limited to, lateral movements [49,51] and/or working the horse at various speeds
and inclines, each of which have been shown to elicit modifications in muscular activation
or workload [26,42,43,52,53].

4.4. Study Limitations

Kinematic and sEMG data were collected unilaterally from the right side of the horses,
so movement and muscle activity of the leading and trailing limbs could not be compared
within the same stride. Furthermore, the measurement of one hind limb meant that
impact of either the LdH or TrH was used for stride splitting depending on the canter
lead, which may confound comparisons of temporal stride characteristics between leading
and trailing limbs. This method did, however, allow direct comparison of movement
and muscle activity when the same limb functioned as the leading or trailing limb as in
previous studies of asymmetrical gaits [4,16,26]. In addition, we studied a relatively equal
distribution of 67 left- and 64 right-lead canter strides, which permitted direct comparisons
between limbs. When researchers acquire bilateral kinematic and sEMG data during canter,
they should consider the potential for sEMG asymmetry due to electrode placement and
underlying tissue differences between left- and right-side muscles [54], which our study
design mitigated.

Canter speed, which was not standardised, is known to affect muscle activity and
kinematics [55]. However, speed did not differ between left- and right-lead canters, and
standard deviation values for this variable were relatively low compared to other studies of
ridden, overground canter [6,9,16]. Horses were ridden by their normal rider, so the rider’s
influence was not standardised. Interestingly, Tokuriki and Aoki [40,44,56] reported that
the rider did not influence the phasic activation patterns of intramuscular EMG signals from
biceps femoris, triceps brachii, and splenius during canter when compared to unridden
conditions. In addition, the joint angle–time diagrams and kinematic findings reported
here were similar to a study of unridden horses that standardised canter speed using a
treadmill [4]. As such, we suggest that our findings are externally valid within the context
of ridden horse training and performance. Finally, future work with larger numbers of
horses is required to study differences in leading and trailing limbs within the wider
population.
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5. Conclusions

This study combined sEMG and motion capture to conduct the first comparative study
of muscle activation and movement within the leading and trailing fore- and hindlimbs
during ridden, overground canter. We observed significantly greater protraction in the LdF
and LdH through respectively greater elbow and hip flexion during swing phase when
compared to the trailing limbs, but these differences were not associated with significant
differences in triceps activity between LdF and TrF. In the trailing limbs, we observed
significantly greater retraction than the leading limbs during stance, driven by significantly
greater TrF elbow and TrH hip joint extension. In the hindlimbs, this difference was
associated with significantly greater gluteal ARV and activity duration in the TrH, which
reflects the requirement for greater muscular force to stabilize the more extended TrH hip
joint during stance and to produce large propulsive forces. We also observed a significant
phasic shift for earlier splenius activation within the LdF stride cycle, which reflected
bilateral activation to counteract the downward movement of the head and neck during
TrF and LdH diagonal support. Our findings provide novel insight into the underlying
alterations in muscle activation that facilitate the differing biomechanical functions of the
leading and trailing, fore- and hind limbs, as well as the splenius’ active contribution to
the characteristic body pitching mechanisms in cantering horses. These findings have real
world applications for equestrians, as they provide objective justification for exercising
the horse equally on both canter leads to promote balanced muscular development and to
mitigate the risk of overuse injury.
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Simple Summary: This study explored the use of mobile phone sensors to accurately classify the
gaits of five-gaited horses. The data were collected from horses and riders using a mobile phone in
the rider’s pocket and an existing multi-sensor gait classification system. A machine learning model
was then trained to classify the gaits using input from the phone’s accelerometer and gyroscope,
achieving an accuracy of 94.4%. This research demonstrates that mobile phones can be used to gather
data on horse gaits, reducing the cost of large-scale studies. This efficient method for acquiring
labelled data will be invaluable for ongoing research into horse riding activities.

Abstract: Automated gait classification has traditionally been studied using horse-mounted sensors.
However, smartphone-based sensors are more accessible, but the performance of gait classification
models using data from such sensors has not been widely known or accessible. In this study, we
performed horse gait classification using deep learning models and data from mobile phone sensors
located in the rider’s pocket. We gathered data from 17 horses and 14 riders. The data were gathered
simultaneously from movement sensors in a mobile phone located in the rider’s pocket and a gait
classification system based on four wearable sensors attached to the horse’s limbs. With this efficient
approach to acquire labelled data, we trained a Bi-LSTM model for gait classification. The only input
to the model was a 50 Hz signal from the phone’s accelerometer and gyroscope that was rotated to
the horse’s frame of reference. We demonstrate that sensor data from mobile phones can be used to
classify the five gaits of the Icelandic horse with up to 94.4% accuracy. The result suggests that horse
riding activities can be studied at a large scale using mobile phones to gather data on gaits. While
our study showed that mobile phone sensors could be effective for gait classification, there are still
some limitations that need to be addressed in future research. For example, further studies could
explore the effects of different riding styles or equipment on gait classification accuracy or investigate
ways to minimize the influence of factors such as phone placement. By addressing these questions,
we can continue to improve our understanding of horse gait and its role in horse riding activities.

Keywords: horse; smartphone sensors; inertial measurement unit; gait classification; machine learning

1. Introduction

Mobile devices have become an accepted part of our everyday lives, and with the
rapid pace of technological progress, their applications are constantly evolving. With so-
phisticated built-in motion sensors, users expect their devices to be able to perform human
activity recognition. However, the devices are not only limited to the classification of human
activities, since they can also be used for animal activity classification. Gait classification has
been implemented in commercial smartphone apps such as Equilab (https://equilab.horse,
accessed on 1 May 2022), which can recognize four gaits (walk, trot, canter, and tölt).
The work of this paper was performed in collaboration with Horseday ehf., who are work-
ing on an app that can perform equine gait classification for five-gaited Icelandic horses,
i.e., it can recognize flying pace in addition to the four other gaits.
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Published work on equine gait classification dates back to the landmark work by
Hildebrand in 1965 [1]. In that work, he described a standard for the task, using variables
derived from limb movements and step placement. Since then, specially designed motion
sensor systems for horses have been used to collect data for gait events and classification.
Such data have been used to predict the timing of hoof contact [2,3], to monitor lameness [4],
to analyse equestrian show jumping and dressage training movements [5], and to detect
indications of fatigue during training [6]. Furthermore, machine learning models using data
from horse-mounted sensors for gait classification have been tested [7], and the accuracy
of the gait classification models on such sensor data reached 97% in a recent study by
Bragança et al. [8]. Furthermore, mobile phone sensors have been shown to have a good
agreement with validated specialist IMUs when both devices are attached to the horse [9].

Moreover, Bragança et al. [8] showed that a long short-term memory (LSTM) model [10]
that received the raw sensor data as the input performed only slightly worse than the model
using Hildebrand’s variables. Similarly, convolutional networks have been used to classify
raw accelerometer data from sensors strapped to the horses [11]. Although the models
reach good accuracy using inputs from horse-mounted sensors, they still require the rider
to explicitly attach sensors to the horse’s limbs and body. This inconvenience leads us
to the question of what accuracy can be reached using wearable human sensors carried
in the rider’s pocket. Studies on three-gaited horses (walk, trot, canter) show that gait
classification can be performed using their sensor recordings [12,13]. However, it is not clear
to what extent this would apply to the five-gaited Icelandic horse using smartphone sensors.

In this paper, we studied the accuracy of gait classification for all five gaits of the
Icelandic horse using models trained on data from mobile phones in the rider’s pocket.
We specifically studied the Icelandic horse, which can perform two additional gaits, tölt
and flying pace, on top of the three standard ones, walk, canter, and trot, due to a gene
mutation [14]. We used the TöltSense (https://toltsense.com, accessed on 1 May 2022)
system (TS) to label the training data. In previous studies, gait labelling was performed
by recording the horse with a camera in a controlled environment and labelling the gait
by watching the recording [8] or by timing gait switches using a stopwatch [13]. The
TS automates the gait labelling process, which makes data acquisition significantly more
accessible. The system further makes the labelling process objective and feasible in a
diverse and natural environment.

Our study aims to answer the following research question: What accuracy of gait
classification for all five gaits of the Icelandic horse can be reached using models trained on
data from mobile phones in the rider’s pocket? Our two objectives were to evaluate the
accuracy of gait classification using the TS system and to evaluate the gait classification
accuracy of models trained using the rotated sensor signals from mobile phones and TS
gait labels. Our hypothesis was that models trained using TS labels and the rotated sensor
signals from mobile phones will perform well in gait classification of Icelandic horses.

2. Materials and Methods

For both the mobile phone sensor model and TöltSense validation studies, the local
Ethics Committee (The Icelandic Food and Veterinary Authority and the Ethics Review
Board at the Royal College of Veterinary Surgeons) waived the need for a formal review and
approval. It was concluded that the study is outwith the European Directive 2010/63/EU
as it does not meet the threshold for causing any pain, distress, suffering or lasting harm.
All the methods in each individual study were carried out in accordance with the approved
guidelines and regulations. Informed consent was obtained from the owner of the animals
and riders in a written manner when needed. Informed consent for publication was
obtained from the rider in Figure 1.
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Figure 1. Data labelling with the TS application. The left panel shows the location of the sensors.
The TöltSense sensors are strapped to the lateral aspect of the metacarpal/metatarsal bone, and the
phone is placed in the rider’s pocket. The right panel shows the data from the mobile sensor after
rotation to a given frame of reference (world-frame) and the gait labels as a horse switches from walk
to tölt. The X and Y curves correspond to variations in the acceleration and gyroscope signal in the
horizontal plane, and the Z curve corresponds to variations on the vertical axis. The sign of the signal
on a given axis corresponds to the direction of the signal on that axis. The highlighted segment shows
an example of the input we used for the Bi-LSTM model.

2.1. The TöltSense System

To acquire labels for our training set, we used the TöltSense system (TS). The TS is
a training tool designed to classify and analyse the quality of Icelandic horse gaits and
provide feedback to the rider in real-time. The system is composed of motion sensors
and a mobile app to report analysis results to the user. The four wireless motion sensors
were attached to the horse’s lower limbs, and they were kept synchronized to within 8ms
of each other. The cross-platform mobile app processes the signals and generates gait
labels (see Figure 1) with up to 99.7% accuracy (see the Results Section). The TS is not
based on machine learning, but on the definitions of the gaits [15] by the International
Federation of Icelandic Horse Associations (FEIF). The TS is based on the principle that a
handcrafted algorithm can determine gaits if the hoof-on and hoof-off timings are measured
with sufficient accuracy.

2.2. Dataset and Labelling—TöltSense Validation

Eight Icelandic horses of varying levels of training and ability were ridden and filmed
while wearing the TS equipment at a horse farm in the U.K. Some of the sessions were
captured during warm-up for an oval track competition in an indoor arena. The rest were
captured during a training day on an oval track.

At the beginning of each session, the press of the TS app’s “START” button was
recorded (see Figure 2). This button press initiated the creation of a log file of gait classifica-
tions and timestamps, and recording it provided a reference point to line up the video with
the TS log. Each video was trimmed to start exactly when the “START” button was pressed
so that the times in the video would correspond to the times in the app log.
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Figure 2. Töltsense interface and an example frame from a video of how the starting event was filmed
with the press of the START button.

A panel of 4 qualified Icelandic sport judges independently suggested gait labels
while watching the videos, using a custom-made web application (see Figure 3). For each
video, a continuous observation window of 4–5 min was defined so as to include as many
transitions and gaits as possible and to avoid judges having to watch unnecessary footage.
At no point were the classifications of the TS revealed to the judges.

Figure 3. The web application used by the judges to assign gait labels to video segments.

A gait was determined every 250 ms by choosing the most-common label suggested
during the given time interval. Such a majority vote was applied throughout the obser-
vation window, and a new data point was created whenever the majority gait changed.
This processing step resulted in a series that defined the gait at any given moment during
the observation window. We refer to this time series as aggregate judge classifications.
An illustration of this time series is shown for a single example in Figure 4, and the speed of
one horse with TS gait labels is shown in Figure 5. The values in the time series correspond
to the gaits according to Table 1.
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Figure 4. Plot of aggregate judge classifications against time, showing initial unclassified period (−1)
and three periods of dispute (−2). The y-axis corresponds to the chosen label as defined in Table 1.

Figure 5. Plot of speed vs. time colour coded by gait from the TöltSense session overview screen.

Table 1. Gait labels used by judges. The table shows the gait labels from the TöltSense system that
the judges used to label the video segments.

TöltSense Label Number

No majority/disputed −2
Not classified −1

Halt 0
Walk 1
Trot 2
Tölt 3

Left Canter 4
Right Canter 5

Pace 6

The category “No majority/disputed” was required because there were occasions
where the judges did not agree on the gait. Mostly, these were brief periods around gait
transitions. However, Icelandic horses often display movements that are “between gaits”
(e.g., pacey tölt, or 4-beat trot), and in these cases, it is not clear which gait is being shown.
If qualified observers do not agree on the gait, there is no ground truth to compare the
TS against, so periods labelled as −2 were excluded from the assessment. “Not classified”
appears once at the very start of each session before any classification has been given; such
periods were also excluded. The other labels are self-explanatory, but note that the left and
right canter are included as separate gaits because it is important to demonstrate that the
TS can distinguish between them.

The TS calculates the gait label every time a hoof-on event is registered from any leg.
Hence, the gait labels are produced at a variable rate from about 4 Hz to 10 Hz, depending
on the horse’s activity. A sliding window of 1 s length with a step of 0.5 s was used to
produce a timeline for analysis. For each window, all gait labels falling within that window
were collected, and the most-frequent gait label was taken and paired with the timestamp
from the middle of the window. The timestamp of the first sample in the log was subtracted
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from all windows, which resulted in a timeline of gaits starting at 0 s and progressing
forward at 0.5 s intervals for the whole session.

With the two time series acquired, the series from the TS should be regarded as the
“predicted value” set, and the series aggregated from the judges is the “true value” set.
For each video, an observation window was defined, where we have both a TS prediction
and the ground truth labels generated by judges. We took the timestamp from the predicted
value and retrieved the ground truth value at that given time to make a prediction–truth
pair, or “test case”.

As mentioned above, when aggregate judge classifications resulted in −2 or −1,
the test case was discarded. In addition, it was appropriate to discard test cases that were
very close to transitions (as defined by the TöltSense or judges). In other words, leeway
should be allowed for both the TS and judges when it comes to identifying and registering
the moment of a transition. There are several reasons for this. First, there was always a
delay between the horse making the transition, the judge recognising the transition has
occurred, and then, again, a delay before the gait button is clicked in the web application.
The TS may already have correctly recorded the transition when the judge clicks the button,
so a false negative will be produced. Second, in cases of momentary loss or the change of
gait (for example, a few steps of trotty tölt in the middle of a section of trot going straight
back to trot), a judge is unlikely to react fast enough to register the gait change. If he/she
does, it is likely to be registered late.

On the other hand, the TS is very likely to register the momentary gait change, and so,
again, a false positive or false negative may be produced. There are also cases where the
human eye (and hand) is quicker to register the gait change than the TS. The main example
is the transition to walk, where the stride frequency is low, and it takes longer for the TS to
build a buffer of steps to analyse as opposed to when going into a fast tölt, for example.
In such cases, the judges may log a transition before the TS does, which results in a false
negative. For these reasons, we applied a 1 s exclusion period for transitions (as identified
by either the TS or the judges) as a fair degree of leeway. Any test cases falling within these
exclusion periods were removed from the analysis.

2.3. Dataset and Labelling—Gait Glassification with a Mobile Phone

The mobile phone sensor data were collected and labelled between May and August
2021 using the TöltSense (TS, https://toltsense.com/, accessed on 1 May 2022) system
(see Figure 1). The data were collected on a horse farm in southern England and across
various horse farms and training centres in Iceland. Seventeen different Icelandic horses
and fourteen different riders were used for the measurements, and the phone was placed
in a pocket on the rider’s clothing, chosen by the rider. The phone location varied between
riders with the phone placed in pockets on either trousers or jackets. The horses were
ridden on different surfaces outdoors, on a track, sandy arena, or a trail. In this manner,
5.8 h of labelled data were collected, which corresponded to thousands of short segments
for each gait.

The sensors from the TS system were attached to the lateral aspect of the metacarpal or
metatarsal bone and set to a sampling frequency of 125 Hz, an acceleration range of ±16 g,
and an angular velocity of 2000 deg/s. The TS system was responsible for synchronization
between sensors and data processing, as well as capturing the phone sensor data into
a log file and appending a gait label to each sample. It performs limb stride parameter
calculations by detecting hoof-on/-off times using a built-in algorithm. The results of these
calculations are then used to generate the gait labels. The TS system outputs 10 different
labels, as can be seen in Table 2. The gait labels were the only data used from the TS system
in this study, and they were generated whenever a hoof struck the ground, which was up to
ten times a second for a fast tölt, i.e., four times per stride with up to 2.5 strides per second.
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Table 2. Mapping from the TöltSense labels to the ones used in this study.

TöltSense Label Label

Standing Not Used
Walk Walk
Trot Trot
Tölt Tölt

L Canter Canter
R Canter Canter

L Cross Canter Canter
R Cross Canter Canter

Flying Pace Flying Pace

The phone models used for this study were different models of Samsung phones
and iPhones. The data logged from the iPhones were sampled at a 50 Hz rate, whereas
the data from the Samsungs were sampled at a higher rate, ranging from 100–1200 Hz,
depending on the model. The data consisted of measurements from the accelerometer and
gyroscope, which were subsequently rotated to a given frame of reference. One rotation
was to the world-frame using a quaternion generated by the phone. We note that rotating
the movement signal to the world-frame is standard practice and has been suggested by
earlier studies on equine gait analysis [9,16]. Furthermore, such a rotation makes the signal
more interpretable since it isolates acceleration in the vertical axis to a single dimension
in the input signal. However, the world-frame does not give a clear indication of how the
signal is varying in the lateral dimensions with respect to the horse. For that reason, we also
studied a rotation to the horse’s frame of reference. We used the 1 Hz GPS signal to acquire
the horse’s running direction in the x-y plane as an angle in the range [0, 360) by comparing
two consecutive longitude and latitude measurements. To determine the direction, we used
a smoothed version of the horse’s direction in the x-y plane, where we averaged the degree
in which it was moving over a 1 s window. To compute a circular average, we unwrapped
the signal by changing elements that had an absolute difference from their predecessor of
more than 180 degrees to their period-complementary value. After averaging, we wrapped
the signal again to obtain a direction in the range [0, 360). The direction and speed were
obtained using the Android/iOS location APIs.

For the sake of clarity, we note that the model receives six dimensions as the input,
acceleration around the x-, y-, and z-axis and angular velocity along the same axes in the
given frame of reference. We also explored the variations of the input signal, by adding
speed as a dimension in the input signal or only including data from the accelerometer
or gyroscope.

2.4. Pre-Processing of Signals from Mobile Phone Sensors

The data were pre-processed using common libraries for Python: NumPy, Pandas,
and PyTorch. The rides that were sampled at more than 50 Hz were downsampled to
50 Hz. It may be noted that previous results indicate that downsampling to 50 Hz does not
have a large impact on gait classification performance [11] or vertical movement symmetry
measures in trot [17].

We split the data into a training set and a test set to measure generalization perfor-
mance. The test set contained data from four horses that were not observed in the training
set and a rider/horse combination that was not in the training set (see Table 3). We split the
data into segments, as is illustrated with the blue rectangle in Figure 1. When generating
the segments, we selected a segment such that it overlapped with the previous segment
by 90%. We chose a fixed proportional overlap between segments instead of an absolute
segment shift to reduce overfitting when studying longer intervals. For this reason, we had
less training and test data for longer intervals. However, since relatively little flying pace
data were present, we generated segments every 20 milliseconds for the flying pace for
every window size.
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As in the validation of the TS, segments were discarded that were within a 2 s period
of a gait switch (here, a gait switch occurs when the Töltsense labels change) to leave out
periods where the horse is in transition as such transitions might not have a reliable label.
This discarding further eliminated transient labelling errors that may arise due to latency
in the classification from the TS.

The ten labels from the TS system were mapped to a set of five labels representing the
five gaits of the Icelandic horse (Table 2). Note that the cross canter is typically a result of
rider error when transitioning to canter or flying pace (incidentally, pace horses often wear
special over-reach boots to protect against strike injuries made more likely by cross canter).
The two cross canters were mapped to canter, but no examples of it were actually collected
in the training data. The distribution of the gaits in the training set can be seen in Figure 6.

Table 3. Overview of the horses used for the study. The total time of labelled data sums up to 5.4 h.
Note that only the horses in the 2nd, 10th, and 11th row are five-gaited.

Horse No. Location Rides Walk Trot Tölt Canter Flying Pace Total Time

1 England 1 1026 s 212 s 376 s 190 s 0 s 30 min
2 England 2 1488 s 98 s 253 s 39 s 85 s 33 min
3 England 2 767 s 427 s 973 s 154 s 0 s 39 min
4 Iceland 3 470 s 416 s 935 s 42 s 0 s 31 min
5 Iceland 2 394 s 121 s 710 s 0 s 0 s 20 min
6 Iceland 4 1394 s 628 s 2275 s 88 s 0 s 73 min
7 Iceland 2 1319 s 712 s 1161 s 257 s 0 s 57 min
8 Iceland 1 354 s 192 s 496 s 63 s 0 s 18 min
9 Iceland 1 157 s 120 s 212 s 32 s 0 s 8 min
10 Iceland 2 0 s 0 s 0 s 0 s 28 s 0.5 min
11 Iceland 1 0 s 0 s 0 s 0 s 27 s 0.5 min
12 England 1 155 s 55 s 67 s 40 s 0 s 5 min
13 England 1 144 s 0 s 338 s 0 s 0 s 8 min
14 England 1 141 s 90 s 144 s 102 s 0 s 8 min
15 England 1 124 s 61 s 100 s 14 s 0 s 5 min
16 England 1 117 s 41 s 80 s 24 s 0 s 4 min
17 England 1 134 s 80 s 134 s 38 s 0 s 6 min

Figure 6. The distribution of horse gaits in the dataset for 1.5 s segments.

The training set was split into a training and validation with an 85/15 split, and the
samples were shuffled for training. The leave-one-outtest set contained rides from Horse
Nos. 1, 2, 8, 9, and 11 while the rest were used for training. Rides from Subject No. 2
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were used in both sets, but the rides had different riders. However, the rides contained a
different phone model and a different rider.

2.5. The Gait Classification Model

The main model used for gait classification in this study was a recurrent neural
network (RNN), namely, a long short-term memory (LSTM), an architecture widely used
for time series classification and regression tasks [10]. Other similar RNN architectures
were also tested such as a gated recurrent unit (GRU, [18]) and a bidirectional LSTM [19].
A 1-dimensional convolutional neural network was also tested.

The LSTM model contained a single LSTM layer with 200 units; the Bi-LSTM model
had 400 units; the GRU model had 200 units. For the 1-dimensional CNN model, we had
four layers with a kernel size of 3. The layer dilation rates were 12, 8, 4, and 1; the number of
inputs was ni, 16, 32, and 64, where ni is the number of input features used; the number of
outputs was 16, 32, 64, and 128. In all models, the final layer added was a 128-dimensional
linear layer (see Figure 7 for the LSTM model). The models were trained for 20 epochs with
a batch size of 64 using the ADAM optimizer [20] and early stopping monitoring the loss
of the validation set. All models were trained using cross-entropy as the loss function.

Figure 7. The model architecture used in this study.

The model’s input was the output of the mobile sensors rotated to a given frame of
reference where one axis (z) represents the vertical dimension and the others (x and y)
represent the horizontal dimensions. In the world-frame, the horizontal axes correspond to
the south–north and east–west directions. In the horse-frame, they correspond to the front–
back and left–right directions. We also studied the effect of adding speed as an additional
input feature, where the speed was calculated based on the GPS coordinates. The accelera-
tion signal had three dimensions; the gyroscope signal had three dimensions; the speed
signal had one dimension.

2.6. Smoothing Classifier Output

The model prediction only took in a segment of mobile sensor data and output a
label. Due to the training approach, the model might make mistakes, which can be easily
corrected on sequential data. As an example, because the model is not given its output
for the last segment, it can claim that a horse is performing tölt and then brief walking for
100 milliseconds and then tölt again. Intuitively, horses do not perform such a switch from
one gait to another and back within a 100-millisecond time period.

For this reason, two post-processing methods were used for smoothing the classifier
output that could be applied to the leave-one-outtest datasets since they were in sequential
order. The former method makes use of the linear layer of the network, which outputs a
probability vector of the labels. The vector output of the softmax layer is updated with
respect to the vectors preceding it in time using the exponential weight decay defined as:
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z0 = h0, and zt =
zt−1 + ht

2
. (1)

The vector h denotes the output from the LSTM and z the refined vector after using
exponential decay. This method ameliorates the problem to some extent, but does not fix it
completely. To further refine the result, we applied a majority vote window of size 7, which
we slid over the gaits as determined by the zt vectors (for an illustration, see Figure 8).
Concretely, we define

gt = arg max zt (2)

as the gait chosen at time t through the largest component of zt. We then define g′t as the
most common gait in the set

{gt−3, gt−2, gt−1, gt, gt+1, gt+2, gt+3}

where ties are broken by using gt. The sequence g′t represents the output of our method
after the two post-processing steps.

Figure 8. Sliding window majority vote. Here, gt represents the chosen gait after the first pre-
processing step and g′t represents the chosen gait after the majority vote. MCV is an abbreviation for
“Most-Common Value”, and the curly brackets represent the window on which the most-common
value is selected.

By applying the post-processing step, the prediction depends not only on past predic-
tions, but also on future predictions, smoothing the signal.

2.7. Performance Measures

To measure the performance of the model across all gaits, we used the micro-averaged
classification accuracy defined as

number of correctly classified examples
total number of examples

, (3)

which corresponds to the sum of the diagonal in a confusion matrix divided by the sum of
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all entries. For the accuracy of particular gaits, we report the one-vs.-all accuracy, i.e., where
the classification is viewed as a binary classification problem with the gait in one class and
all other gaits in the other class. We further report the macro-averaged gait classification
accuracy where we averaged single gait classification accuracies over the gaits.

3. Results

3.1. Validation of TöltSense Labels

A total of 4421 one-second windows were generated from the TS logs, which in-
cluded 179 gait transitions. Excluding cases that were subsequently marked as −2 or −1
and without exclusion periods, 4371 valid test cases were generated. Factoring in transition
exclusion periods reduces the number of valid test cases (see the table below). The accuracy
of the TS predictions was calculated simply as the total number of correct predictions
divided by the total number of valid test cases.

In Table 4, we show how the calculated accuracy varied when we altered the exclusion
period for both judge-identified and TS-identified transitions.

Table 4. Gait classification accuracy for different sizes of exclusion windows.

TS Excl (ms) Judge Excl (ms) Test Cases Accuracy

2000 2000 3358 99.73%
1000 1000 3757 98.86%
1000 0 3909 97.95%

0 1000 3990 96.62%
0 0 4371 93.89%

The exclusion period was varied from 0 s to 2 s, and it was found that the longer the
period, the greater the accuracy was. Without any exclusion periods, the micro-averaged
accuracy was 93.89%, and with 2 s for each, the micro-averaged accuracy was 99.73%.
The gait distribution is shown in Figure 9, and the confusion matrix for the case where both
the TS and judge exclusion period was 1000ms is shown in Figure 10. The confusion matrix
without any exclusion periods is shown in Figure 11.

Figure 9. Distribution of gaits as identified by the judges. We note that pace is under-represented.
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Figure 10. A confusion matrix for the case where both the TS and judge exclusion period was
1000 ms.

Figure 11. A confusion matrix for the case where both the TS and Judge exclusion period was 0 ms.

3.2. Comparing Sequence Models on Mobile Phone Sensor Data

The results of the mobile phone sensor study were based on data collected from
17 horses (see the Methods Section). When comparing sequence models, cross-validation
was used where each horse was left out. For other experiments, we used a separate test
set. Four of the horses were left out from the training data to measure the test performance.
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Since only a few horses were able to perform flying pace, we had one horse both in the
training and test data, but the rider was different in each set.

We compared several models in the gait classification task using cross-validation,
where each horse was left out separately. The micro-averaged classification accuracy,
averaged over the horses, is shown in Table 5. All models had accuracy scores exceeding
90%, with the Bi-LSTM model reaching the highest at 94.4%.

For each horse, detailed results based on the Bi-LSTM model are shown in Table 6.
We observed the highest accuracy for walking at 97%. Canter was at 94%, flying pace at
93%, tölt at 89%, and trot at 82%. However, for four horses, the micro-averaged accuracy
was worse (see the Discussion Section). The model performed well, as we hypothesized.
Specifically, the model did not confuse the gaits of the Icelandic horse, tölt and flying pace.

Table 5. The average micro-averaged gait classification accuracy was computed for each horse using
cross-validation, where the horse was left out for evaluation. The cross-validation was repeated five
times for each model, and the results were averaged.

Model Macro avg.

Bi-LSTM 94.4
GRU 91.2
LSTM 93.3

1D CNN 93.9

Table 6. We performed cross-validation where each horse was left out. For each horse, we ran the
evaluation with five different initializations of the Bi-LSTM model and report the micro average for
each gait. The macro average over all the gaits is 0.91. The amount of training data for each horse can
be found in Table 3.

Horse ID. Walk Trot Tölt Canter Flying Pace Micro avg.

1 1.0 1.0 1.0 1.0 - 1.0
2 0.98 0.72 0.82 1.0 0.87 0.95
3 1.0 0.97 0.99 1.0 - 0.99
4 0.83 0.82 0.96 0.61 - 0.89
5 0.99 0.68 0.94 - - 0.94
6 0.99 0.97 0.99 0.69 - 0.98
7 1.0 0.88 0.92 0.99 - 0.95
8 0.95 0.92 1.0 1.0 - 0.97
9 0.93 0.88 1.0 1.0 - 0.96

10 - - - - 0.95 0.95
11 - - - - 0.9 0.9
12 0.98 0.44 0.74 0.96 - 0.87
13 0.97 0.0 0.98 - - 0.97
14 1.0 1.0 1.0 1.0 - 1.0
15 1.0 0.57 0.61 1.0 - 0.82
16 0.97 0.66 0.5 1.0 - 0.74
17 1.0 0.95 0.93 0.99 - 0.94

Macro avg. 0.97 0.82 0.89 0.94 0.93 0.94

3.3. Using the Horse’s Frame of Reference Improves Classification Performance

Using the world-frame as a frame of reference isolates vertical variations in accelera-
tion to a single axis. However, rotations to the horse-frame can further isolate variations in
acceleration along the left–right axis and the front–back axis. We thus hypothesized that
rotation to the horse-frame could lead to better classification performance. We trained an
LSTM network with 200 units on 1.5 s-long segments of accelerometer and gyroscope mea-
surements from 17 horses (see Table 3 for information about the horses). The distribution
of the collected segments is shown in Figure 6. The dataset was quite imbalanced, but with
the data acquisition approach, we managed to collect thousands of segments for each gait.
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We evaluated the model on data left out from five rides, and it reached an average
accuracy of 96.1% when training on the signal rotated to the horse’s frame of reference (see
Figure 12 for the best run) compared to an average accuracy of 93.9% for a signal rotated to
the world-frame (see Figure 13 for the best run).

Figure 12. Confusion matrix for the gait classification model on the test set with 98.0% accuracy (best
out of 9 random seeds with average accuracy at 96.1% and median accuracy at 95.8%). We use an
input interval of length 1.5 s, where the input signal is aligned to the horse’s frame of reference.

Figure 13. Confusion matrix for the gait classification model on the test set with 96.1% accuracy (best
out of 9 random seeds with average accuracy at 93.9% and median accuracy at 92.7%). We use an
input interval of length 1.5 s, where the input signal is aligned to the world-frame.

3.4. The Model Is Robust to Choice of Interval Length

Achieving a good performance with short intervals or less data can make predictions
more responsive in an interactive environment since the model needs less time to react to
gait changes. For recurrent models such as LSTMs, a shorter input can further reduce the
computational cost of the inference task, which is ideal for mobile devices. For an LSTM
model, the performance does not seem to depend strongly on the interval length in the
range of 0.5–4 s (see Figure 14). The maximum accuracy on the test set was achieved for a
3 s interval, but the mean accuracy was highest for a 4 s interval. For an interval of length
1.5 s, the accuracy of the model averaged around 96% over nine evaluations on the test set
where the model was trained each time using a different random seed. It may be noted
that the variation in the test accuracy also increased with longer intervals. This can to some
extent be attributed to the decreased size of the training and test sets for longer interval
lengths, which leads to larger relative deviations in measures of performance on the test set.
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Figure 14. Accuracy over all gaits for each interval length (in seconds) using a rotation to the horse’s
frame of reference. The blue and red lines show the result of post-processing the classification result
to achieve a higher accuracy score. The shaded area is bounded by the highest and lowest reported
accuracy for each interval after post-processing. The accuracy is averaged over 9 evaluations on the
test set, where the model was trained using a different random seed each time.

3.5. Performance Comparison for Input Signal Variations

We further studied the effect of varying sampling rates and what signals we trained
the model on for 1.5-s intervals when the signals had been rotated to the horse’s frame
of reference. These variations reflect that not all mobile devices have a gyroscope and an
accelerometer and the sampling rates vary significantly. In addition, we studied the effect
that the speed had on the classification performance. The speed was derived from the GPS
data on the phone’s placement and not from the accelerometer. Table 7 shows the result.

Table 7. Classification accuracy on the test set for different signal combinations and rates for 1.5 s
segments and a rotation to the horse-frame with the best performance for each rate in bold. The num-
bers reported are the median micro-averaged accuracy over 9 random seeds (a different random seed
was used each time the model was trained and evaluated on the test set). G stands for Gyroscope
only, A for Accelerometer only and G+A for Gyroscope and Accelerometer.

without Speed with Speed

Rate G A G+A G A G+A

10 Hz 80.8 96.9 92.2 76.7 95.7 91.1
15 Hz 91.4 97.4 96.8 92.4 96.1 96.0
25 Hz 92.3 97.8 97.1 92.5 97.1 96.6
50 Hz 92.6 96.8 96.4 90.7 97.3 95.8

The result suggests that acceleration is the most-important input signal for gait classi-
fication. From the evaluation, we cannot conclude that the addition of gyroscope signals or
speed consistently improved the model accuracy. Since acceleration reflects variations in
speed, the speed signal might not be providing additional information that the model can
benefit from. Furthermore, the speed signal might not be available indoors or in situations
where the GPS is not reliable.

Regarding sampling rates, we did not observe a large drop in performance when they
were lowered with only acceleration as the input. However, we saw a big difference in
performance for 10 Hz and 15 Hz when the input from the gyroscope was used. The per-
formance also did not clearly increase with a higher sampling rate, since we observed the
best performance for 25 Hz, but not for 50 Hz.
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4. Discussion

In this article, we presented the gait classification performance of the first phone-based
classifier that recognizes all five gaits of the Icelandic horse, including flying pace. We
showed that the gait classification for five-gaited horses can reach 94.4% accuracy with the
model receiving only raw mobile sensor data from the accelerometer and gyroscope rotated
to the horse-frame based on measurements from the magnetometer and a GPS signal. That
is, specific feature engineering was not required. Instead of labelling the data by hand, we
used a novel efficient approach to label the data by simultaneously collecting data from
smartphones and the TS gait labelling system. That system generates a gait label based on
four IMU sensors attached to a horse’s limbs, and thus, the gait label is based on a signal
for the limb movements. The kind of information that the TS can generate would normally
require an expert eye on the ground or an in-depth frame-by-frame analysis of video. Such
circumstances inevitably incur costs and are restrictive in terms of environment, such as
being confined to a riding hall, or good lighting, or fair weather. Moreover, the volume and
utility of information gathered manually is limited. By contrast, the TS is a cost-effective
way to collect gait labels without any external assistance or environmental restrictions.

Through cross-validation, the method achieved accuracy scores above or equal to 0.9
for all gaits except trot (0.82) and tölt (0.89). In that regard, the most-common confusion in
the model was between tölt and trot. It is conceivable that more training data from different
horses and riders would improve the performance on trot since the performance on the
training set was better than on the test set, which can indicate mild overfitting.

Tölt is characterized by a four-beat gait in which the horse lifts its hooves off the ground
in a diagonal sequence. It has half-suspension in both the front and hind. In contrast, trot is
a two-beat gait in which the horse lifts its hooves off the ground in a diagonal sequence,
but with a moment of suspension. Tölt is considered to be the gait between trot and flying
pace. We note that tölt can be ridden at different variations, speeds, and quality [15],
some of which can be hard to differentiate from trot. Experienced human observers might
even disagree on trotty tölt and tölty trot, especially at higher speeds, where they might be
harder to tell apart [21]. Furthermore, trot can be ridden using three main riding techniques:
sitting, rising, and a two-point seat where the rider stands in the stirrups. These techniques
influence how the rider moves along with the horse, and they can also influence the horse’s
motion pattern [22]. We speculate that different riding techniques could make the mobile
sensor movements more similar to other gaits. Together, these differences might explain the
confusion in the model. To improve the performance of models relying on mobile phone
sensors, it could be worthwhile to study whether different combinations of riding styles
and gaits can be distinguished in mobile sensor recordings.

On the test set, the model reached a median classification accuracy of 96.9% with
sampling rates down to 10 Hz. We observed a higher accuracy for 25 Hz signals than
50 Hz signals when comparing signal combinations. In principle, performance can in-
crease by lowering the sampling rate since it translates to shorter input sequences for
the model. A recurrent neural network such as an LSTM model might handle shorter
inputs better [23,24]. However, lowering the sampling rate too much can cause the signal
to contain less information about the underlying gait, which possibly explains the perfor-
mance drop for the 15 Hz and 10 Hz signals. When exploring signal combinations, we also
observed that speed did not lead to improved accuracy, in agreement with prior work [8].

To ensure the reliability of our measurements with respect to TS labels, we further
validated TS accuracy in a separate study. We demonstrated a very high level of agreement
between the TS and qualified sport judges when classifying the gait of Icelandic horses.
The use of exclusion periods around transitions can take the agreement to over 99%, but the
agreement was around 94% even without any exclusion. We earlier framed this in terms of
“accuracy” by considering the judge classifications as the ground truth. In reality, we are
assessing the agreement between two different measuring approaches, and it is valid to
question whether the TS is more accurate than human observers in some circumstances.
There are often areas where the judges disagree about the gait. For example, a very pacey
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tölt coming out of canter may be classed as pace by some and tölt by others. There are
also cases on the boundary between walk and tölt and between tölt and trot. It may be
interesting to analyse these disagreements as a project in itself. The main shortcoming of
the validation study is the lack of flying pace segments.

We acknowledge that this study is limited to Icelandic horses. However, the methods
we have applied to collect the data can be used to collect data for a large population of
different horse breeds in diverse environments using various wearable sensors. More test
data would further allow us to better measure the generalization performance. That would
be especially beneficial for flying pace, the gait for which we had the fewest measure-
ments [25]. To improve the results further, we note that it is known that sensor placement
can affect model performance [9,26], and we hypothesize that phone placement could have
an effect, which would explain the worse classification performance for some horse–rider
pairs. We speculate that our results could be improved by making sure that factors such
as the phone’s placement, phone model, riding surface, and clothing (loose vs. tight) are
standardized. To mitigate the phone’s placement problem, a model could be trained that
takes the placement into account, which could improve overall performance. Furthermore,
to improve the user experience of an app, a model could be trained to automatically infer
the phone’s placement (and possibly even the type of riding surface) such that a user
would not need to assign it himself/herself. Further improvements could be achieved with
better mobile phone sensors. For example, we used a 1Hz GPS signal to estimate direction,
but a higher sampling rate could allow for more detailed estimates of direction and other
important parameters. For example, Pfau et al. managed to estimate essential stride pa-
rameters using a 10 Hz GPS signal [27]. Another improvement could be achieved by using
several mobile sensors, such as jointly from a smartwatch and a smartphone. Estimating
speed has been shown to be better with more than a single horse-mounted sensor [28],
and it thus is reasonable to ask whether several human-attached sensors improve gait
classification performance.

Recordings based on mobile phones open up a variety of possibilities in horse-related
activity tasks. For example, it makes it feasible to study horse behaviour at a large scale
through volunteer participation. Such data can be used to classify horses, define pheno-
types, and possibly relate their behaviour to genomic data. Furthermore, data obtained
from mobile phone sensors have been used for lameness detection [9,29], but such stud-
ies could benefit from the labelling approach we used here. Sensors attached to a horse
have been used to identify lameness [30–32], and commercial products have been devel-
oped for that task (see, for example, https://equisense.com/ accessed on 1 May 2022 and
https://equinosis.com/ accessed on 1 May 2022).

Traditionally, the human eye has been considered the gold standard for gait classifica-
tion. Bragança et al. [8] claimed based on their results that human visual and subjective
assessment is not optimal. Furthermore, results on lameness detection using human ob-
servers have reported low intraobserver agreement [33,34]. Therefore, when models can
exceed human performance for tasks such as lameness detection, then they will possi-
bly be better suited for data labelling. Similar to our labelling approach, data could be
captured simultaneously from mobile phone sensors attached to the horse and a label
from a well-performing model (we acknowledge that commercial products can be difficult
to trust due to too rarely disclosed accuracies). That dataset can then be used to train
a model for lameness detection. Alternatively, there is also the possibility of applying
unsupervised approaches such as anomaly detection methods to detect unusual recordings
at a large scale.

5. Conclusions

In this paper, we investigated the feasibility of using mobile phone sensors for gait
classification in Icelandic horses, a breed known for its ability to perform five gaits: walk,
trot, canter, tölt, and flying pace. We used the TöltSense (TS) system to label our training
data and evaluated the accuracy of different machine learning models on these data. Our
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results showed that it is possible to achieve high accuracy in gait classification using mobile
phone sensors, with the best-performing model reaching an accuracy of 94.4%.

These findings have significant implications for the field of gait classification. Mobile
phones are widely available and portable devices that are often carried by individuals,
making them a convenient and accessible option for gait classification. Our results suggest
that mobile phone sensors can be used as a reliable alternative to sensors attached to
the animal, offering a more practical and convenient solution for gait classification in
certain contexts.

However, it is important to note that the accuracy of gait classification can be influ-
enced by various factors, such as the environment in which the data are collected and the
quality of the sensors. Further research is needed to fully understand the limitations and
potential of mobile phone sensors for gait classification in different contexts and with
different types of animals.

In conclusion, our study demonstrated the feasibility of using mobile phone sensors
for gait classification in Icelandic horses, offering a convenient and accessible alternative
to traditional methods. These findings have the potential to broaden the scope of gait
classification research and to facilitate the development of mobile-phone-based applications
for gait classification.
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Simple Summary: Before entering high-level dressage competitions, horses are inspected
for lameness while trotting in hand, but it is unclear how motion asymmetries change when
horses are ridden. This study measures axial and limb asymmetries to test the hypothesis
that ridden horses have greater vertical movement asymmetry of the head, withers, and
pelvis than when trotting in hand. Nineteen dressage horses were evaluated trotting in
hand on a firm surface and being ridden by their trainer in an arena with sand-fiber footing
at collected and extended trot. Inertial measurement units (IMUs) on the head, withers,
and pelvis measured data describing vertical motion and left–right asymmetry under the
three trotting conditions. IMUs on the cannon bones measured left–right symmetry in limb
pro-/retraction. Ridden horses had larger vertical ranges of motion of the head, withers,
and pelvis, which were ascribed to the riders’ effects on impulsion and engagement. Ridden
horses had larger asymmetries in head and withers MaxDiff and pelvic MinDiff in collected
trot. These were thought to reflect left–right differences in muscular strength that affected
the ability to raise the forehand and lower the haunches.

Abstract: Prior to international competitions, dressage horses are evaluated for fitness to
compete while trotting in hand on a firm surface. This study compares the kinematics of
experienced dressage horses trotting under fitness-to-compete conditions vs. performing
collected and extended trot when ridden on a sand-fiber arena surface. The hypotheses
are that the vertical range of motion (ROM) and left–right asymmetries in minimal and
maximal heights of axial body segments at ridden trot exceed those when trotting in
hand. Inertial measurement units (IMUs) attached mid-dorsally to the head, withers, and
pelvis of 19 actively competing dressage horses measured the vertical ROM and left–right
asymmetries in minimal (MinDiff) and maximal (MaxDiff) heights of the midline sensors.
The vertical ROM was greater for both types of ridden trot, reflecting greater impulsion in
response to the riders’ aids. Head MinDiff/MaxDiff and withers MaxDiff were significantly
higher under both ridden conditions. Pelvis MinDiff was significantly the largest for
collected trot. Compared with trot in hand, left–right differences in limb protraction were
larger for extended and collected trot in the forelimbs but only for extended trot in the hind
limbs. The rider’s influence increases the horse’s impulsion and vertical ROM, which may
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exacerbate inherent asymmetries in muscular strength when lowering the haunches and
elevating the withers.

Keywords: head asymmetry; withers asymmetry; pelvic asymmetry; limb pro-/retraction;
collected trot; extended trot; fit to compete

1. Introduction

Equestrian sports are based on locomotor skills that require varying combinations
of speed, endurance, and power. Locomotion is a result of ground reaction forces (GRFs)
generated when the hooves press against the ground. The resultant GRF can be represented
by three perpendicular components, each having a different effect on the horse’s center of
mass (CoM): the vertical component pushes the body upwards, the longitudinal compo-
nent controls craniocaudal accelerations, and the transverse component is necessary for
turning. In a lame horse, the generation of vertical GRF and impulse during the stance
phase of the lame limb are reduced compared with the compensating limb [1–4]. This
results in asymmetrical vertical excursions of the CoM and axial body segments on the
two diagonals [1–4].

Inertial measurement units (IMUs) measure accelerations from which displacements
are calculated. When attached to specific body segments, they offer an accurate method of
determining segmental displacements and rotations. In relation to the study reported here,
IMUs characterize body motion [5] and detect left–right asymmetries in the vertical motion
of axial body segments and the longitudinal motion of the limb segments [2,6]. These
asymmetries are consequences of differences in GRFs generated by the left and right limbs.
Forelimb asymmetries mostly affect the poll and withers, while hind limb asymmetries
have more effect on the pelvis. The ability of IMUs to detect asymmetries that fall below the
threshold of detection of the human eye is particularly useful in the diagnosis of lameness
in clinical practice [7].

Interestingly, the use of IMUs has revealed high prevalence of movement asymmetries
in various populations of horses that are in active training and are described as “sound”
by their owners [3,8–11]. Similar asymmetries have been reported in horses showing limb
length discrepancy [12], trotting around a circle [6], or being ridden at a rising trot [13].
Limited information is available regarding the effect of a rider, per se, on gait symmetry at
the trot and, thus, differences in horses’ kinematics at the in-hand evaluation compared
with the performance in the competition arena.

A question that needs to be addressed in horses with asymmetrical movements of the
axial body segments is whether the horse is lame/in pain or whether other confounding
influences are involved. One possible confounder is motor laterality originating in the
cerebral cortex and resulting in asymmetrical muscular strength or use of the contralateral
limb pairs. There is, as yet, insufficient evidence to support or refute an effect of motor
laterality on gait symmetry in trotting horses. One study found that 12 of 13 values that
were above the commonly used asymmetry limits for PMinDiff were towards the right
side, but no other parameter had the same skewed distribution [14]. A different study
of 65 young warmblood horses did not find convincing evidence that vertical movement
asymmetry was associated with the horses’ perceived laterality patterns [15].

The study reported here addresses gait asymmetry in high-level, actively competing
dressage horses under two practical conditions that occur during international dressage
competitions (CDI): trot in hand and ridden trot at slow (collected) and fast (extended)
speeds. Trot in hand is part of a mandatory, subjective evaluation of the horse’s health and
soundness. It is usually performed on a track at least 30 m long with a firm, level, clean,
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and non-slippery surface. Horses are led from the left side on a loose rein wearing a bridle
or halter. The horse walks away from the inspector for a short distance, trots to the end of
the track, turns by walking in a clockwise direction, and trots back to the starting point. A
decision is made that the horse is accepted (fit to compete), not accepted (unfit to compete),
or questionable, in which case the horse is moved to a holding box for further evaluation.
Since there is no appeal against the ground jury’s decision, it is important for the inspection
to be fair and honest.

The dressage test is performed on an arena surface that is predominantly sand, to
which the addition of other materials is allowed. The prescribed test movements are
judged and scored subjectively. Criteria evaluated by judges include left–right symmetry in
spatiotemporal variables and spinal movements, and one of the responsibilities of the chief
judge is to stop the performance if the horse appears to be lame. The extent to which the
horse’s own kinematic pattern and the presence of a rider affect locomotor asymmetries is
highly relevant in this context. Lower-level competitions do not have a fitness-to-compete
evaluation, which puts the onus on the judge to recognize and assess the importance of
locomotor asymmetries.

This study evaluates the vertical ROM (range of motion) and movement symmetry in
axial body segments and pro-/retraction of the limbs in a group of experienced dressage
horses under conditions simulating the CDI fitness-to-compete inspection and the compe-
tition performance. The objectives are to measure and compare locomotor asymmetries
under the two conditions and, in particular, to evaluate the effects due to the presence of
a rider, the trotting speed of the horse, and the type of footing. The hypotheses are that
the vertical ROM of the axial body segments, the asymmetries in minimal and maximal
heights of axial body segments, and the asymmetries in limb pro-/retraction at trot are
greater when horses are ridden compared with trotting in hand.

2. Materials and Methods

2.1. Horses and Riders

The subjects were 19 dressage horses (mean ± SD; height: 166.7 ± 7.4 cm; age:
10.7 ± 3.2 years; sex: 5 stallions, 11 geldings, and 3 mares) ridden by their regular riders.
Inclusion criteria were that horses were assessed as sound by their trainers and two
clinicians, horses and riders were able to perform at Prix St. George level or higher, and
they were actively competing in high-level dressage competitions. Prior to acceptance
into the study, two experienced lameness clinicians (M.R. and E.H.) performed a clinical
examination consisting of visual inspection and palpation of the musculoskeletal system.

2.2. Study Design and Data Collection

Data were collected by using 15 wireless ProMove-mini IMUs (Inertia Technology B.V.,
Enschede, The Netherlands), each of which weighed 20 g. The sensors have two aligned
accelerometers that provide a single fused signal with high precision and range, a gyroscope
that measures angular velocity in a range of ±2000o/s, and a compass to measure magnetic
field intensity. The IMUs are actively time-synchronized within a precision of 100 ns and a
sampling frequency of 200 Hz, which is ample for trotting data [16]. They transmit over
a distance up to 30 m to the Inertia Gateway, which coordinates the individual nodes
and streams data through the gateway to a laptop computer running Equimoves software
(version 0.0.211001). Additionally, each sensor has an on-board SD card with 2 Gb memory,
which stores data if the horse moves outside of the wireless transmission range. Stored data
are retrieved on completion of the data collection. For further details, see Bosch et al. [17].
The IMUs were also synchronized with 3 video cameras.
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IMU nodes were attached to the poll, withers, lumbar spine region just behind the
saddle, left and right tuber coxae, pelvis above and between the tubera sacrale, the cannon
region of each limb, and the four hooves. The head sensor was mounted on the crown
piece of the bridle by using hook and loop tape. At the withers, lumbosacral region, pelvis,
and tuber coxae, sensors were attached to the skin with animal polster and double-sided
tape. A lightweight protection boot with a sensor pocket on its lateral aspect was attached
to the cannon region of each limb. Hoof sensors were attached on the lateral aspect of the
hooves and wrapped with duct tape (Figure 1).

 

Figure 1. IMU locations. Sensors on the limbs are attached bilaterally. Photo courtesy of Dr. Hilary
M. Clayton.

The in-hand evaluation involved walking and trotting the horses approximately 30 m
in a straight line over a firm surface. Since horses were evaluated at different venues, the
surfaces were not identical and consisted of packed clay, packed gravel, or asphalt. Video
recordings made from the cranial, caudal, and lateral views were synchronized with data
from the IMUs.

Each horse wore its usual tack for the ridden part of the study. They were ridden in
arenas with similar but not identical footing based on sand with added geotextiles/fibers.
Horses warmed up in the arena at the rider’s discretion and then performed a dressage test
written for the study. It included all dressage gaits performed in straight lines and, when
appropriate, on left and right circles, and lateral movements. Two 5 min rest intervals were
included. The riders familiarized themselves with the test beforehand, and during testing,
it was read to them through ear buds.

2.3. Data Processing and Analysis

Data from the sensors were analyzed with EquiMoves software, which converted the
recorded vertical accelerations into vertical displacements. Stride segmentation was based
on angular velocity data from a gyroscope [17], and stride durations were measured. The
cannon-mounted IMUs detected hoof-on and hoof-off events, which marked the transitions
between swing and stance phases for each limb [17]. Speed could not be measured because
the roof of the covered arenas interfered with satellite communication.
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The dorsal midline sensors follow a sinusoidal path with two cycles per stride
(Figure 2). The following variables were extracted from the raw data:

• Stride duration: Time elapsing between successive occurrences of the same event in
successive strides.

• HROMz, WROMz, and PROMz: Vertical range of motion (ROMz) calculated as the
difference between the minimal and maximal heights of the head (H), withers (W),
and pelvis (P) sensors during each diagonal stance phase.

• HMinDiff, WMinDiff, and PMinDiff: Absolute difference between the two minima of
the heights of the head (H), withers (W), and pelvis (P) sensors during the stride.

• HMaxDiff, WMaxDiff, and PMaxDiff: Absolute difference between the two maxima
of the heights of the head (H), withers (W), and pelvis (P) sensors during the stride.

• ProMaxDiff: Difference in maximal protraction between contralateral limbs in late
swing. Measured as the absolute difference between left and right cannon segment
angles relative to the vertical at maximal protraction when the distal cannon bone is
maximally dorsal to its proximal end.

• RetMaxDiff: Difference in maximal retraction between contralateral limbs shortly after
lift-off. Measured as the absolute difference between the left and right cannon segment
angles relative to the vertical at maximal retraction when the distal cannon segment is
maximally palmar/plantar to its proximal end.

Figure 2. Sinusoidal pattern of the vertical motion of a dorsal midline sensor during one stride at trot
showing the two minima, two maxima, and measurement of MinDiff, MaxDiff, and ROMz. The bars
at the bottom indicate stance phase durations of the diagonal limb pairs. LF: left fore; RF: right fore;
LH: left hind; RH: right hind.

2.4. Statistical Analysis

Descriptive statistics were performed, and boxplots, showing means, inter-quartile
ranges, and individual data points, were created to demonstrate stride duration, ROM,
upper-body symmetry parameters, and symmetry in maximum cannon protraction and
retraction for the three trot conditions (extended, collected, and in hand).

All variables except stride duration were square root-transformed to achieve a nor-
mal distribution of model residuals. By using R-studio (version 3.6.3) and the package
lme4 (version 1.1), linear mixed models were obtained for all variables with horse as a
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random effect and trot conditions (in hand, extended, and collected) as fixed effects. For
pairwise comparisons, p-values of ≤0.05 were regarded as significant.

3. Results

All horses completed all phases of the data collection required for this study. The
following description refers only to statistically different findings (p ≤ 0.05).

3.1. Stride Duration

Stride duration (LSmean) was significantly longer in collected trot (0.85 s) compared with
trot in hand (0.78 s) and extended trot (0.78 s), which did not differ from each other (Figure 3).

Figure 3. Boxplot showing arithmetic means, inter-quartile ranges, and individual data points for
stride duration during extended (orange), collected (green), and in-hand (blue) trot.

3.2. Vertical Range of Motion

Differences between the vertical ROM in the three types of trot followed the same pattern
for the head, withers, and pelvis, with trot in hand having a significantly smaller vertical
ROM than both ridden conditions, which did not differ from each other (Table 1, Figure 4).

Table 1. Linear mixed model output with pairwise comparison for vertical ranges of motion among trot
conditions. Values are LSmeans with 95% confidence intervals for ROM (mm). For each sensor location
(head, withers, and pelvis), LSmean values with different superscripts differ significantly (p < 0.05).

Sensor Location Condition LSmean Lower C.I. Upper C.I.

Head Extended trot 123.4 b 107.8 140.1
Collected trot 129.3 b 113.3 146.4
Trot in hand 82.4 a 70.2 95.5

Withers Extended trot 90.3 b 79.7 101.5
Collected trot 97.5 b 86.5 109.1
Trot in hand 79.3 a 69.6 89.5

Pelvis Extended trot 102.3 b 89.6 115.9
Collected trot 106.9 b 93.9 120.8
Trot in hand 86.2 a 74.8 98.4
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Figure 4. Boxplots showing arithmetic means, inter-quartile ranges, and individual data points
for vertical range of motion of the head (left), withers (center), and pelvis (right) for extended trot
(orange), collected trot (green), and in-hand trot (blue).

3.3. MinDiff

MinDiff values for the head, withers, and pelvis are shown in Table 2 and Figure 5.
HMinDiff was larger for both types of ridden trot than trot in hand. WMinDiff had low
values that did not differ among trot conditions. PMinDiff was higher for collected trot
than trot in hand.

Table 2. LSmean values from mixed model analysis with 95% confidence intervals for mean absolute
values of MinDiff and MaxDiff of head, withers, and pelvis (mm). For each sensor location, LSMean
values of MinDiff or MaxDiff with different superscripts differ significantly (p < 0.05).

MinDiff MaxDiff

LSmean Lower C.I. Upper C.I. LSmean Lower C.I. Upper C.I.

Head Extended trot 17.3 b 12.4 23.1 12.8 b 8.2 17.9

Collected trot 17.5 b 12.6 23.3 16.9 b 11.9 22.8

Trot in hand 10.3 a 6.7 14.6 5.8 a 3.2 9.1

Withers Extended trot 4.7 a 2.7 6.8 7.5 b 5.0 10.4

Collected trot 6.4 a 4.4 8.8 8.6 b 6.0 11.8

Trot in hand 5.2 a 3.4 7.3 4.9 a 3.0 7.2

Pelvis Extended trot 8.51 a,b 5.2 12.7 5.7 a 3.3 8.6

Collected trot 10.5 b 6.7 15.0 5.8 a 3.5 8.8

Trot in hand 5.9 a 3.3 9.2 5.9 a 3.6 8.8

Figure 5. Boxplots showing absolute left–right differences in minimal values for height of the
head (left), withers (center), and pelvis (right) for extended trot (orange), collected trot (green), and
in-hand trot (blue).
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3.4. MaxDiff

MaxDiff values for the head, withers, and pelvis are shown in Table 2 and Figure 6.
HMaxDiff and WMaxDiff were higher in both types of ridden trot compared with trot in
hand, but there were no differences between extended and collected trot. There were no
significant differences in PMaxDiff among trot conditions.

Figure 6. Boxplots showing absolute left–right differences in maximal values for the height of the
head (left), withers (center), and pelvis (right) for extended trot (orange), collected trot (green), and
in-hand trot (blue).

3.5. Limb Protraction and Retraction

Fore ProMaxDiff for the left and right limbs in late swing (Table 3, Figure 7) did
not differ between collected and extended trot, but both ridden conditions had a larger
asymmetry in the forelimb protraction angle than trot in hand. Fore RetMaxDiff did not
differ among trot conditions. In the hind limbs, ProMaxDiff was higher in extended trot
than collected trot or trot in hand, which did not differ from each other. HindRetMaxDiff
did not differ among the three trot conditions (Table 3, Figures 8 and 9).

Table 3. LSmean from mixed model analysis with 95% confidence intervals for mean absolute values
of ProMaxDiff and RetMaxDiff of the fore- and hind limbs. For forelimbs and hind limbs, LSmean
values of ProDiff or RetDiff with different superscripts differ significantly (p < 0.05).

ProMaxDiff (deg) RetMaxDiff (deg)

LSmean Lower C.I. Upper C.I. LSmean Lower C.I. Upper C.I.

Fore Extended trot 2.9 b 1.9 4.0 5.0 a 2.8 7.9

Collected trot 2.3 b 1.5 3.3 0.7 a 3.9 0.81

Trot in hand 0.7a 0.3 1.3 1.7 a 0.6 3.4

Hind Extended trot 2.3 b 1.4 3.4 1.7 a 1.0 2.5

Collected trot 2.1 a 1.3 3.2 1.5 a 0.9 2.3

Trot in hand 1.5 a 0.8 2.4 1.0 a 0.5 1.6

Figure 7. Cont.
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Figure 7. Boxplots showing arithmetic means, inter-quartile ranges, and individual data points for
absolute left–right differences in contralateral limb maximal protraction (left graphs) and contralateral
limb maximal retraction (right graphs) in the forelimbs (top row) and hind limbs (bottom row) for
extended trot (orange), collected trot (green), and in-hand trot (blue).

Figure 8. An example from one horse of the magnitude and timing of maximal protraction and
retraction in the left (green) and right (blue) forelimbs. Illustration courtesy of Rosalie Bos.

Figure 9. An example from one horse of the magnitude and timing of maximal protraction and
retraction in the left (pink) and right (orange) hind limbs. Illustration courtesy of Rosalie Bos.

4. Discussion

This study compared stride variables of actively competing dressage horses trotting in
hand on a firm surface and being ridden at collected and extended trot on a soft arena sur-
face. This mimics the situations during the fitness-to-compete evaluation and the dressage
test performance, respectively, at CDI competitions. The fit-to-compete examination in-
volves visual evaluation by members of the ground jury in consultation with an FEI official
veterinarian. The horse should appear healthy and free from marked gait abnormality or
lameness at the trot. Horses that are judged to be lame are excluded from the competition.
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Issues influencing the visual examination include the limited temporal and spatial
resolution of the human eye [18], the lack of agreement even between experienced lameness
clinicians [19], the possibility of expectation bias in which an individual’s judgement is
influenced by past events, and a perception among competitors that subjectivity may influ-
ence the outcome. The possibility of using an objective method to detect gait asymmetries
indicative of lameness has been raised.

Asymmetry is a hallmark of lameness but is also a feature of normal gait in people [20]
and likely also in animals. Small but consistent asymmetries in the GRFs generated
by the left and right legs result in asymmetrical vertical oscillations of the CoM [21].
Small differences between the left and right sides of the body in spatiotemporal variables
describing the magnitude or timing of the movements or forces may be regarded as
functional rather than pathological asymmetries [8,11]. The human eye may not have
sufficient temporal or spatial resolution to detect subtler differences, which is one of the
benefits of using IMUs. With regard to lameness detection, the trained human eye has
shown better consistency within than between individuals, but IMUs perform better in
detecting subtle asymmetries and are more consistent than humans.

Non-pathological gait asymmetries become important when evaluating horses on an
individual basis, as in a pre-purchase examination, lameness evaluation, or determination
of fitness to compete. Contralateral asymmetries in the vertical trajectory of axial body
segments can be detected by IMUs attached to the head, withers, and pelvis. A more
difficult problem is knowing whether the asymmetries are simply individual variations
of normality or manifestations of pathology. In other words, the challenge lies in defining
the limits of normality and determining whether there is overlap between the degree of
asymmetry under normal and pathological conditions. Considerable information has been
gathered from studies of horses of different ages, breeds, sport disciplines, and levels of
training [8,14,15,22–29], confirming that the limits of asymmetry vary among different
populations of horses. Therefore, specific limits of asymmetry would need to be established
for each sport before objective gait symmetry measurements could be used to determine
fitness to compete.

The established method of in-hand fit-to-compete inspections is being challenged
in some countries. It has been suggested, for example, that horses could be evaluated
while being ridden during competition warm-up. In addition to the challenges inherent
in evaluating horses in hand, asymmetry during a ridden evaluation is affected by the
rider–horse weight ratio [30], the rider’s posture [31], the rider’s asymmetry pattern [32],
the fit of the saddle [33], whether the rider is posting or sitting in the saddle [13], and the
influence of the rider’s aids on the horse’s performance as presented in the results shown
here. Evaluation of the horse in hand avoids the many confounding factors associated with
the tack and the rider.

The use of two different surfaces was an integral part of the study design. The
footing for the fitness-to-compete evaluation is firmer than the competition footing, which
implies higher concussive forces during impact, higher peak loading forces at midstance,
and greater rotational shear resistance during breakover [1,34]. On a firm surface, the
hoof is decelerated abruptly after contact, which exacerbates discomfort, for example, in
horses with bone or joint problems, such as arthritis. During push-off, the toe cannot
penetrate a firm surface, resulting in high tensile forces in the distal check ligament and
deep digital flexor tendon, which exert pressure on the navicular bone and its bursa. Thus,
the fit-to-compete evaluation on a firm surface is likely to exaggerate gait asymmetries
associated with lameness and facilitate the detection of mildly lame horses prior to the start
of competition. In contrast, the footing in the competition arena is formulated to dampen
impact accelerations more gradually and provide appropriate shear resistance to allow for

124



Animals 2025, 15, 241

toe penetration while still providing stability during push-off [34]. A softer surface tends
to increase stride duration and between-measurement variation [35], but only collected
trot showed a longer stride duration in the study reported here. This is consistent with
a previous study showing that collected trot has a longer stride duration than extended
trot [36], so this is regarded as a gait-related change. The fact that we found no differences
in symmetry parameters between hard and soft surfaces agrees with Marunova et al. [37],
who reported no difference in head or pelvic symmetry parameters in horses trotting on
hard vs. soft surfaces.

Ideally, dressage horses change speed within a gait by increasing stride length while
maintaining a consistent stride duration/rate. A visible change in the stride rate is pe-
nalized. A previous study in a comparable group of horses ridden in a sand arena had
significantly longer stride duration in collected trot (0.78 ms) than extended trot (0.72 ms),
which was associated with large reductions in stance duration in both fore- and hind
limbs during the extensions [36]. Those values are somewhat shorter than the 0.85 ms and
0.78 ms reported here and may be related to the differences between a sand surface versus
a composite surface.

With regard to the rider’s influence on the horse’s movement, effects can be categorized
as gravitational and inertial changes due to the rider’s weight and movements vs. trained
responses to the rider’s aids. When a rider sits passively, peak vertical GRF increases in both
the fore- and hind limbs of the horse [38]. The presence of a rider can change the vertical
motion symmetry of the horse’s head and pelvis, but the effects vary among individual
horses [30]. Several studies have evaluated how rider weight, expressed relative to the
weight of the horse, affects the horse’s movement. When very heavy riders performed rising
trot, locomotor asymmetry increased to the extent that the horses appeared temporarily
lame [30]. Rising trot, per se, induces locomotor asymmetry, because when the rider pushes
against the stirrups during the rising phase, it creates downward momentum, which
counteracts hind limb push-off and simulates push-off lameness in the hind limb the rider
sits on [13]. In the study reported here, all riders were of an appropriate size and weight
for their horses, and they rode in sitting trot throughout. In CDI competitions, all trot work
is performed sitting, so assuming the riders’ weight distribution is symmetrical, the rider’s
weight has an equal effect on the two diagonals [14].

Asymmetries in muscular strength are associated with asymmetrical GRF generation
on the left and right sides of the body in people with no self-reported injuries or pain. And
they result in consistent asymmetry in CoM vertical oscillations [21]. One leg is described
as having a propulsive function characterized by generating more hip power at push-off,
while the other leg plays a greater role in support associated with power absorption at the
knee [20]. If laterality plays a similar role in horses, it may offer an explanation for some
non-pathological asymmetries in the movements of the axial body segments.

Head movements are more susceptible to external influences and distractions than
those of the withers or pelvis [39]. In sound horses, asymmetries related to distractions
are somewhat random and can be removed mathematically by a signal decomposition
method [40]. Another factor with the potential to influence head height variables is neck
position. Unridden horses choose to walk with the neck almost horizontal, but in trot,
the neck is raised, and the head is carried about 20 cm higher than at walk [41]. The
elevation of the neck relieves tension from the nuchal ligament and other elastic structures
in the dorsal neck, so the head oscillation pattern becomes more dependent on active
muscular contractions involving mainly the splenius and cervical trapezius [42]. This effect
is amplified in highly trained dressage horses, which adopt an even higher head and neck
posture, implying greater reliance on muscular support and the possibility of contralateral,
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strength-related asymmetries being responsible for the larger HMinDiff and HMaxDiff in
ridden horses.

Several studies have applied limits of symmetry based on having one or multiple
asymmetry parameters >6 mm for HMinDiff or HMaxDiff or >3 mm for PMinDiff or
PMaxDiff, with the SD less than the mean value. Vertical motion exceeding these values
has been reported in 83% of Standardbred foals and 45% of Swedish warmblood foals [25].
Asymmetries are even more prevalent in Standardbred yearlings, with 93% exceeding
these limits during in-hand trials and 94% during track trials. Interestingly, 20% of horses
switched sides between in-hand and track trials. There was no group-level effect between
in-hand and track trials, but there was considerable individual variation [25]. The high
prevalence of vertical motion asymmetries in such young horses suggests that they are
non-pathological. Based on these limits, a large number of experienced performance horses
have been classified as asymmetrical. As an example, one or more values fell outside the
limits of symmetry in horses trotting in a straight line on hard/soft surfaces, in 67/74% of
dressage horses, 67/75% of eventers, and 72/66% of show jumpers [14].

The fact that the horses’ axial body segments showed a larger range of vertical motion
with a rider supports the first part of the experimental hypothesis that vertical excursions
are greater in ridden horses compared with unridden horses. The higher ROMz values
for horses ridden at sitting trot imply greater energy expenditure to project the combined
bodyweights of horse and rider more vertically, which is contrary to the natural tendency
of the neuromotor control system to conserve energy, as shown by the lower values for
ROMz when trotting in hand. The sport of dressage rewards competitors for moving with
energy and impulsion, which implies the generation of large vertical GRFs to propel the
horse’s CoM into a higher trajectory during the suspension phases [43]. The larger vertical
excursions of the head, withers, and pelvis in ridden horses are interpreted as an effect of
the rider’s aids encouraging the horse to move with greater impulsion.

The emphasis on having large dorsoventral displacement of the CoM during trot-
ting [44], favors the selection of dressage horses with the ability to project their body into
lofty suspensions. Horses with larger overall vertical excursions of the CoM are likely to
show larger absolute differences in height between the left and right minima and maxima
of the axial body segments than horses with a smaller range of vertical motion. Sport-
specific requirements for energy efficiency vs. extravagant movements are reflected in the
different threshold levels reported for lameness detection in horses competing in different
sports when evaluated by using the same measurement system [23,45]. To compensate
for differences in the height of the withers of dressage horses, the evaluation of relative
rather than absolute threshold differences is used to normalize for inherent height-related
differences in ROMz and its effects on the minima and maxima. This procedure is offered
as an option in some gait evaluation systems.

As dressage training progresses, the roles of the fore- and hind limbs become more
specialized, with the hind limbs providing more propulsion, while the forelimbs control
speed and the direction of movement. Fore- and hind limbs also play different roles
in the postural changes associated with developing self-carriage, which is characterized
by rotating the body in a nose-up direction around the CoM through a combination of
lengthening the forelimbs to raise the withers and shortening the hind limbs to lower the
pelvis [46]. As a result of their different mechanical responsibilities, forelimb asymmetries
affected primarily MaxDiff, and hind limb asymmetries affected primarily MinDiff. These
increases in asymmetries in the minimal and maximal heights of the midline markers in
ridden horses support the second part of the experimental hypothesis.

During trotting, the hind hoof typically lifts off slightly earlier than the diagonal
forehoof, and the CoM moves ahead of the still-grounded forehoof in terminal stance [47].
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This allows the forelimb to exert extra push-off force to elevate the forehand into the
suspension phase [46]. The horse’s ability to raise the withers is a characteristic of self-
carriage, with maximal withers height occurring around the time of forehoof lift-off into the
suspension phase [46]. The fact that WMaxDiff was larger for both ridden conditions may
reflect differences in neural drive or strength of the extensor musculature between the left
and right forelimbs when the rider creates more uphill carriage. This type of asymmetry
can simulate forelimb push-off lameness [48].

The pelvis, on the other hand, showed asymmetry in PMinDiff, which was greater
in collected trot vs. trot in hand. The role of the hind limbs in collection is to lower the
haunches by accepting weight with the joints in a more flexed position. This is controlled by
eccentric contractions of the extensor musculature, primarily the gluteals and hamstrings.
Of the three conditions evaluated, collected trot would be expected to show the greatest
lowering of the haunches and require the greatest eccentric muscular strength. In lame
horses, an increase in PMinDiff would be ascribed to a weight-bearing type of lameness,
since the lowering of the pelvis is correlated with peak vertical GRF [48]. In dressage
horses, asymmetrical neural drive or strength in the gluteal and hamstring muscles could
simulate a weight-bearing hind limb lameness. It has been reported that when horses
are ridden by a dressage rider [39] or are ridden with greater collection [37], hind limb
asymmetry/lameness increases.

Normal human gait has been reported to show clear asymmetries in spatiotemporal
variables during swing, including foot position, which are regarded as a normal expression
of laterality so long as they do not exceed 8-10% [49]. Asymmetries in plantar-flexor
electromyographic activity have also been related to limb dominance, and it is possible that
they are similarly related to the effects of laterality in horses. Asymmetries in limb pro- and
retraction have been associated with lameness [3,50,51]. For example, in forelimb lameness,
the lame limb tends to be less protracted and, in general, to have a more vertical orientation
throughout stance, which allows it to support the body in an elevated position. The body is
then lowered during the stance phase of the compensating limb, which has higher vertical
GRF and rotates through a greater range of angular motion during stance [52].

Dressage riders encourage their horses to perform with greater cadence and expression
of the forelimbs, which includes showing greater forelimb protraction in the swing phase.
Some horses have a visible difference between the left and right forelimbs in their positions
of maximal protraction which would be recognized as higher ForeProDiff for the ridden
conditions as reported here. Asymmetrical contributions of the forelimb musculature to
limb elevation and protraction may be responsible for the larger asymmetry in horses being
ridden to show greater expression compared with those trotting in hand. The hypothesis
regarding larger asymmetries in limb pro-/retraction in ridden horses was supported
by larger differences in forelimb protraction when horses were ridden at collected and
extended trot and for hind limb protraction in extended trot only. The data indicating there
were no significant differences among the conditions in the maximal retraction angles of
the fore- or hind limbs do not support our hypothesis.

There is considerable variability in assessments of gait symmetry or lameness among
owners, veterinarians, and objective measurement systems [11]. Subjective evaluation
is inconsistent, even between experts [11,12], and it seems likely that fitness-to-compete
assessments may be equally inconsistent. The human eye does not recognize asymmetry
until the difference reaches at least 25% [18], whereas IMUs detect subtle differences below
the detection threshold of the human eye [7]. The inherent objectivity and accuracy of
evaluation using IMUs at the fitness-to-compete evaluation would be fair to competitors
and provide an equal playing field if appropriate threshold values that are specific to this
population of horses could be established [23,45]. However, it is important that the IMUs
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are precisely placed over the underlying anatomical landmarks and correctly oriented [53–
55], especially when sensors are applied by different individuals.

Markerless tracking has shown results comparable to IMUs for the classification
of asymmetries under field conditions [56,57]. Thus, data collection at the fit-to-compete
evaluation could be collected with minimal adaptation of the current procedure and without
concerns about the precision of marker attachment. However, defining acceptable limits
of asymmetry for trot in hand presents the same problems as marker-based evaluations.
In both cases, the large variability and presence of numerous outliers is a significant issue
when screening individuals.

Limitations to the study include the relatively small number of participants; a much
larger pool of mature, experienced competitors would be needed to establish the limits of
asymmetry in this population. Horses were evaluated on different surfaces for in-hand and
ridden data collection, and data were collected at different venues to mimic competition
conditions, so these were not regarded as limitations. All horses were specialized in the
same sport and were of similar ages and levels of training, which is required for a single-
sport evaluation, but the results should not be generalized to other equine populations.

5. Conclusions

The mechanical effects of the rider’s weight interact with trained responses to the
rider’s aids to change the dressage horse’s posture and alter the functional responsibilities
of the fore- and hind limbs. The higher ROMz of all axial body segments when horses
were being ridden compared with trotting in hand resulted from experienced dressage
horses developing greater impulsion in response to the rider’s aids. Increases in WMaxD-
iff, PMinDiff, and Fore ProMaxDiff were ascribed to the riders’ influence on impulsion,
collection, and forelimb expression, respectively, with the contralateral limbs responding
to different degrees, perhaps as a consequence of asymmetrical muscular strength. The
differences presented here constitute a step towards establishing normative asymmetry
values for a population of trained dressage horses. This is relevant to discussions about the
use of objective tests or ridden evaluations to determine whether a horse is fit to compete.
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Simple Summary: There is increasing interest in the effect of saddle design on horse kinematics,
but little evidence of the influence on rider–saddle interaction and how this affects horse movement
patterns. We aimed to investigate the effect of changing the design of the saddle’s thigh block on
the interaction between the rider and saddle and the effect this has on rider movement and horse
movement. To do this, we used a seat pressure mat between the rider and the saddle and tracking
technology to analyse horse and rider movement. Elite level sports horses, ridden by elite level riders,
were trotted in well-fitting dressage saddles that were identical, except for the thigh block design.
During straight-line locomotion when in sitting trot, results showed that a thigh block with a more
deformable face (thigh block F) resulted in a greater contact area and more pressure between the
rider’s seat and the saddle as well as a more upright rider position when the horse’s limbs were on
the ground. An association between thigh block design, horse spinal movement, and forelimb flexion
was also seen. These findings illustrated the importance of optimizing rider–saddle–horse interaction.

Abstract: The association between rider–saddle interaction and horse kinematics has been little
studied. It was hypothesized that differences in a thigh block design would influence (a) rider–saddle
interface pressures, (b) rider kinematics, and (c) equine limb/spinal kinematics. Eighteen elite sport
horses/riders were trotted using correctly fitted dressage saddles with thigh blocks S (vertical face)
and F (deformable face). Contact area, mean, and peak pressure between rider and saddle were
determined using an on-saddle pressure mat. Spherical markers allowed for the measurement
of horse/rider kinematics using two-dimensional video analysis. The kinematics of the equine
thoracolumbosacral spine were obtained using skin-mounted inertial measuring units. Results
were compared between thigh blocks (paired t-test p ≤ 0.05). With F, the contact area, mean, and
peak pressure between rider and saddle were significantly higher (p = 0.0001), and the rider trunk
anterior tilt was reduced, indicating altered rider–saddle interaction. The horse thoracic axial rotation
and flexion/extension were reduced (p = 0.01–0.03), caudal thoracic and lumbar lateral bend was
increased (p = 0.02–0.04), and carpal flexion increased (p = 0.01–0.05) with F compared to S. During
straight-line locomotion when in sitting trot, thigh block F was associated with altered rider–saddle
interaction and rider and equine kinematics, leading to a more consistent rider–saddle interface, a
more upright rider trunk during stance, an increased horse thoracic stability and lumbar lateral bend,
and forelimb flexion, supporting the importance of optimising rider–saddle–horse interaction.

Keywords: kinematics; dressage; equine; pressure
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1. Introduction

There have been significant advances in the understanding of the effect that saddle fit
and design has on equine locomotion [1–7], but there has been less study of the influence
of the saddle–rider interaction on rider kinematics and equine locomotion [8]. The saddle
provides an interface between the rider and horse, aligning the rider’s centre of mass (CoM)
with the horse’s CoM. A rider’s ability to perform a pelvic tilt has been reported to influence
horse–rider synchronisation [9], and increased pelvic mobility and control resulted in fewer
conflict behaviours [10]. Therefore, it is possible that a saddle design restricting the function
of the rider could impact the interaction with the horse and potentially influence the horse
to adopt a locomotor pattern to compensate [11].

In trot, there are two flexion/extension cycles per stride, and the horse’s diagonal limbs
are synchronised, resulting in large vertical and longitudinal accelerations [12]. The rider’s
axial body segments (pelvis, trunk, head) accommodate the translational and rotational
movements of the horse’s trunk, which allows the arms and legs to function independently,
applying precise aids to the horse [13]. For each stride cycle, during the first half of the
diagonal stance phase, the axial segments alter, with the rider’s pelvis rotating anteriorly
whilst the trunk rotates posteriorly, resulting in lordosis of the rider’s lumbar spine. The
hip joint is flexed and abducted, and the rider’s thigh is flexed and adducted. During the
second half of the horse diagonal stance phase, the segmental rotations are reversed [14].

The rider’s pelvis is the platform that supports the upper and lower segments and
allows for effective weight distribution through the rider’s seat, applying subtle cues to the
horse. The features of the rider-facing side of the saddle in relation to the rider segments are
important considerations, as restrictions of any of the rider segments may compromise the
effectiveness of the rider’s seat and affect the mobility and ability of the rider to effectively
absorb the dynamic forces that occur during locomotion. Whilst the rider may still be able
to direct the horse to perform the required tasks, the rider’s effectiveness or synchronicity
with the horse may be compromised, which could impact the horse’s movement; thus, it is
important to evaluate the effect that the rider’s compensatory strategies may have on the
horse [15].

One of the features of the rider-facing side of the saddle is the knee block. Knee
blocks are non-deformable, and their function is to support the rider’s knee, as the knee is
resisted from travelling forwards during locomotion. Over the past decade, knee block size
has increased, with the knee block evolving to support the thigh and being referred to as
thigh blocks. Various thigh block designs are available in terms of shape, size, height, and
position. A rider may influence a thigh block selection, with some riders preferring a larger
thigh block, as it will provide additional support whilst riding, whereas others may feel
that a larger thigh block is restrictive. Although thigh blocks are a prominent feature on the
saddle, little is known about their effect on the rider and, consequently, the horse.

Therefore, it is possible that restriction of rider movement by a thigh block during the
stride cycle might alter the rider’s movement patterns, the effectiveness of the seat, and
their ability to move synchronously with the horse, which, in turn, has the potential to affect
equine locomotion. The aim of this study was to investigate the effect that thigh block shape
and design has on the kinematics of elite horses and riders during straight line locomotion
when performing the sitting trot. It is hypothesised that the contact area and the magnitude
of pressures between the rider’s seat and saddle, rider trunk and leg kinematics, and horse
thoracolumbar and limb kinematics would differ between two different thigh block designs
positioned on a standardised saddle: thigh block S (a conventional, vertical-faced solid
block) and thigh block F (a block with a multi-layered deformable face).

2. Materials and Methods

Ethics and welfare committee approval was attained from the Royal Veterinary College
and the Animal Health Trust committees (URN 2018 1785-2 and 14-2016, respectively).
Before the study, riders provided informed consent using a standardized form. Riders and
horses could be withdrawn at any stage in the study.
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2.1. Horses

Eighteen elite sports horses (12 dressage and 6 event horses; thirteen geldings, four
mares, and one stallion) were included in the study. They had a mean (± standard devia-
tion) wither height of 1.65 ± 0.09 m, body mass of 595 ± 27 kg, and were aged 11 ± 1 years.
Horses underwent regular therapy and veterinary assessments as part of their management
programme and were assessed prior to the study. This assessment included veterinary
visual observations when walking and trotting in a straight line and a physiotherapy
examination by an Association of Chartered Physiotherapists in Animal Therapy chartered
physiotherapist. On the day of data collection, the horses’ gait asymmetry was quantified
using a validated sensor system [16]. Horses were included in the study if they had no
lameness or orthopaedic problems and were deemed fit to perform upon the veterinary
and physiotherapy examination.

2.2. Riders

Two male and two female FEI Grand Prix Dressage and one male and one female FEI
ranked five-star event riders were recruited with an average (±standard deviation) height
1.78 ± 0.06 m and body mass 71 ± 10 kg. All riders were healthy and uninjured.

2.3. Saddles, Girths and Bridles

Horses were ridden in their usual dressage saddle, girth, and bridle, which were under
regular assessment and maintenance. On the day of the study, static and dynamic saddle
fit to both rider and horse were assessed independently by five Society of Master Saddlers
Qualified Saddle Fitters. The same model of dressage saddle, as described by Murray et al.,
2017 [5], was used, with the only variation being the thigh block design. Thigh block S
was a moulded block, 260 mm long, featuring a vertical face covered in leather with no
additional padding. Thigh block F was 260 mm long; however, the rider-facing aspect of
the thigh block was concave and layered with three closed-cell foams of varying densities
to form a deformable face. For both the thigh block S and thigh block F conditions, saddle
seat size and stirrup leather length remained the same throughout. An anatomically shaped
girth not featuring any elastic was used throughout. Girth design and features have been
described elsewhere [17]. All horses were ridden in an anatomically shaped snaffle bridle
(Sprenger KK Ultra Snaffle Bit) with a fitted crank cavesson noseband located between the
facial crest and the corner of the lips and fitted to a two-finger (index and middle finger)
tightness measured between the midline of the nasal bone and noseband. All noseband
tightness values were measured by the same research assistant.

2.4. Rider Kinetics—Pliance Seat Mat

A force mat was positioned on top of the saddle, quantifying the riders’ seat pressures
(force per unit area), (sensor size: 10 × 10 mm2; mat dimensions: 160 mm long and 160 mm
wide; sensor arrangement: 256 sensors arranged in 16 columns and 16 rows; pressure range:
2–600 kPa; and sensor resolution: 1 sensor per cm2) (Sensor Elastisens ES Mat S2129, seat
saddle mat, Pliance, Novel gmbh, Munich, Germany) (sampling rate 50 Hz) (Figure 1). To
ensure that the force mat did not displace during locomotion, the force mat was positioned
within a thin cover. All riders were accustomed to the experimental cover and mat prior
to testing. Bluetooth technology was used to capture force mat data. Video footage was
simultaneously recorded (50 Hz Panasonic, Osaka, Japan). The mat was centralized and
then initialized to zero at the start of the study, between each saddle measurement set
and recalibrated during the study based on the manufacturer’s guidelines. Using the
simultaneous video data (50 Hz) and seat pressure data, the point in the stride at which
the peak pressures occurred in each thigh block type was determined. Contact area (cm2),
mean, and peak (kPa) pressure data were obtained for the sensors loaded in the region of
the rider’s seat bones (tubera ischii).

134



Animals 2023, 13, 2127

Figure 1. (A) Pliance force mat was positioned on top of the saddle beneath a thin cover, which
was designed to prevent the force mat from displacing during locomotion. The force mat measured
mean and peak pressures (kPa) with simultaneous video, and (B) the cables from the force mat were
connected to a Pliance data logger, which was secured to the saddle pad.

2.5. Kinematics—Inertial Measurement Units

Seven inertial measurement units (IMU) (aXsens) were used, either attached to each
horse’s skin/hair surface using hair extension glue (Salon Pro), located over the fifth thoracic
vertebra (T5) (withers); T13; and third lumbar vertebra (L3); or in custom-made pouches over
the occiput (poll) and on the dorsal midline at the level of the tubera sacrale (TS), attached
with double-sided tape. These were used as part of a sensor-based system (Xsens MTw
Awinda), which has been validated for translational displacements derived from internal tri-
axial sensor accelerations, which were then rotated into a horse-based reference frame based
on the sensor orientation estimate and then double integrated into the displacement [16,18].
Data processing methods have been described elsewhere [19,20]. In brief, orientation-time
signals for differential axial rotation, flexion-extension, and lateral bending values of T5,
T13, L3, and TS were used to calculate differential rotational movement, as described by
MacKechnie-Guire and Pfau 2021a, 2021b [2,19].

2.6. Two-Dimensional Motion Capture

Kinematic data were recorded with a high-speed video camera system, using 24 skin
markers (30 mm; Quintic Consultancy, West Midlands, UK) placed on each horse using
double-sided tape. Marker locations were identified by manual palpation of anatomical
landmarks identifying joint centres and segment ends. Once located, white skin paint was
used to mark each reference point. Markers were located on (1) dorsal extent of scapular
spine, (2) greater tubercle of humerus, (3) lateral epicondyle of humerus, (4) proximal extent
of the fourth metacarpal bone, (5) lateral condyle of the third metacarpal bone, (6) tuber
coxae, (7) greater trochanter of the femur, (8) lateral epicondyle of the femur, (9) talus,
(10) lateral condyle of the third metatarsal bone, and (11) origin of the LCL of the distal
interphalangeal joint (Figure 2).

Rider kinematics in relation to the horse were quantified by applying 30 mm spherical
markers on anatomical landmarks. Markers were positioned on anatomical landmarks,
illustrating marker location for the rider: (1) lateral aspect of the proximal humerus,
(2) lateral epicondyle of the distal humerus (3) lateral aspect of the radiocarpal joint,
(4) lateral aspect of the greater trochanter of the femur, (5) lateral aspect of the proximal
extent of the fibula, (6) lateral aspect of the distal extent of the fibula (Figure 2). Markers
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were fitted and checked between trials by the same chartered physiotherapist from the
Association of Chartered Physiotherapists in Animal Therapy. To limit the effect that
clothing had on marker position, riders wore fitted base layers.

 

Figure 2. Illustrating marker locations for the horse and rider used for two-dimensional motion
capture to compare horse and rider kinematic data between two different thigh block designs.

One high-speed camera (Quintic, Coventry, United Kingdom) was positioned at a 10 m
distance from the experimental track, capturing one side of the horse and rider at 300 Hz
(spatial resolution: 1300 × 400, 300 fps, at 10 m distance), with a field of view capturing
two complete strides in trot. High-speed video data were recorded and downloaded to a
laptop (Lenovo, Hong Kong, China) and processed using two-dimensional motion capture
(Quintic Biomechanics, Quintic Consultancy, West Midlands, UK). Automatic marker
tracking was used to investigate equine limb and rider kinematics.

2.7. Experimental Protocol

Horses were ridden in matching saddles (dressage monoflap saddle, 17 1/2” seat size),
with either thigh block S (a conventional vertical thigh block) or thigh block F (a multi-layered
deformable-face thigh block) (Figure 3) in a randomized order (stratified randomization) with
identical girth, saddle cloth, and half pad, as described by Murray et al., 2017 [5] Data were
collected from half of the studied horses when they were fitted with a saddle, featuring
thigh block S first followed by thigh block F second, and the remaining horses were ridden
first with a saddle, featuring thigh block F first and second with thigh block S. Each horse
underwent a 15 min warm up, including walk, rising/sitting trot, and canter on both left
and right reins, as prescribed by the rider. After the warm-up period had been completed,
the rider’s seat kinetics and body kinematics were quantified along with the kinematics of
the thoracolumbar spine and limbs during straight line locomotion in sitting trot.

An experimental area (50 m × 1.5 m) was created using spherical cones to define
a straight line in an indoor (20 m × 60 m) arena, with electronic timing gates marking
the start and end points, which were used to define speed. Data were collected from the
straight-line experimental area, with the horse moving through the arena in clockwise
(2 repeats) and anti-clockwise (2 repeats) directions in sitting trot, and the arena dimensions
allowed for eleven repeated straight-line strides to be captured.
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Figure 3. Illustrating thigh block S, a moulded block 260 mm long featuring a vertical face covered in
leather with no additional padding (red dashed lines). Thigh block F was also 260 mm long; however,
the rider-facing aspect of the thigh block was concave and layered with three closed-cell foams of
varying densities to form a deformable face with the most deformable layer facing the rider (three
shaded green lines). Markers located on the lateral aspect of the greater trochanter of the femur,
the lateral aspect of the proximal extent of the fibula, and the lateral aspect of the distal extent of
the fibula.

2.8. Data Outcomes

For both conditions (thigh block S and thigh block F), kinetic (Pliance) and kinematic
(IMU) data were obtained from a total of 22 ± 2 straight-line strides, and kinematic (two-
dimensional video analysis) data were obtained from a total of 4 ± 1 strides (from both
a clockwise/anticlockwise approach) included in the analysis. For the rider outcome
parameters, mean and peak seat pressures (kPa) were quantified for 22 ± 2 straight-
line strides, and the rider’s trunk angle (Figure 4A), femur angle relative to the vertical
(Figure 4C), and knee angle (Figure 4B) were quantified at three stride points (point of
contact, midstance, and last point of contact). Outcome parameters for the IMU-derived
data were flexion-extension, axial rotation, and lateral bending differential values for T5-
T13, T13-L3, and L3-TS. For the two-dimensional video analysis, outcome parameters were
maximum shoulder, elbow, carpal, hip, stifle, and tarsal flexion during the swing phase.

2.9. Data Analysis

Descriptive data analysis was performed to investigate the data. A Shapiro–Wilks
normality test was used to determine data distribution. Paired Student’s t-test (for paramet-
ric data) or Wilcoxon sign rank test (for nonparametric data) were performed to compare
rider contact area and seat pressures, rider kinematics, and equine thoracolumbar and limb
kinematics between thigh blocks S and F for each horse. All analyses were performed using
statistical analysis software (Analyse-It for Microsoft Excel version 3), with a significance
level of p ≤ 0.05.
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Figure 4. Illustrating the angles measured when quantifying rider kinematics: (A) = rider’s trunk
angle relative to the vertical, (B) = rider’s knee angle, and (C) = rider’s femur angle relative to the
vertical. Rider kinematics were obtained for each stride point on both the left and right rein.

3. Results

3.1. Horse Inclusion

All horses were deemed fit to perform based on the subjective veterinary and phys-
iotherapy assessments. No horses had hypertonicity or pain in the thoracolumbosacral
epaxial musculature. From the objective movement asymmetry measures, the horses had
(mean ± SD) asymmetry values (in mm): Head MinDiff 7.3 ± 5.7, Head MaxDiff −4.0 ± 2.5,
Pelvis MinDiff, 2.1 ± 2.2, Pelvis MaxDiff 3.1 ± 2.6, and HHD 4.9 ± 4.3.

Rider Seat Pressures (kPa) and Contact Area (cm2)

The maximum mean and peak pressures occurred during 75–80% of the diagonal
stance phase. The differences in the seat pressure magnitude (kPa) and positioning were
found between thigh blocks. Thigh block F was associated with greater mean pressures
(p ≤ 0.0001) (thigh block S, 6.2 ± 1.7 kPa; thigh block F, 7.6 ± 2.5 kPa) and peak pressures
(p ≤ 0.0001) (thigh block S, 13.5 ± 3.9 kPa; thigh block F, 15.7 ± 4.4 kPa) than thigh block S
(Figure 5).

Thigh block F was associated with significantly greater total contact area between the
rider’s seat and saddle than thigh block S (p = 0.0003) (thigh block S, 401.4 ± 76.5; thigh
block F 430.2 ± 65.8), with thigh block F having a 7.2% higher contact area than S. This
pattern remained present when the contact area of the cranial and caudal halves of the
saddle seat were compared separately with thigh block F, having a 5.5% greater contact area
in the cranial half and a 9.1% higher contact area in the caudal half of the saddle (cranial:
thigh block S, 211.4 ± 32.1; thigh block F, 223.0 ± 26.0. Caudal: thigh block S, 190.1 ± 53.4;
thigh block F, 207.2 ± 47.2).

Figure 5. Pressure distribution between rider seat and saddle from one rider (dressage) using thigh
block S (left) and thigh block F (right). Mean and peak pressures were greater and located further
caudally with thigh block F than with thigh block S.
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3.2. Rider Kinematics

Differences in rider trunk kinematics were found between thigh blocks at mid-stance.
During mid-stance, the rider’s trunk had less posterior tilt and was more vertical (closer
to zero) with thigh block F compared to thigh block S (left rein: thigh block S, 3.4◦ ± 3.4◦;
thigh block F, 1.9◦ ± 2.1◦; p = 0.009. Right rein: thigh block S, 4.2◦ ± 4.5◦; thigh block F,
2.0◦ ± 2.9◦; p = 0.003). No differences were found in the remaining rider-based parameters
(All > p = 0.06) (Table 1).

Table 1. Rider kinematics parameters (mean ± SD) for the first point of contact, mid-stance, and last
point of contact during the trot motion cycle for thigh block S and thigh block F assessed from the left
(on the left rein) and right (on the right rein) sides when ridden in a straight line in identical saddles.
Significant differences are shown in bold.

Thigh Block S
Left Trot

Mean ± S.D

Thigh Block F
Left Trot

Mean ± S.D
p Value

Thigh Block S
Right Trot

Mean ± S.D

Thigh Block F
Right Trot

Mean ± S.D
p Value

Rider’s trunk angle relative to the vertical

First Point of
Ground Contact (◦) 4.9 ± 4.2 4.6 ± 3.6 0.48 6.8 ± 6.4 5.7 ± 4.8 0.24

Mid-stance (◦) 3.4 ± 3.4 1.9 ± 2.1 0.009 4.2 ± 4.5 2.0 ± 2.9 0.003

Last Point of
Ground Contact (◦) 6.1 ± 7.1 5.6 ± 6.6 0.54 5.3 ± 5.3 4.0 ± 3.9 0.06

Rider’s thigh angle relative to the vertical

First Point of
Ground Contact (◦) 137.9 ± 4.3 138.4 ± 2.8 0.37 137.6 ± 1.9 136.8 ± 1.4 0.28

Mid-stance (◦) 135.9 ± 3.8 135.3 ± 3.3 0.79 135.7 ± 4.1 134.5 ± 2.8 0.45

Last Point of
Ground Contact (◦) 138.4 ± 2.4 138.1 ± 2.5 0.59 139.6 ± 4.5 139.2 ± 3.3 0.80

Rider’s femur angle relative to the vertical

First Point of
Ground Contact (◦) 23.8 ± 2.9 23.8 ± 2.7 0.50 26.9 ± 3.1 26.7 ± 3.7 0.81

Mid-stance (◦) 28.4 ± 2.7 27.3 ± 4.7 0.29 27.8 ± 4.5 28.3 ± 4.6 0.64

Last Point of
Ground Contact (◦) 26.8 ± 3.3 26.6 ± 3.9 0.82 27.6 ± 4.7 28.3 ± 4.9 0.64

3.3. Equine Thoracolumbosacral Spinal Movement
3.3.1. T5-T13

Flexion extension (thigh block S, 9.0◦ ± 3.6◦; thigh block F, 7.3◦ ± 1.7◦; p = 0.03)
and axial rotation (thigh block S, 18.3◦ ± 5.8◦; thigh block F, 15.6◦ ± 3.6◦; p = 0.03) were
significantly less for thigh block F than S. No difference in lateral bending values were
detected (p ≥ 0.38).

3.3.2. T13-L3

No differences in flexion/extension were found between thigh blocks (p ≥ 0.20),
but differences were observed in axial rotation and lateral bending. Thigh block F was
associated with less axial rotation (thigh block S, 14.6◦ ± 5.0◦; thigh block F 12.4◦ ± 3.1◦;
p = 0.02) and greater lateral bending (thigh block S 8.6◦ ± 2.4◦; thigh block F 9.4◦ ± 1.9◦;
p = 0.03) than thigh block S.

3.3.3. L3-TS

No differences between conditions were found in any differential parameters (all
p ≥ 0.43).

3.4. Limb Kinematics (Swing Phase) (◦)

Maximum carpal flexion differed between conditions (smaller value = increased
flexion). Thigh block F was associated with significantly greater carpal flexion than thigh
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block S (thigh block S, 91.4◦ ± 8.2◦; thigh block F, 90.3◦ ± 8.2◦; p = 0.05). No differences
were found between conditions for the remaining limb kinematic parameters (all p ≥ 0.54)
(Table 2).

Table 2. Limb joint angles (mean ± SD) at peak flexion during the swing phase for horses ridden
with thigh block S and thigh block F assessed from the left (on the left rein) and right (on the right
rein) sides when ridden in sitting trot. Note: flexion is greater when joint angle is less.

Thigh Block S Thigh Block F

Trot Left
Rein

(Mean ± SD)

Trot Right
Rein

(Mean ± SD)

Trot Pooled
(Mean ± SD)

Trot Left
Rein

(Mean ± SD)

Trot Right
Rein

(Mean ± SD)

Trot Pooled
(Mean ± SD)

p Value
(Left vs. Right

Pooled)

Shoulder (◦) 131.8 ± 38.0 129.1 ± 32.1 130.4 ± 43.2 112.1 ± 18.8 119.3 ± 7.1 115.5 ± 14.6 0.07

Elbow (◦) 100.7 ± 4.7 99.9 ± 5.1 100.3 ± 4.9 100.1 ± 4.7 98.8 ± 5.5 99.5 ± 5.5 0.19

Carpal (◦) 89.8 ± 8.2 92.6 ± 8.2 91.4 ± 8.2 89.9 ± 9.0 91.5 ± 7.5 90.3 ± 8.2 0.05

Hip (◦) 100.1 ± 10.7 99.4 ± 7.5 99.7 ± 9.1 97.6 ± 7.8 98.9 ± 7.7 98.2 ± 7.7 0.06

Stifle Flexion (◦) 122.8 ± 27.6 126.9 ± 22.1 124.9 ± 24.7 120.2 ± 17.3 125.2 ± 19.3 122.7 ± 18.3 0.21

Tarsal Flexion (◦) 116.2 ± 7.1 118.3 ± 7.3 117.3 ± 7.2 116.5 ± 8.2 117.6 ± 7.5 117.1± 7.8 0.33

4. Discussion

The aim of this study was to investigate the differences in rider kinematics, pressures
between the rider’s seat and the saddle, and horse thoracolumbosacral and limb kine-
matics between a dressage saddle with two different thigh block designs: a conventional
vertical-faced block (thigh block S) and a multi-layered deformable block (thigh block F)
when in sitting trot during straight-line locomotion. In accordance with our experimental
hypothesis, different thigh block designs were associated with differences in rider and
horse kinematics. Thigh block F was associated with more vertical orientations of the
rider’s trunk during mid-stance and greater pressures between the rider’s seat and the
saddle, alongside greater flexion/extension and axial rotation of the horse’s cranial thoracic
spine, greater axial rotation and less lateral bend in the caudal thoracic–lumbar spine, and
an increase in swing phase peak carpal flexion compared to thigh block S.

Thigh blocks on saddles tend to be made from a hand-rasped block of a semi-rigid
material (such as closed-cell polyethylene foam) or moulded from polyurethane foams
of varying densities. This means thigh block design and shape varies radically in width,
height, and length and from one model of saddle to another. How the block interfaces with
the rider’s thigh in motion can also be influenced by many factors such as the location of the
block on the saddle, the location of the stirrup bar, the sweep of the seat, the density of the
seat, as well as how the saddle is fitted and balanced on the horse. Therefore, we considered
it important to ensure that all these features were identical between saddles, except for
the thigh block design. In our study, these variables were controlled, and only the thigh
block design was different between conditions. Thigh block S was a conventional moulded
design with a vertical face against the rider’s thigh, and this was compared with a unique
design of a moulded block, which had a concave surface, which allowed a deformable
multi-layered foam face to be incorporated against the rider’s thigh (thigh block F). By only
changing this one feature of the saddle, we were able to assess the effect this change had
on the interface between the rider, saddle, and horse in motion.

The timing of the peak pressures beneath the rider’s seat occurred during 75–80% of
the diagonal stance phase of the horse stride. This part of the stride coincided with large
acceleration forces, as the diagonal pair of limbs generated propulsive forces to raise the
horse’s trunk dorsally and cranially into suspension. During this phase of the stride, it has
been reported that the rider’s pelvis rotates posteriorly, the rider’s trunk rotates anteriorly,
and the hip joints extend and are adducted whilst the knee extends and is abducted [14].

The magnitude of mean and peak (kPa) seat pressures were greater, and the seat
contact area was greater for thigh block F, which could potentially be related to the relative
orientation of the rider’s trunk, which had less anterior tilt throughout the horse stance
phase in thigh block F. The axial segments work cohesively and are influenced by the pelvis.
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Therefore, if the rider’s trunk is more vertical as a function of the thigh block design, it
seems reasonable to expect that the remaining segments may be altered. The findings
presented here, concerning the rider-facing saddle features influencing rider kinematics,
are supported by a study where saddle flaps were removed. In that study, when walking,
trotting, and cantering, the rider’s centre of pressure (CoP) was reduced in a medio-lateral
direction and in an anteroposterior direction when performing a collected trot, extended
trot, and extended canter with a flapless saddle. It was suggested that the rider’s femoral
segments being positioned in a more adducted position relative to the horse could provide
increased stability to the rider [8]. This change in rider CoP did not alter horse stride length,
however, and more detailed locomotor parameters were not reported.

We found that the flexion-extension and axial rotation values of the cranial thoracic
spine (T5-T13) were decreased whilst lateral bending values were increased in the mid-
thoracic and cranial lumbar spine (T13-L3) compared with thigh block S when riding
in a dressage saddle with the multi-layered thigh block (thigh block F). This suggested
that alterations in the rider–saddle interface could be having an impact on the horse,
potentially altering the stability of the equine cranial thoracic spine. This concept was
supported by a previous over-ground study quantifying back movement in horses trotting
(unloaded) compared with a rider (loaded), where it was reported that axial rotation and
lateral bending rotational values of the cranial thoracic (T5-T13) spine decreased whilst
the kinematics of the caudal thoracic and lumber spine (T18-L3) were increased when
ridden (loaded) [19,20]. It was proposed by the authors that this decrease in movement
amplitude in the cranial thoracic spine may have been indicative of an attempted “stability”
mechanism, in order to withstand the dynamic forces of the rider [21] (and saddle) and
more efficiently transmit dynamic forces from the forelimb (and head and neck) to the
cranial region of the thoracic spine. Applying this stability concept to the current study
suggested that altered rider kinematics could have been having an effect on the equine
locomotor apparatus, the stability of the cranial thoracic region in particular.

During the stance phase, the range of motion of the rider’s trunk was more vertical
when riding in thigh block F. It was proposed that the rider was able to maintain a more
stable trunk position during the stance phase with thigh block F, and, as a result, this
may have exerted a stabilizing effect on the horse’s cranial thoracic region. In contrast, if
the rider’s trunk had increased its anterior–posterior trunk rotation, it was hypothesized
that this could have induced instability in the horse, which could have explained the
increased rotational movement of the cranial thoracic spine, as seen with thigh block S.
More work is needed to confirm this concept, but this study did provide further evidence
for the importance of considering the effect that the upper-side’s saddle features could
have on the rider–saddle interface and rider–horse interaction. It should be noted that
a relatively high SD was found for the rider trunk data. This variation may have been
indicative of individual rider conformation or trunk biomechanical strategies when riding.
It is possible that these findings would be less applicable in less skilled riders who have less
musculoskeletal strength and coordination, as suggested by findings in a previous study,
where riders with less pelvic control were less synchronized with the horse [9]. In our study,
we found effects of altering thigh block design on the horse and rider; thus, it is possible
that altering other aspects of saddle design and, therefore, the rider–saddle interface, could
also impact the rider biomechanics and potentially those of the horse. Further investigation
of other features with less skilled horses/riders would be of interest.

This study did have limitations. Unfortunately, due to technical issues, data relating
to the rider’s pelvic kinematics were omitted from the analysis. If the study were to be
repeated, quantifying rider pelvic kinematics would be useful. Some of the differences
being reported here were small and, although statistically significant, may have resulted
from biological variation; therefore, caution should be applied when interpreting the
findings being presented. However, the only modification to the dressage saddle was the
thigh block face with the deformable layers, with all the remaining upper and underside
saddle features (the sweep of the seat, saddle tree, seat design/size, fit) remaining the same
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between thigh blocks; thus, we considered it reasonable that only small differences would
be found.

We quantified the horses’ back movements with the use of skin mounted IMU’s, and
it is appreciated that these did not directly correlate to the centre of rotation of the vertebral
body, as seen in more invasive approaches [22,23], which would have had significant
ethical issues. The use of IMUs to quantify back movement has been validated [18,24] for
quantifying back movement during in-hand locomotion. However, it is acknowledged that
no studies have validated the use of IMUs during ridden conditions. Whilst the IMUs did
not contact the saddle at any point during motion and were not removed when quantifying
the two experimental conditions, adding the saddle and girth may have affected the
displacement of the skin and, consequently, the sensor–skin interaction. An over-ground
study using IMUs positioned along the midline of the back to quantify differences in
rotational movement of the back compared trotting in-hand with no saddle to horses
fitted with a saddle and girth. It was reported that axial rotation in the cranial thoracic
region (T5) was reduced, whereas lateral bending was increased in the mid-thoracic and
lumbar regions (T13-T18 and T18-L3), the findings of which suggested that the saddle and
girth could alter axial rotational values (or reduce the magnitude of skin displacement) in
the cranial thoracic region [25]. Using an IMU-based approach [19,20,26,27] to compare
back kinematics of horses trotting in hand and when ridden in sitting trot, similar to the
aforementioned study, the axial rotation and lateral bending were reduced in the cranial
thoracic region (T5-T13). However, unlike the previous in-hand study [25], axial rotation
was increased in the mid-caudal segments, which may have been due to the dynamic
effect of the rider. Whilst the IMUs provided a non-invasive approach to quantifying back
movement, the limitations should be considered when interpreting the data presented here.

To reduce rider variables [11], only elite riders were studied, and the horses were
ridden in a frame that was consistent for the level of work (with the dorsal aspect of the
horse’s head close to vertical); it is appreciated that the results may not be transferable
to less-skilled riders and horses. Defining the horse’s frame may have influenced the
segmental strategy used by the riders and, consequently, the seat pressures. We chose to
quantify the effect that the thigh block face had on the rider and locomotor parameters
with the rider remaining seated throughout the trot cycle, which would have influenced
the rider’s posture. It is appreciated that different riding positions could have an effect on
equine locomotion [28] and that the different riding positions may be influenced by the
thigh block design. Therefore, the findings being presented here cannot be applied for all
riding positions. This study quantified the immediate effects that a thigh block had on
elite riders riding advanced dressage and event horses when in sitting trot during straight
line locomotion. Therefore, a longitudinal study would be advantageous to determine
if the differences being reported here were sustained or altered. Finally, this study only
quantified horse and rider kinematics when trotting; future studies should quantify the
effect that a saddle thigh block has on the rider–saddle–horse interaction when in walk and
canter [29], when riding in different riding positions [28], and when used by less skilled or
symmetrical riders [15].

5. Conclusions

Changing thigh block design in a dressage saddle with skilled riders was associated
with altered rider kinematics, rider–saddle interactions, and equine kinematics in sitting
trots in a straight line. An altered rider–saddle interface in a less restrictive thigh block was
associated with greater horse thoracic stability and increased carpal flexion, supporting the
importance of optimising the rider–saddle–horse interface.
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Simple Summary: The mechanical behavior of arena surfaces has been identified as a contributor
to injuries of performance horses. Evidence of excessive fetlock extension in association with stiff
surfaces has propelled the installation of synthetic surfaces in performance horse arenas to reduce
injury risk. However, the effect of arena surface properties on hoof slide during show jumping
has not been widely studied. Therefore, this study measured the forelimb hoof motion of horses
during takeoff and landing from a 1.1 m jump using a high-speed video motion capture system on
five dirt and seven synthetic surfaces. Hoof slide was not significantly different between dirt and
synthetic surfaces, but it was greater at takeoff than at landing and greater for the leading limb than
for the trailing limb. These results indicate that horses are able to compensate for the effect of surface
differences on hoof slide at a moderate jump height.

Abstract: During the stance phase of equine locomotion, ground reaction forces are exerted on the
hoof, leading first to rapid deceleration (“braking”) and later to acceleration (“propulsion”) as the hoof
leaves the ground. Excessive hoof deceleration has been identified as a risk factor for musculoskeletal
injury and may be influenced by arena surface properties. Therefore, our objective was to evaluate the
effect of arena surface type (dirt, synthetic) on hoof translation of the leading and trailing forelimbs
during jump takeoff and landing. Solar hoof angle, displacement, velocity, and deceleration were
captured using kinematic markers and high-speed video for four horses jumping over a 1.1 m oxer at
12 different arenas (5 dirt, 7 synthetic). Surface vertical impact and horizontal shear properties were
measured simultaneously. The effects of surface type (dirt, synthetic), jump phase (takeoff, landing),
and limb (leading, trailing) on hoof movement were assessed using ANOVA (p < 0.05), while the
relationships of hoof movement with surface mechanical properties were examined with correlation.
Slide time (p = 0.032), horizontal velocity of the hoof (p < 0.001), and deceleration (p < 0.001) were
greater in the leading limb, suggesting a higher risk of injury to the leading limb when braking.
However, surface type and jump phase did not significantly affect deceleration during braking.

Keywords: equine; show jumping; hoof slide; motion capture; arena surface; leading limb

1. Introduction

The mechanical properties of equine arena surfaces have been proposed as extrinsic
risk factors for musculoskeletal injury [1]. During the stance phase of equine locomotion,
ground reaction forces are exerted on the hoof, leading to first rapid deceleration (“brak-
ing”) and later acceleration (“propulsion”) as the hoof leaves the ground [2]. When the
hoof contacts the ground, deceleration occurs first in the vertical direction [3], followed by
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hoof slide as the center of mass of the horse moves over the planted leg, pushing that leg
forward [4]. Researchers have speculated that a shorter slide duration and greater horizon-
tal hoof deceleration may increase musculoskeletal injury risk by imposing a large bending
moment on the third metacarpal bone [5]. Shorter periods of horizontal hoof braking were
also associated with greater longitudinal deceleration and high-frequency oscillations of
the third metacarpal bone, which may increase the risk of damage to subchondral bone
and cartilage [6]. The distance and duration of hoof slide is expected to be influenced by
the surface and speed of the horse [1]. In one study, hoof deceleration was greater during
trot on a sandpaper surface compared to a sand surface [7], suggesting that arena surface
properties may have a significant effect on hoof deceleration.

The support, or midstance, phase follows the impact and slide phases and is character-
ized by relatively little hoof movement and peak vertical loads. If hoof displacement during
support is large, the horse may be required to apply more muscular force to maintain speed,
making the horse more susceptible to fatigue [8]. Finally, the grab, or rollover, phase occurs
when the hoof rotates into the surface and lifts from the ground. The hoof is able to rotate
further into surfaces with lower shear strength during grab, which may reduce strain in
flexor tendons and prevent slippage [9].

Desired surface characteristics of arena surfaces, as reported by riders, significantly dif-
fer by discipline [10]. Show jumping is characterized by higher ground reaction forces [11]
and higher velocities at both approach and landing than other disciplines [12,13], sug-
gesting that a jumping surface must support higher strain rates and higher vertical and
shear loads [1]. Therefore, to understand the relationship of arena surface properties and
musculoskeletal injury risk of equine athletes, it is important to study hoof movement on
competition surfaces during sport-specific equine locomotion.

Hoof movement during locomotion has been previously recorded with accelerome-
ters [7,14–16] and high-speed motion capture [17,18]. The effect of limb (leading, trailing)
on hoof movement during jumping has been previously reported, where the leading limb
at landing exhibited a lower hoof angle, higher horizontal hoof velocity, and greater decel-
eration [18]. However, Hernlund et al. did not evaluate the effect of surface type or surface
properties on hoof motion during jumping.

The effect of surface type on hoof movement during a gallop has been previously
characterized for the hindlimb, where dirt surfaces exhibited significantly higher horizontal
motion of the heel during slide than synthetic surfaces [17]. Additionally, a higher hori-
zontal and vertical displacement of the forelimb hoof was observed on an all-waxed sand
track compared to a turf track at cantering speeds [16]. By understanding the relationship
between surface type, surface composition, or surface management and hoof movement, it
may be possible to modify arena surfaces to optimize hoof decelerations and improve the
safety of all horses that train and compete on the surface.

Therefore, our first objective was to characterize the angle, displacement, velocity, and
deceleration of the forelimb hoof during jumping to evaluate the effect of limb (leading,
trailing), jump phase (takeoff, landing), and surface type (dirt, synthetic). We hypothesized
that horizontal hoof deceleration would be greater for the leading limb, in line with a
previous study [18]. Furthermore, surfaces with greater shear forces were expected to
have greater hoof deceleration; however, since shear forces were not significantly different
between dirt and synthetic surface types [19] when considering a large variety of surfaces,
hoof deceleration was also not expected to be different between surface types.

Our second objective was to identify relationships between hoof movement param-
eters and measured properties of the arena surface (compositional, manageable, shear,
and vertical impact). We hypothesized that hoof horizontal motion would be negatively
correlated with shear properties (i.e., adhesion, coefficient of friction, and shear force)
and vertical hoof motion would be positively correlated with the vertical displacement of
the surface tester and negatively correlated with other vertical impact properties such as
surface stiffness and vertical deceleration at impact.
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2. Materials and Methods

2.1. Study Design

A repeated measures study design was used to track solar hoof angle, position (hor-
izontal and vertical displacements), velocity, and acceleration for four horses (one mare,
three geldings; age 9.8 ± 2.1 years; weight 544 ± 66 kg) jumping three times over a 1.1 m
oxer at twelve arenas in northern California (five dirt, seven synthetic). The weight of the
rider and tack used for all horses was 84 kg. Horses were visually observed for orthopedic
pain and discomfort by a licensed veterinarian at the beginning of each testing day (SS). No
horses showed signs of lameness during the testing period. However, one horse (gelding)
was unavailable for the first testing day (dirt surface) and thus only jumped on eleven of
the twelve arena surfaces. These data were collected under an IACUC protocol issued by
the University of California Davis (Protocol 19843-Effect of Jumping Arena Surfaces on
Equine Forelimb Biomechanics; approved 3 April 2017).

Synthetic surfaces had greater than 1% fiber content by volume; none contained rubber,
oil, or wax. Fibers were primarily polyester; however, polyethylene, polypropylene, and
nylon fibers were also observed in some synthetic surfaces. One dirt surface had 0.6%
fiber with large felt strips poorly integrated in the cushion layer. All other dirt surfaces
contained 0% fiber content.

The oxer was preceded by a ground pole and two cross rails (0.56 m from ground to
center) to center and standardize the approach of the horse to the measured jump (Figure 1).
Horses were accustomed to the equipment by performing 3 trot trials through the jump
grid without the jump poles, followed by practice jump trials which systematically added
the jump elements preceding the oxer and increased the height of the oxer. Subsequently,
data were collected for 3 jump trials with the complete jump grid and final oxer height
(1.1 m). The takeoff and landing zones of the oxer for each surface were harrowed using a
rake between each recorded jump.

 

Figure 1. Scaled diagram of jumping grid (top) and photograph of jumping grid (bottom). Two
high-speed cameras were used to record takeoff and landing of the final 1.1 m oxer.
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2.2. Measurement of Hoof Movement

Two kinematic markers were placed on a 3D-printed extension bar and rigidly at-
tached to the hoof wall to capture solar hoof angle, translation, and velocity while the
hoof was submerged in the surface material during stance (Figure 2). The extension bar
consisted of a rectangular block, which was screwed into the hoof via a patch of PMMA
layered with fiberglass cloth, and a hoof wand, which was attached to the hoof block
with screws prior to taking measurements. Radiographs (mediolateral projection) of the
hoof, which also captured the positioning of the hoof wand, were used to translate hoof
wand marker positions to virtual points at the most dorsal and palmar portions of the
hoof at the solar margin (“toe” and “heel”, respectively). The hoof block remained on
the hoof between testing days to ensure consistent placement of the extension bar on
the hoof. Two monochrome high-speed video cameras (S-PRI, AOS Technologies, Baden,
Switzerland, 1280 × 1024 p, 500 fps) were centered on and calibrated in the field of view
of the respective takeoff and landing zones to capture marker movement. Additionally, a
wide-angle field-of-view camera (PROMON, AOS Technologies, Baden, Switzerland, 1280
× 720 p, 120 fps) and a marker on the girth were used to track true horse jump height and
horizontal velocity prior to takeoff. For each jump trial, a consistent, trained observer (CR)
determined whether the instrumented (left) limb was the leading or trailing forelimb at
takeoff and landing. At takeoff, the instrumented forelimb was considered leading if it was
the last forelimb to leave the ground; at landing, the instrumented forelimb was considered
leading if it was the last forelimb to land on the ground. A second trained observer (LM)
determined the video frames corresponding to hoof contact with the surface and all joint
angle data were truncated to this stance phase. Marker motion was tracked throughout
stance (Vicon Motus 10.0, Contemplas GMBH, Kempten, Germany).

 
(a) (b) 

Figure 2. Photograph of hoof extension bar including: (a) A rectangular hoof block which remained
rigidly attached to the hoof wall throughout the study period; (b) a hoof wand with kinematic
markers to track hoof rotation and translation.

The hoof angle of the solar surface of the hoof (SHA) as well as horizontal and vertical
translation, velocity, and acceleration of the toe and heel were determined from marker
motion using custom software (MATLAB, The MathWorks Inc., Natick, MA, USA). Solar
hoof angle was defined relative to the arena surface where an angle of 0 degrees indicates
that the solar surface of the hoof was parallel with the arena surface. Positive SHAs
represent a hoof orientation with the dorsal wall of the hoof rotated counterclockwise
with respect to the arena surface (toe down orientation); negative SHAs represent a hoof
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orientation with the dorsal wall of the hoof rotated clockwise with respect to the arena
surface (toe up orientation) (Figure 3). Minimum, maximum, and average SHA during
stance was determined for each jump trial.

 
(a) (b) (c) 

Figure 3. Definition of solar hoof angle (SHA): (a) Negative angles indicate that the dorsal wall
of the hoof is rotated clockwise with respect to the arena surface (“toe up” orientation); (b) an
angle of 00 indicates that the solar surface of the hoof is parallel to the surface; (c) positive angles
indicate that the dorsal wall of the hoof is rotated counterclockwise with respect to the arena surface
(“toe down” orientation).

Hoof translation data were also used to further divide the stance phase into three
previously defined subphases [17] by a trained and consistent observer (CR): slide, support,
and grab. Slide was defined as the period between the start of stance and the end of
horizontal hoof motion, support was defined as the period between the end of horizontal
hoof motion and start of vertical hoof motion, and grab was defined as the period between
the start of vertical hoof motion and the end of stance (Figure 4). For each subphase of
stance, horizontal displacement, vertical displacement, and average velocity for both the
toe (dorsal extremity of the hoof in the sagittal plane) and heel (palmar extremity of the
hoof in the sagittal plane) were recorded. Average deceleration during the slide phase
(braking) is also reported. Displacement is defined as the difference in the position of the
toe or heel between the start and end of each subphase. Horizontal displacement and
horizontal velocity of the hoof are defined as positive when moving in the same direction
as the center of mass of the horse. Vertical displacement and vertical velocity are defined as
positive when moving farther into the arena surface.

2.3. Measurement of Arena Surface Properties

Both shear and vertical ground reaction forces were measured immediately following
kinematic data collection of each horse at locations parallel to the jumping grid with surface
testing equipment. Shear and vertical properties of these surfaces have been previously re-
ported [19,20]. Shear forces and horizontal displacement were measured at 1613 Hz using a
linear shear testing device with a surrogate hoof. Adhesion (a) and coefficient of friction (μ)
were determined from shear tests using the Mohr–Coulomb equation (Fmax = FN × μ + a)
in conjunction with maximum shear force (Fmax) measured by the device and the normal
force (FN) applied to the device. Adhesion and coefficient of friction describe shear proper-
ties of the surface–hoof/horseshoe interface. Surfaces with either high adhesion or high
coefficient of friction are expected to be associated with high grip and relatively low hoof
slide [21]. Vertical forces, displacement, and acceleration were measured at 4545 Hz with a
previously validated, portable, vertical impact device (VID) [22]. From these measured val-
ues, maximum vertical impact force and impulse were calculated from the VID force–time
curve, stiffness and maximum vertical displacement were determined from VID force–
displacement data, and maximum deceleration was determined from the VID acceleration
data using custom software (MATLAB, The MathWorks Inc., Natick, MA, USA).
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(a) (b) 

Figure 4. Subphases of stance: (a) Slide was defined as the region between the start of the stance
phase and the end of horizontal hoof movement; (b) grab was defined as the region near the end of
stance where the toe sank deeper into the surface. Support captured the period of the stance phase
between slide and grab, where horizontal and vertical hoof displacement were minimal. Graphs
depict hoof movement for a single horse at takeoff. Sample graphs depicting hoof movement at
landing are presented in the Supplementary Material (Figure S1).

Cushion depth and surface temperature were also measured in conjunction with
each horse, and samples (approximately 250 g) from the top two inches of the surface
were collected in waterproof, airtight containers for moisture content and compositional
analysis (fiber content, sand content, silt content, clay content, particle size, and fiber length)
according to previously described methods [19].

2.4. Statistical Analysis

The central tendency (least squares mean/median) and variation (standard error/range)
in all variables are described for normally or non-normally distributed data. The effect
of jump phase (takeoff, landing), limb (leading, trailing), and arena surface material (dirt,
synthetic) on SHA, displacement, velocity, and acceleration were all assessed in a single
mixed-model ANOVA with horse included as a random effect and with jump height and
horizontal velocity of the horse at takeoff included as covariates. Higher-level interactions
between surface and phase and surface and lead were also analyzed. Normality of the
ANOVA residuals was assessed using a Shapiro–Wilk test (W > 0.9). ANOVA on ranked
data was used for variables with non-normally distributed residuals. The relationships of
hoof motion measurements with surface composition, manageable factors, shear surface
properties, and vertical impact properties were examined first using univariate regression
(see Supplementary Material Tables S1–S3). For each hoof movement parameter, all related
surface property variables with p < 0.20, as determined from the univariate regression
results, were used as inputs in a multivariate stepwise regression model. Statistical signifi-
cance was p < 0.05. SAS software (SAS Institute Inc., Cary, NC, USA) was used to perform
all statistical analyses.

3. Results

3.1. Jump Characteristics

The jump height at the girth was 1.27 ± 0.07 m (mean ± standard deviation) for all
horses. At takeoff, the average horizontal velocity measured at the girth increased during
stance in preparation for the jump (5.32 ± 0.44 m/s before stance, 5.51 ± 0.42 m/s during
stance, 5.97 ± 0.45 m/s after stance). At landing, the average horizontal velocity measured
at the girth was lower than that at takeoff but also increased during stance (4.30 ± 0.48 m/s
before stance, 4.39 ± 0.35 m/s during stance, 4.68 ± 0.45 m/s after stance). The resultant
velocity at takeoff was directed upward, toward the jump (5.91 ± 0.43 m/s; 13.6 ± 2.8◦
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from horizontal) and had a higher magnitude than the resultant velocity at landing, which
was, on average, directed toward the ground and away from the jump (4.70 ± 0.36 m/s;
−1.83 ± 2.7◦ from horizontal).

3.2. Characteristics of Hoof Motion during Stance

The contact time for the hoof was significantly longer at takeoff than at landing
(0.212 ± 0.006 s takeoff, 0.202 ± 0.006 s landing, p < 0.001), and also significantly longer
when the instrumented limb was the leading limb (0.212 ± 0.006 s leading, 0.201 ± 0.006 s
trailing, p < 0.001). Surface type (dirt, synthetic) did not have a significant effect on contact
time (p = 0.438). However, when evaluating combined effects, the effect of leading limb on
contact time was greater on dirt surfaces than on synthetic surfaces (p = 0.028).

Average hoof angular motion for takeoff (gray) and landing (black) is depicted in
Figure 5. At the beginning of stance, the SHA was noticeably lower (more toe-up) at takeoff
than at landing. The average SHA for dirt (brown) and synthetic (gray) surfaces at takeoff
and landing is also shown in Figure 6. The solar hoof angle was not noticeably different
between dirt and synthetic surfaces. Shaded regions represent a 95% confidence interval
for the average hoof angular motion during the stance phase.

 

Figure 5. Average SHA normalized to percent stance at takeoff (gray) and landing (black). Bars
indicate a 95% confidence interval for SHA at each percent stance.

(a) (b) 

Figure 6. Average SHA normalized to percent stance for dirt (brown) and synthetic (gray) surfaces at
(a) takeoff; (b) landing. Bars indicate a 95% confidence interval for joint angle at each percent stance.

Hoof angle was maximal (“toe down” orientation) at the end of the stance phase for
all trials (100 ± 0%). Hoof angle was minimal (“toe up” orientation) near the beginning
of the stance phase for takeoff (location of minimum at 1.8 ± 8.4% stance) as the hoof
started “toe up” during the stance phase of takeoff in all but 2 of the 139 takeoff jump trials
(98.6% of trials “toe up”). However, at landing, there was wide variation in the location

151



Animals 2023, 13, 2122

of the minimum hoof angle amongst trials (38.0 ± 23.7% stance). At landing, the hoof
started stance “toe down” in 103 of the 142 jump trials (72.5% of trials “toe down”), and the
minimum SHA occurred during midstance rather than at hoof strike.

3.3. Hoof Movement during Slide

On average, the slide phase constituted the first 25.1 ± 9.2% of the stance phase. The
slide phase constituted a greater percent of the stance phase on the trailing limb than on
the leading limb (23.1 ± 1.1% of stance when leading, 27.0 ± 1.1% of stance when trailing,
p = 0.004). However, surface type, jump phase, and jump lead did not have a significant
effect on the duration of slide (Table 1).

Table 1. The effect of jump phase (takeoff, landing), jump lead (leading, trailing), and surface type
(dirt, synthetic) on hoof movement during slide (LSMeans ± SE).

Variable
Takeoff
(n = 139)

Landing
(n = 142)

p-Value
Leading
(n = 135)

Trailing
(n = 146)

p-Value
Dirt

(n = 111)
Synthetic
(n = 170)

p-Value

Slide Time (s) 0.051 ± 0.003 0.052 ± 0.003 0.527 0.049 ± 0.003 0.055 ± 0.003 0.053 0.052 ± 0.003 0.052 ± 0.003 0.709

Average Hoof
Angle (◦) −8.6 ± 3.0 2.2 ± 3.0 <0.001 * −6.7 ± 3.0 0.3 ± 3.0 <0.001 * −3.6 ± 3.0 −2.9 ± 3.0 0.289

Horizontal Hoof Motion
Displacement of
Toe (cm) 3.6 ± 0.5 2.1 ± 0.5 <0.001 * 4.1 ± 0.5 1.6 ± 0.5 <0.001 * 3.0 ± 0.5 2.7 ± 0.5 0.108

Displacement of
Heel (cm) 2.6 ± 0.5 1.6 ± 0.5 <0.001 * 3.1 ± 0.5 1.0 ± 0.5 <0.001 * 2.3 ± 0.5 1.9 ± 0.5 0.105

Average Velocity of
Toe (m/s) 0.71 ± 0.11 0.50 ± 0.11 <0.001 * 0.86 ± 0.11 0.35 ± 0.11 <0.001 * 0.65 ± 0.11 0.56 ± 0.11 0.081

Average Velocity of
Heel (m/s) 0.52 ± 0.11 0.42 ± 0.11 0.038 * 0.67 ± 0.11 0.26 ± 0.11 <0.001 * 0.52 ± 0.11 0.42 ± 0.11 0.075

Average
Deceleration of Toe
(m/s2)

33.4 ± 6.9 27.6 ± 6.9 0.087 46.2 ± 7.0 14.8 ± 7.0 <0.001 * 32.0 ± 7.0 28.9 ± 6.8 0.368

Average
Deceleration of
Heel (m/s2)

21.1 ± 8.1 26.3 ± 8.1 0.143 36.0 ± 8.2 11.4 ± 8.2 <0.001 * 22.6 ± 8.2 24.9 ± 8.0 0.509

Vertical Hoof Motion
Displacement of
Toe (cm) 5.3 ± 2.5 1.6 ± 2.5 <0.001 * 4.0 ± 2.6 2.9 ± 2.6 <0.001 * 3.1 ± 2.6 3.8 ± 2.5 0.002 *

Displacement of
Heel (cm) 2.0 ± 2.5 3.8 ± 2.5 <0.001 * 2.2 ± 2.5 3.5 ± 2.5 <0.001 * 2.6 ± 2.5 3.2 ± 2.4 0.058

Average Velocity of
Toe (m/s) 1.06 ± 0.08 0.35 ± 0.08 <0.001 * 0.81 ± 0.08 0.59 ± 0.08 <0.001 * 0.63 ± 0.08 0.77 ± 0.08 0.002 *

Average Velocity of
Heel (m/s) 0.38 ± 0.05 0.72 ± 0.05 <0.001 * 0.47 ± 0.05 0.63 ± 0.05 <0.001 * 0.49 ± 0.05 0.60 ± 0.05 0.044 *

* Result is statistically significant (p < 0.05).

During slide, hoof angle was significantly different at takeoff than landing, with a
toe-up orientation at takeoff and a toe-down orientation at landing. Hoof angle during
slide was also significantly different between the leading and trailing limb, with a toe-up
orientation when the limb was leading and a very slight toe-down orientation when the
limb was trailing.

Horizontal toe and heel displacement during slide were in the same direction as horse
travel and were significantly greater at takeoff than landing and when the instrumented
limb was leading. Average horizontal velocities of the toe and heel during slide were also
significantly greater at takeoff and on the leading limb. Surface type (dirt, synthetic) did
not have a significant effect on horizontal hoof displacement and velocity during slide.

The horizontal deceleration of both the toe and heel was significantly greater when
the instrumented limb was leading. The horizontal deceleration was not significantly
different between takeoff and landing or between dirt and synthetic surface types; however,
there was a significant combined effect of jump phase and surface type on the horizontal
deceleration at the heel, where deceleration was higher at landing than takeoff on dirt
surfaces but lower at landing than takeoff on synthetic surfaces (p = 0.034).

The toe and heel moved deeper into the surface during slide (reported as positive
numbers). The vertical displacement and average vertical velocity of the toe during slide
were greater for the leading limb, at takeoff, and on synthetic surfaces, while vertical
displacement and average vertical velocity of the heel during slide were greater for the

152



Animals 2023, 13, 2122

trailing limb at landing. The average vertical velocity of the heel during slide was also
greater on synthetic than dirt surfaces.

3.4. Hoof Movement during Support

On average, the support phase constituted the middle 55.0 ± 13.4% of the stance phase.
The support phase was significantly longer and a greater percent of stance at takeoff than
landing (56.5 ± 1.4% of stance at takeoff, 53.7 ± 0.9% of stance at landing, p = 0.025) and
when the instrumented limb was the leading limb than the trailing limb (57.6 ± 0.9% of
stance when leading, 52.6 ± 0.9% of stance when trailing, p < 0.001). The hoof angle during
support was significantly lower (more “toe up”) for the leading limb, at takeoff, and on
dirt surfaces.

The horizontal toe and heel displacement during support was opposite to the direction
of forward movement of the horse’s center of mass (reported as negative numbers). The
horizontal toe and heel displacement was significantly greater at landing than at takeoff
(Table 2), and horizontal heel displacement was also significantly greater on the leading
limb. The average horizontal velocity of the toe and heel during support was also sig-
nificantly greater at landing than takeoff. Surface type (dirt, synthetic) did not have a
significant effect on horizontal hoof displacement and velocity during support.

Table 2. The effect of jump phase (takeoff, landing), jump lead (leading, trailing), and surface type
(dirt, synthetic) on hoof movement during support (LSMeans ± SE; [min, max], median).

Variable
Takeoff
(n = 139)

Landing
(n = 142)

p-Value
Leading
(n = 135)

Trailing
(n = 146)

p-Value
Dirt

(n = 111)
Synthetic
(n = 170)

p-Value

Support Time (s) 0.120 ± 0.003 0.108 ± 0.003 <0.001 * 0.122 ± 0.003 0.107 ± 0.003 <0.001 * 0.115 ± 0.003 0.114 ± 0.003 0.436

Average Hoof
Angle (◦) −5.9 ± 2.9 −1.9 ± 2.9 <0.001 * −5.5 ± 2.9 −2.2 ± 2.9 <0.001 * −4.7 ± 2.9 −3.1 ± 2.9 0.008 *

Horizontal Hoof Motion

Displacement of
Toe (cm)

Range:
[−0.6, 0.9]
Median:
−0.03

Range:
[−2.3, 0.6]
Median:
−0.11

<0.001 *

Range:
[−0.6, 0.6]
Median:
−0.11

Range:
[−2.3, 0.9]
Median:
−0.03

0.122

Range:
[−2.3, 0.9]
Median:
−0.08

Range:
[−0.9, 0.3]
Median:
−0.05

0.958

Displacement of
Heel (cm)

Range:
[−0.8, 0.9]
Median:
−0.06

Range:
[−2.3, 0.5]
Median:
−0.12

0.004 *

Range:
[−0.8, 0.3]
Median:
−0.16

Range:
[−2.3, 0.9]
Median:
−0.03

0.015 *

Range:
[−2.3, 0.9]
Median:
−0.13

Range:
[−0.9, 0.2]
Median:
−0.08

0.184

Average Velocity of
Toe (m/s)

Range:
[−0.05, 0.08]

Median:
−0.003

Range:
[−0.41, 0.06]

Median:
−0.011

<0.001 *

Range:
[−0.05, 0.06]

Median:
−0.010

Range:
[−0.41, 0.08]

Median:
−0.003

0.577

Range:
[−0.41, 0.08]

Median:
−0.007

Range:
[−0.09, 0.04]

Median:
−0.006

0.779

Average Velocity of
Heel (m/s)

Range:
[−0.07, 0.08]

Median:
−0.006

Range:
[−0.41, 0.05]

Median:
−0.011

<0.001 *

Range:
[−0.07, 0.03]

Median:
−0.013

Range:
[−0.41, 0.08]

Median:
−0.004

0.168

Range:
[−0.41, 0.08]

Median:
−0.011

Range:
[−0.09, 0.02]

Median:
−0.008

0.148

Vertical Hoof Motion

Displacement of
Toe (cm)

Range:
[−0.2, 2.9]
Median:

0.32

Range:
[−0.3, 1.9]
Median:

0.20

<0.001 *

Range:
[−0.1, 2.9]
Median:

0.36

Range:
[−0.3, 2.1]
Median:

0.18

<0.001 *

Range:
[−0.3, 2.9]
Median:

0.27

Range:
[−0.9, 2.2]
Median:

0.08

0.515

Displacement of
Heel (cm) 0.13 ± 0.04 0.22 ± 0.04 <0.001 * 0.07 ± 0.04 0.22 ± 0.04 <0.001 * 0.17 ± 0.04 0.18 ± 0.04 0.923

Average Velocity of
Toe (m/s)

Range:
[−0.02, 0.29]

Median:
0.026

Range:
[−0.02, 0.16]

Median:
0.018

<0.001 *

Range:
[−0.02, 0.29]

Median:
0.028

Range:
[−0.02, 0.20]

Median:
0.015

0.002 *

Range:
[−0.02, 0.29]

Median:
0.023

Range:
[−0.02, 0.07]

Median:
0.023

0.871

Average Velocity of
Heel (m/s) 0.009 ± 0.003 0.021 ± 0.003 <0.001 * 0.004 ± 0.004 0.025 ± 0.004 <0.001 * 0.015 ± 0.004 0.014 ± 0.003 0.473

* Result is statistically significant (p < 0.05).

The toe and heel also moved deeper into the surface during support (reported as
positive numbers). The vertical displacement and vertical velocity of the toe during support
were greater for the leading limb at takeoff, while the vertical displacement and vertical
velocity of the heel during support were greater for the trailing limb at landing. Surface
type (dirt, synthetic) did not have a significant effect on the vertical hoof displacement and
velocity during support.
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3.5. Hoof Movement during Grab

On average, the grab phase constituted the last 20.0 ± 3.3% of the stance phase. The grab
phase was significantly longer and a greater percent of stance on synthetic surfaces than dirt
surfaces (20.3 ± 0.4% of stance on synthetic surfaces, 19.4 ± 0.5% of stance on dirt surfaces,
p = 0.023). The grab phase was also a significantly greater percent of stance for the trailing
limb (19.2 ± 0.5% of stance when leading, 20.5 ± 0.5% of stance when trailing, p = 0.004).

The horizontal toe displacement during grab was opposite to the direction of forward
movement of the horse’s center of mass, while the horizontal heel displacement during
grab was in the same direction as the horse. This displacement trend is consistent with
the positive (“toe-down”) SHAs observed during grab. The horizontal toe displacement
during grab was significantly greater (more negative) at landing (Table 3). The average
horizontal velocity of the toe during grab was also significantly greater (more negative) at
landing and on dirt surfaces. The horizontal heel displacement and velocity during grab
were significantly greater (more positive) at landing with the trailing limb. The horizontal
heel displacement was also greater (more positive) on synthetic than dirt surfaces.

Table 3. The effect of jump phase (takeoff, landing), jump lead (leading, trailing), and surface type
(dirt, synthetic) on hoof movement during grab (LSMeans ± SE).

Variable
Takeoff
(n = 139)

Landing
(n = 142)

p-Value
Leading
(n = 135)

Trailing
(n = 146)

p-Value
Dirt

(n = 111)
Synthetic
(n = 170)

p-Value

Grab Time (s) 0.042 ± 0.002 0.040 ± 0.002 0.092 0.041 ± 0.002 0.041 ± 0.002 0.940 0.040 ± 0.002 0.042 ± 0.002 0.017*

Average SHA (◦) 14.7 ± 2.9 21.6 ± 3.0 <0.001 * 15.8 ± 3.0 20.5 ± 3.0 <0.001 * 17.8 ± 3.0 18.6 ± 2.9 0.304

Horizontal Hoof Motion
Displacement of
Toe (cm) −2.0 ± 0.3 −4.1 ± 0.3 <0.001 * −2.9 ± 0.4 −3.3 ± 0.3 0.210 −3.2 ± 0.3 −2.9 ± 0.3 0.054

Displacement of
Heel (cm) 3.5 ± 0.7 4.9 ± 0.7 <0.001 * 3.6 ± 0.7 4.8 ± 0.7 <0.001 * 3.8 ± 0.7 4.7 ± 0.7 0.019 *

Average Velocity of
Toe (m/s) −0.48 ± 0.07 −0.98 ± 0.07 <0.001 * −0.70 ± 0.07 −0.76 ± 0.07 0.419 −0.79 ± 0.07 −0.67 ± 0.07 0.026 *

Average Velocity of
Heel (m/s) 1.00 ± 0.20 1.54 ± 0.20 <0.001 * 1.10 ± 0.20 1.44 ± 0.20 <0.001 * 1.19 ± 0.20 1.35 ± 0.20 0.145

Vertical Hoof Motion
Displacement of
Toe (cm) 0.1± 0.4 0.1 ± 0.4 0.830 0.3 ± 0.4 −0.1 ± 0.4 0.046 * 0.5 ± 0.4 −0.3 ± 0.4 <0.001 *

Displacement of
Heel (cm) −10.9 ± 0.4 −11.9 ± 0.4 <0.001 * −11.0 ± 0.4 −11.9 ± 0.4 0.001 * −11.2 ± 0.4 −11.7 ± 0.4 0.250

Average Velocity of
Toe (m/s) −0.12 ± 0.11 −0.20 ± 0.11 0.117 −0.11 ± 0.11 −0.21 ± 0.11 0.015 * −0.07 ± 0.11 −0.25 ± 0.11 0.002 *

Average Velocity of
Heel (m/s) −2.82 ± 0.17 −3.19 ± 0.17 <0.001 * −2.88 ± 0.17 −3.14 ± 0.17 <0.001 * −3.03 ± 0.17 −2.98 ± 0.16 0.344

* Result is statistically significant (p < 0.05).

The heel displaced out of the surface during grab, while the toe sometimes penetrated
deeper into the surface (positive) and sometimes further out of the surface (negative) by
the end of the grab phase. The toe displacement during grab was significantly related
to the surface type, where the toe displaced further out of synthetic surfaces and further
into dirt surfaces during grab. Additionally, the toe of the leading limb displaced into the
surface and the toe on the trailing limb displaced out of the surface during grab. The heel
displacement out of the surface was significantly greater for the trailing limb at landing.
The average vertical velocity of the toe was significantly greater for the trailing limb and
on synthetic surfaces with a direction out of the surface. The average vertical velocity of
the heel was significantly greater for the trailing limb and at landing with a direction out of
the surface.

When considering the combined effects of surface type and leading limb, the toe
moved further backward and had a larger horizontal velocity with the leading limb than
the trailing limb on synthetic surfaces, while the toe moved further backward and had
a larger horizontal velocity with the trailing limb than the leading limb on dirt surfaces
(p = 0.006 displacement; p = 0.004 velocity).
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3.6. Multivariate Stepwise Regression of Surface Properties with Hoof Movement Parameters

Descriptive statistics for all surface composition variables (fiber content, sand con-
tent, silt content, clay content, average particle size, particle size deviation, average fiber
length, and fiber length deviation), manageable properties (temperature, cushion depth,
and moisture content), shear properties (adhesion, coefficient of friction, and normalized
maximum shear force), and vertical impact properties (maximum vertical impact force,
impulse, loading rate, maximum vertical displacement, soil rebound, energy dissipated
during impact, stiffness, and maximum deceleration) as reported by Rohlf et al. [19,20] are
depicted in Table 4.

Table 4. Descriptive statistics of compositional, manageable, shear, and vertical impact properties of
dirt and synthetic surfaces (LSMeans ± SE).

Variable Observations Dirt Synthetic p-Value

Compositional Properties

Fiber Content (%) 1 12
0.12 ± 0.98
Median 0

Range [0, 0.6]

4.03 ± 0.83
Median 3.4

Range [1.5, 10]
<0.001 2

Sand Content (%) 12 84.6 ± 3.67 78.14 ± 3.11 0.210
Silt Content (%) 12 10.46 ± 2.54 12.31 ± 2.15 0.590
Clay Content (%) 12 4.83 ± 1.08 5.51± 0.91 0.639
Average Particle
Size (mm) 12 0.74 ± 0.12 0.40 ± 0.10 0.051

Standard Deviation of
Particle Size (mm) 12 1.00 ± 0.13 0.60 ± 0.11 0.042 2

Average Fiber
Length (mm) 1 7 N/A

27.7 ± 2.0
Median 24.8

Range [23.6, 38.3]
N/A

Standard Deviation of
Fiber Length (mm) 1 7 N/A

11.8 ± 1.8
Median 10.7

Range [6.0, 20.9]
N/A

Manageable Properties
Surface Temperature (◦C) 59 26.0 ± 2.3 13.9 ± 1.9 0.002 2

Cushion Depth (mm) 59 34.9 ± 7.5 53.2 ± 6.3 0.090
Moisture Content (%) 59 3.30 ± 2.37 9.84 ± 2.00 0.062

Shear Properties
Adhesion (N) 46 30.0 ± 10.0 3.5 ± 8.4 0.078
Coefficient of Friction 46 0.37 ± 0.03 0.44 ± 0.02 0.065
Normalized Maximum
Shear Force (Fmax/FN) 46 0.43 ± 0.02 0.46 ± 0.02 0.322

Vertical Impact Properties
Maximum Vertical Impact
Force (kN) 58 15.2 ± 1.3 13.7 ± 1.1 0.379

Impulse (N × s) 58 69.0 ± 1.0 72.1 ± 0.8 0.039 2

Loading Rate (kN/s) 58 4679 ± 568 3155 ± 473 0.066
Maximum Vertical
Displacement (cm) 58 1.76 ± 0.18 2.07 ± 0.15 0.157

Soil Rebound (cm) 58 0.11 ± 0.03 0.23 ± 0.02 0.010 2

Dissipated Energy (J) 58 80.9 ± 1.5 79.8 ± 1.3 0.591
Stiffness (kN/m) 58 2477 ± 332 1602 ± 273 0.069
Maximum
Deceleration (g) 58 63.6 ± 5.1 56.7 ± 4.3 0.322

1 Indicates that the ANOVA was performed on the ranked data because the residuals of the ANOVA were not
normally distributed. 2 Result is statistically significant (p < 0.05).

The relationships between surface properties and hoof translation parameters were
analyzed with a multivariate stepwise regression (see Supplementary Material Table S4).
Clay content was significantly related to many hoof movement variables at both takeoff and
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landing. At takeoff, surfaces with greater clay content had less displacement (r = −0.33;
p = 0.022) and velocity (r = −0.49; p = 0.004) of the heel into the surface during slide.
At landing, surfaces with higher clay content were significantly related to less vertical
displacement (r = −0.33; p = 0.031) and velocity (r = −0.45; p = 0.003) of the toe into the
surface during slide. During the grab phase of landing, surfaces with higher clay content
exhibited a reduced SHA (less “toe down” orientation) (r = −0.42; p = 0.004), reduced
horizontal heel displacement (r = −0.39; p = 0.009) and velocity (r = −0.5; p < 0.001),
less vertical heel displacement (r = −0.46; p = 0.002; out of the surface), and less vertical
toe velocity (r = −0.42; p = 0.005; out of the surface). Soils with more variable particle
size distributions were also related to reduced horizontal heel displacement (r = −0.32;
p = 0.038) and lower vertical toe velocity (r = −0.33; p = 0.030; out of the surface) during the
grab phase at takeoff, and less vertical displacement of the toe out of the surface (r = −0.37;
p = 0.013) during the grab phase at landing.

The horizontal deceleration of the hoof during slide was also related to surface char-
acteristics. At takeoff, surfaces with greater variation in soil particle size exhibited less
horizontal heel deceleration (r = −0.41; p = 0.005), while surfaces with higher temperatures
exhibited less horizontal toe deceleration (r = −0.41; p = 0.005). At landing, surfaces with
higher adhesion increased the deceleration of both the toe and heel (r = 0.33; p = 0.027).

Several surface properties were only related to hoof movement variables at takeoff.
Surfaces with greater soil rebound exhibited more vertical heel displacement (r = 0.39;
p = 0.010) and velocity (r = 0.33; p = 0.012) during slide. Additionally, higher surface
temperatures were related to greater vertical displacement (r = 0.35; p = 0.023) and velocity
(r = 0.41; p = 0.007) of the toe during support, but reduced vertical velocity (r = −0.42;
p = 0.005) of the toe during slide. Surfaces with deeper cushion layers were also related
to greater vertical displacement (r = 0.44; p = 0.002) and velocity (r = 0.40; p = 0.004) of
the toe during support and a lower average SHA (r = −0.35; p = 0.018; more “toe up”).
Surfaces with higher vertical deceleration rates were related to less vertical displacement of
the heel (r = −0.33; p = 0.027; out of the surface) and less horizontal displacement of the toe
(r = −0.32; p = 0.041) during grab. Surfaces with greater impulse during vertical impact
(factor of impact force and duration of impact) exhibited less vertical toe displacement
(r = −0.40; p = 0.008; into the surface) during grab. Finally, synthetic surfaces with longer
fibers exhibited more vertical heel displacement into the surface during the slide phase
(r = 0.62; p < 0.001) and more vertical heel displacement out of the surface during the grab
phase (r = 0.40; p = 0.041).

Additionally, some surface properties were only related to hoof movement variables at
landing. Surfaces with higher adhesion exhibited greater horizontal toe and heel displace-
ment (toe: r = 0.33; p = 0.031, heel: r = 0.32; p = 0.041) and velocity (toe: r = 0.36; p = 0.015,
heel: r = 0.36; p = 0.020) during slide, as well as greater horizontal heel displacement oppo-
site the forward momentum of the horse (r = 0.32; p = 0.030) during support and greater
vertical velocity of the heel out of the surface during grab (r = 0.41; p = 0.005). Surfaces with
greater dissipated energy at impact (factor of impact force and vertical displacement into
the surface) exhibited less horizontal toe displacement and velocity (opposite the forward
momentum of the horse) during support (displacement: r = −0.32; p = 0.042, velocity:
r = −0.32; p = 0.041) and grab (displacement: r = −0.46; p = 0.002, velocity: r = −0.37;
p = 0.014). Stiffer surfaces (r = −0.33; p = 0.011), surfaces with higher loading rates during
vertical impact (r = −0.28; p = 0.042), and surfaces with less sand content (r = 0.28; p = 0.019)
were related to less heel displacement out of the surface during grab. Finally, surfaces with
larger soil particles exhibited less vertical velocity of the toe out of the surface during grab
(r = −0.28; p = 0.044).

Fiber content, silt content, fiber length variation, moisture content, coefficient of
friction, maximum normalized shear force, maximum vertical impact force, and maximum
vertical displacement of the impact tester were not related to any hoof movement properties.
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4. Discussion

Our results appear to agree well with the previous research. Although surface type,
jump phase, and leading limb were all identified as factors that may affect the horizon-
tal deceleration of the hoof during slide and injury risk [5,6], only the leading limb had
a statistically significant effect on the horizontal hoof deceleration. Furthermore, while
surface properties were significantly related to some hoof movement variables, expected
negative relationships between shear properties and horizontal hoof movement and ex-
pected positive relationships between vertical movement of the hoof and surface tester
were not observed.

The methods used to determine slide, support, and grab in this study appear to be
reasonable, since the timing of these phases matches the timings presented in previous
research. In this study, the slide phase constituted the first 25% of the stance phase on
average, which is in line with previous reports of secondary impact occurring in the first
30% of stance [2]. Furthermore, the timing of grab, also called breakover, in this study
agreed with the timing observed in previous studies (80–100% stance in present study;
85–100% stance in Thomason et al. [2]).

The leading limb had a significant effect on many hoof movement parameters during
slide. As expected, average horizontal deceleration in the leading limb was significantly
greater than horizontal deceleration in the trailing limb during slide, which is also aligned
with previous research findings [18]. Rapid deceleration has been linked to a greater risk of
subchondral bone and cartilage damage by increasing the bending moment, longitudinal
deceleration, and high-frequency oscillations of the third metacarpal bone [5,6]. Therefore,
our findings suggest that the leading limb may be at greater risk of musculoskeletal injury.
The finding that SHA was significantly greater for the trailing limb during all three jump
phases also aligns with the results of Hernlund et al. [18]. Results from the present study
also show that the horizontal velocity of the hoof is significantly greater in the leading limb
during slide. Greater horizontal velocity in the leading limb at jump landing has also been
reported in the literature [18]; however, in the previous study, velocity was reported for the
entire stance phase and was not subdivided into slide, support, and grab.

In contrast, surface type had few significant effects on hoof motion during slide,
support, and grab. Although a previous study of galloping horses found a longer support
duration on a synthetic surface compared to a dirt surface [17], this was not observed in
the present study. Support duration was longer and comprised a greater percent of stance
on the leading limb at takeoff (the last forelimb to leave the ground), possibly to provide
additional stability and time at takeoff for the horse to plant the hindlimbs. Grab time
was significantly greater and comprised a larger percent of stance on synthetic surfaces;
however, this finding could be explained by the fact that vertical hoof displacement was
also significantly greater on synthetic surfaces and the time required for the horse to remove
their hoof from deeper within the surface while pushing off was greater. A previous study
also found significantly greater horizontal hoof displacement on a synthetic surface during
slide [17]; however, no surface type effects on horizontal hoof motion during slide were
observed in the current study. However, this previous study only evaluated one surface
of each type and may have underestimated the variation in mechanical behavior within
a surface type category (dirt, synthetic). The evaluation of five dirt and seven synthetic
surfaces in the present study likely captured more variation and demonstrated that surface
type, as a categorical variable, does not sufficiently describe the hoof–surface interaction.
Additionally, since horizontal hoof motion is expected to be related to shear properties of
arena surfaces [1], the lack of surface type effects on horizontal deceleration during slide
agrees with our hypothesis because shear properties of these dirt and synthetic surfaces
were not significantly different [19].

Our analysis of SHA also suggests a secondary mechanism of injury in show jumping
in addition to rapid horizontal deceleration. During initial impact and slide, the SHA
was heel-down at takeoff and toe-down at landing. Researchers have suggested that
injury risk may be reduced when the hoof impacts the surface in a heel-first configuration
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because the structure of the hoof provides more elasticity in the heel area to dampen impact
loads [23]. Furthermore, in a heel-first impact, tension in the flexor tendons decreases as
the hoof rotates to a flat orientation during stance, which partially counteracts the increase
in flexor tendon force due to fetlock extension [24]. In contrast, toe-first impacts have
been suggested as a contributing factor for navicular disease because rotation of the hoof
and fetlock extension both increase the forces applied to the deep digital flexor tendon
and navicular bone [24]. Since the toe impacted first at jump landing, when impact forces
are maximized, this supports a possible mechanism for the high prevalence of navicular
injuries observed in non-elite show-jumping horses in the United Kingdom [25].

Finally, several significant relationships between hoof movement during jumping and
arena surface properties were also identified. Surface clay content had the most significant
relationships with hoof movement on arena surfaces. In general, surfaces with more clay
content reduced or slowed hoof movement. The effect of clay on hoof movement is similar
to the effect of clay courts on tennis balls, as the high coefficient of sliding friction of clay
reduces the ball speed [26]. Additionally, surfaces with greater surface temperatures, more
variably sized particles, and less adhesion were associated with less deceleration of the hoof
during the sliding phase. These findings suggest that surfaces with these characteristics
may also reduce the risk of injury to the horse by reducing the bending moment on the
third metacarpal bone [5]. However, compositional and manageable properties were not
systematically adjusted within a single arena surface. Therefore, future research is needed
to understand the individualized effects of changing a single surface management or
compositional parameter on hoof deceleration.

Although shear properties (adhesion, coefficient of friction, and maximum shear force)
were expected to be strongly and negatively correlated with horizontal displacement of the
hoof, especially during the slide phase, adhesion was the only shear property correlated
with hoof movement. This hypothesis was based on previous research which showed that
high shear forces (traction) restricted the amount of hoof movement [27,28]. Both adhesion
and coefficient of friction have been defined as important metrics to assess friction between
the playing surface and footwear of human athletes [29], where higher adhesion and/or a
greater coefficient of friction are expected to reduce slip. Although adhesion was related to
several horizontal hoof movement variables at landing, in all cases, adhesion was positively
correlated with horizontal hoof motion (e.g., surfaces with higher adhesion exhibited more
horizontal hoof motion). This result was very counterintuitive considering the mechanical
nature of adhesion to prevent hoof movement.

Vertical hoof displacement was also expected to be strongly and positively correlated
with vertical displacement of the vertical impact tester because the vertical impact testing
device was designed to simulate the interaction of the hoof and the ground [22]. However,
no relationships between vertical displacement of the hoof and vertical displacement of the
tester were found. In all but 4 jumping trials (96%), hoof vertical displacement exceeded
the maximum displacement of the vertical tester into the surface. Furthermore, the hoof
penetrated the base surface layer (a compacted mixture of sand and gravel with a much
higher stiffness than the sandy, aerated cushion layer on the top of the surface) in 63.4% of
trials, while the vertical impact device only penetrated the base layer during 6 of the impact
trials (6.7%). Previous studies of human playing surfaces have also found few correlations
between the results of material testing devices and results from experimental subjects [30].

The counterintuitive and unexpected correlation results between hoof movement
and surface properties measured with the mechanical testing devices suggest that further
experimentation and development of these devices are required to better represent surface–
hoof interactions during a jump. While these devices are not expected to replicate the
magnitude of forces during equine stance, it is important that these devices are further
validated to ensure that surface properties as measured by these devices are representative
of true hoof–surface interactions. The benefit of mechanical testing devices lies in their
ability to create a more standardized testing environment than is possible from live animal
studies, and to reduce the number of confounding variables when comparing the behavior
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between different surfaces. However, even with further development, mechanical testing
devices will have limitations and may not be able to represent hoof movement accurately
or precisely. Therefore, it may be preferable to focus on the enhancement and development
of non-invasive and low-profile equipment that can measure movement and forces directly
at the hoof (i.e., dynamometric horseshoes).

Another limitation of this study is related to possible vibration of the hoof extension
bar at impact which is not consistent with the sagittal plane motion of the hoof. However,
large vibrations would likely have been observed while reviewing video capture, and
small vibrations were removed during the high-pass filtering of the motion capture data.
Additionally, dirt and synthetic arena surfaces evaluated in this study were limited to the
northern California region, which may not capture the variation in arena properties world-
wide. However, our sample size (five dirt; seven synthetic) was larger than that of previous
studies which compared only one to two surfaces of each type, and it likely captures more
variation than these previous studies. Finally, compositional and manageable properties
were not varied within a particular arena surface in this study. Thus, other compositional
and manageable properties may be confounding factors when trying to determine the
individualized effects of surface parameters on joint motion. The confounding effect of
surface temperature is especially noteworthy as dirt surfaces had significantly higher tem-
peratures than synthetic surfaces. Although multivariate stepwise regression was chosen to
statistically account for possible relationships between surface properties when reporting
correlations, future research studies should evaluate the individualized effects of changing
a single surface management or compositional parameter on hoof motion.

5. Conclusions

Large surface property variation among synthetic and dirt surfaces precluded the
ability for surface type, described categorically, to be a good predictor for hoof translation
in the surface. However, hoof deceleration during slide was significantly dependent on
the forelimb that was leading during the jump, where the leading leg had significantly
greater deceleration than the trailing leg. This finding suggests that the leading leg may
have a higher risk of musculoskeletal injury. To alleviate the increased risk of injury to the
leading leg, it may be beneficial for trainers and riders to switch leads during training and
competition to reduce the number of repetitions of high deceleration on a single forelimb.
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Simple Summary: Visual gait evaluation made by the equine veterinarian is an essential part of
the diagnosis of locomotor disorders. Measurement of movement asymmetry can provide objective
support for diagnosis. However, their interpretation remains complex as horses considered to be
healthy may show some degree of asymmetry. This study aims to establish and analyze the threshold
values for different indices that can be used to discriminate a healthy horse from a horse considered
lame by expert clinicians in their daily practice. At least 88% of healthy horses had an upward range
of movement of the withers between −10% and 7% of asymmetry. The withers asymmetry of at
least 84% of the forelimb lame horses was out of these thresholds. As well, at least 86% of healthy
horses had an upward range of movement of the pelvis between −7% and 18% of asymmetry. At
least 83% of the hindlimb lame horses were out of these pelvis asymmetry thresholds. Despite the
quite low number of horses included in this study (224), these thresholds provide a first help to avoid
overinterpretation of asymmetry when using objective gait analysis systems.

Abstract: Defining whether a gait asymmetry should be considered as lameness is challenging. Gait
analysis systems now provide relatively accurate objective data, but their interpretation remains
complex. Thresholds for discriminating between horses that are visually assessed as being lame or
sound, as well as thresholds for locating the lame limb with precise sensitivity and specificity are
essential for accurate interpretation of asymmetry measures. The goal of this study was to establish
the thresholds of asymmetry indices having the best sensitivity and specificity to represent the
visual single-limb lameness assessment made by expert veterinarians as part of their routine practice.
Horses included in this study were evaluated for locomotor disorders at a clinic and equipped with
the EQUISYM® system using inertial measurement unit (IMU) sensors. Visual evaluation by expert
clinicians allocated horses into five groups: 49 sound, 62 left forelimb lame, 67 right forelimb lame,
23 left hindlimb lame, and 23 right hindlimb lame horses. 1/10 grade lame horses were excluded.
Sensors placed on the head (_H), the withers (_W), and the pelvis (_P) provided vertical displacement.
Relative difference of minimal (AI-min) and maximal (AI-max) altitudes, and of upward (AI-up) and
downward (AI-down) amplitudes between right and left stance phases were calculated. Receiver
operating characteristic (ROC) curves discriminating the sound horses from each lame limb group
revealed the threshold of asymmetry indice associated with the best sensitivity and specificity. AI-
up_W had the best ability to discriminate forelimb lame horses from sound horses with thresholds
(left: −7%; right: +10%) whose sensitivity was greater than 84% and specificity greater than 88%.
AI-up_P and AI-max_P discriminated hindlimb lame horses from sound horses with thresholds
(left: −7%; right: +18% and left: −10%; right: +6%) whose sensitivity was greater than 78%, and
specificity greater than 82%. Identified thresholds will enable the interpretation of quantitative data
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from lameness quantification systems. This study is mainly limited by the number of included horses
and deserves further investigation with additional data, and similar studies on circles are warranted.

Keywords: horse; lameness; symmetry; ROC curves; IMU

1. Introduction

Movement asymmetry is commonly used as an indicator of locomotor disorders by
horses. Indeed, the aim of locomotor examination is to identify any impairment and to
locate its source. Currently, lameness is visually evaluated by veterinarians. However
agreement between veterinarians about lameness grade assessment is low, particularly for
subtle lameness detection [1,2]. Modern gait analysis tools provide quantitative measures
of asymmetry. The most versatile tool, the inertial measurement units (IMUs), can be
used in a clinical setting [3,4]. The issue about the relationship between visual lameness
assessment and gait asymmetries measurement systems has been raised. Asymmetry of
vertical displacement of the head and pelvis has shown relevant increase with induced
lameness [5–7]. But even horses perceived by the veterinarian to be sound have demon-
strated physiological asymmetrical gait [8–10]. Despite the known capacity of withers
asymmetry for detecting compensatory movements, it has been studied relatively less than
the head [11,12].

In this context, thresholds of asymmetry parameters which correspond to visual eval-
uation of lameness by veterinarians have been studied. Asymmetry thresholds of the
head (>6 mm) and the pelvic (>3 mm) vertical displacement were used for the first time
by McCracken et al. [13]. They were probably based on a confidence interval calculated
with two repeated measures on 236 horses [14]. These thresholds have been adjusted to
the method of data construction used in other IMU systems [15]. A growing number of
studies have used these thresholds as an objective lameness detection [11,12,16]. However
numerous asymmetry values of sound horses have been over these thresholds [8,17,18].
This might be explained by undetected subclinical, pain-mediated disease or by biolog-
ical variation, but no consensus has yet been reached [19,20]. Recently, a discrimination
method of statistical analysis was applied on 25 Thoroughbred racehorses to redefine
higher thresholds, (14.5 mm for the head and 7.5 mm for the pelvis) [21]. In this study, the
focus was on specificity because the objective was to screen horses before racing. These
results have given guidelines but require further investigations with heterogeneous horses
and lameness types using a clinical environment faced by practitioners.

The goals of this clinical observational study were (i) to establish which asymmetry
indices have the best sensitivity and specificity to reflect the visual assessment of single-
limb lameness made by expert clinicians as part of their routine practice. (ii) Then, for the
relevant indices, the aim was to determine the threshold of lameness detection and lame
limb identification. This first study was limited to the following conditions: at trot, in hand,
on a straight line and on a hard surface.

2. Materials and Methods

This clinical observational retrospective study was approved by the clinical research
ethics committee (ComERC n◦2022-01-19).

2.1. Horses

This study was conducted on horses (n = 224), presented at a clinic for locomotor
evaluation from August 2019 until October 2021. The sample was composed of 46% females,
47% geldings and 7% stallions; 48% Selle Français, 7% KWPN, 5% trotters and 40% other
breeds; 62% showjumpers, 11% dressage, 10% eventing, and 17% other disciplines; aged
from 2 to 20 years (mean ± SD, 9 ± 3 years).
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2.2. Locomotor Examination

After collecting the anamnesis and performing the examination of the locomotor
system, the veterinarian evaluated the horse locomotion without warm-up. As part of
the dynamic locomotor examination, horses were trotted by their owner/groom on a
straight line of 25 meters long. The handler was asked to run at adequate speed and to
keep a steady pace. The ground surface was made of asphalt. Visual evaluation was
performed by one of the five expert veterinarians graduated as DESV (French certification
as a specialist in equine locomotor pathology) and certified ISELP (International Society of
Equine Locomotor Pathology). Based on this evaluation on the straight line, horses were
classified into five groups: right forelimb (RF) lame, left forelimb (LF) lame, right hindlimb
(RH) lame, left hindlimb (LH) lame, and sound horses.

In total, 381 horses were screened and were evaluated lame on a straight line. Among
them, 209 horses showed lameness grade ranging between 2/10 (inclusive) and 6/10
(inclusive) on a 11-grades scale equivalent to the UK scale (where 0 is: Sound and 10 is:
Non-weight bearing lameness) [22–24]. Horses showing lameness on multiple limbs on the
straight line were excluded (n = 33). With these criteria, 67 horses showed RF lameness,
62 horses showed LF lameness, 23 horses showed RH lameness, and 23 horses showed LH
lameness. Flowchart is provided as Figure S1. Lameness grades included in each group are
summarized in Table 1.

Table 1. Number of horses showing a lameness depending on the location and the grade according
to the 11-grades UK lameness scale. Mean ± SD1 of lameness grade in each lame horses group.

Clinical Lameness Grade 2/10 3/10 4/10 5/10 6/10 Total Mean ± SD

Right Forelimb lameness 35 9 17 4 2 67 1.5 ± 0.7

Left Forelimb lameness 40 9 7 4 2 62 1.4 ± 0.8

Right Hindlimb lameness 7 4 11 0 1 23 1.7 ± 0.5

Left Hindlimb lameness 7 6 5 1 4 23 1.8 ± 0.6

SD1—standard deviation.

Forty-nine horses were included in the group of “sound” horses. These sound horses
have been presented at the clinic for pre-purchase examination or for gait evaluation prior
to further training. In this group were included individuals who met all of the following
criteria (1) and (2). (1) The sound horses were in training and judged by their owners to be
capable of performing all the exercises required for their sport level. (2) A full locomotor
examination of these horses by an expert clinician revealed no abnormalities deemed
significant under any of the examination conditions. This examination included: walk, trot
on a hard circle at both reins, on a hard straight line, four flexion tests (one for each limb),
trot on a soft circle at both reins.

2.3. Data Collection

During the locomotor examination, as part of the clinical routine, horses were system-
atically equipped with the EQUISYM® (Arioneo, LIM France, Nouvelle-Aquitaine, France)
system consisting of seven wireless IMUs placed on the head, the withers, the pelvis, and
the four cannon bones (Figure 1). They recorded tri-axial angular velocity within a range of
2000◦/s and tri-axial acceleration within a range of 16 g, at a frequency of 200 Hz during
approximately two trot-ups, corresponding to a mean of 14.7 ± 7.8 trot strides on a straight
line. Data were recorded on the sensors and downloaded wirelessly.
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Figure 1. Horse equipped with EQUISYM® system, composed by sensors placed on the head, the
withers, the pelvis and the four cannon bones (shown by the red arrows).

2.4. Data Processing

First, stance phase periods, e.g., foot-on and foot-off times, were determined based
on the analysis of the gyroscopic signals recorded on the four cannon bones owing to the
method developed by Hatrisse et al. [25]. One stride was defined as the time between two
consecutive foot-on of the left forelimb.

Then vertical displacements of the head, withers and pelvis were segmented into
strides. The acceleration signal measured along the dorso-ventral axis of the horse was
integrated twice and high-pass filtered using a fourth-order Butterworth filter with a cut-off
frequency set to 1 Hz to obtain displacement curves [4,26].

Based on the vertical displacement of the head (_H), withers (_W) and pelvis (_P)
occurring along a stride, four variables were calculated for each sensor location. The
following asymmetry indices (AI), expressed as a percentage of the maximal range of
motion within a stride, were used to compare left vs. right part of the stride (Figure 2):
AI-Min was the left-right difference of the lowest point of the vertical excursion; AI-Max
was the left-right difference of the highest point of the vertical excursion; AI-up was the
left-right difference of the upward range of motion during the propulsion phase; and AI-
down was the left-right difference of the downward range of motion during the damping
phase. Positive AI value indicated a smaller movement amplitude during the right stance
than during left stance, and negative AI value indicated the opposite.

All calculations were performed with custom-made Matlab2020a (The MathWorks,
Natick, MA, USA) scripts.
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Figure 2. Mean vertical displacement (cm) of the withers plotted against time (expressed as % of
stride duration) of a horse showing right forelimb (RF) lameness. Asymmetry Indices (AI) are:
AI-min = RFmin-LFmin/LFup; AI-max = LFmax-RFmax/LFup; AI-up = LFup-RFup/LFup; AI-
down = LFdown-RFdown/LFdown. (LF—Left Forelimb).

2.5. Data Analysis

Mean and standard deviation (SD) were calculated from data collected in each group.
Normality was assessed using graphical methods [27]. Open software RStudio (RStudio
Inc., Boston, MA, USA, version 4.1.3) was used, including the packages ROCR, pROC and
boot. The four AIs calculated from head, withers, and pelvis were analyzed. Receiver
operating characteristic (ROC) curves were plotted to discriminate each lame limb group
(RF, LF, RH, LH) from the control group (sound horses). Area under curve (AUC) of the
ROC curves was calculated. Then, thresholds with highest specificity and sensitivity using
the top-left method were calculated. The top-left method involves choosing the threshold
related to the curve point closest to the upper-left corner of the graph. 95% confidence
interval (95% CI, which values are expressed into [;] in the text) was obtained from the
repartition of the best specificities and sensitivities calculated for 400 samples, using the
bootstrap method based on resampling to estimate the confidence interval [28]. In this
study, indices were considered having good discrimination capacity if the sum of sensitivity
and specificity was strictly higher than 150% [29].

3. Results

3.1. Descriptive Results

Mean ± SD for each AI and for each horse group are summarized in Table 2 and
boxplots are plotted in Figure 3.

Means of the AIs in sound horses were close to 0% of asymmetry, particularly for
the withers (AI-min = −3% ± 8%; AI-max = 2% ± 8%; AI-up = −1% ± 9% and AI-
down = −3% ± 11%). The head (AI-min = −7% ± 29% and AI-up = −11% ± 29%) and
pelvis (AI-min = 6% ± 8%, AI-up = 5% ± 13 % and AI-down = 5% ± 11%) showed higher
absolute mean values than the withers. The negative sign of AIs for the withers and the
positive sign of AIs for the pelvis expressed reduced range of movement during the LF and
RH stance phase.

RF lame horses showed higher mean values (sign of a reduced movement on the
right) than sound horses for all AIs of the head and withers, and discrete lower mean
values (sign of a reduced movement on the left) for all AIs of the pelvis, except AI-down_P.
Like a mirror, LF lame horses showed lower mean values than sound horses for all AIs of
the head and withers, and higher mean values for all AIs of the pelvis, except AI-max_H
and AI-down_P.

166



Animals 2022, 12, 3498

Horses with RH lameness showed higher mean values (sign of a reduced movement
on the right) than sound horses for all AIs of the head and pelvis, except AI-down_P, and
showed discrete lower mean values (sign of a reduced movement on the left) for all AIs of
the withers. Like a mirror, LH lame horses showed lower mean values than sound horses
for all AIs of the head and pelvis, except AI-max_H and AI-down_P, and they showed
higher mean values for all AIs of the withers.

Table 2. Mean ± SD of AIs of the head, the withers and the pelvis in sound, RF lame, LF lame, RH
lame, and LH lame horses trotting on a hard straight line.

Location AI1 Sound RF2 LF3 RH4 LH5

Head (_H)

AI-min_H (%) −7 ± 29 34 ± 30 −41 ± 38 22 ± 18 −27 ± 33
AI-max_H (%) −4 ± 12 10 ± 17 −1 ± 27 −2 ± 16 −1 ± 27
AI-up_H (%) −11 ± 29 44 ± 36 −42 ± 36 21 ± 21 −28 ± 36

AI-down_H (%) −2 ± 29 31 ± 35 −29 ± 37 25 ± 21 −19 ± 32

Withers
(_W)

AI-min_W (%) −3 ± 8 16 ± 15 −17 ± 18 −6 ± 8 9 ± 13
AI-max_W (%) 2 ± 8 8 ± 9 −5 ± 14 −2 ± 7 6 ± 12
AI-up_W (%) −1 ± 9 24 ± 20 −22 ± 14 −7 ± 13 15 ± 18

AI-down_W (%) −3 ± 11 9 ± 14 −10 ± 24 −4 ± 7 2 ± 15

Pelvis (_P)

AI-min_P (%) 6 ± 8 1 ± 8 7 ± 10 16 ± 12 −13 ± 19
AI-max_P (%) −1 ± 9 −8 ± 11 6 ± 12 14 ± 10 −25 ± 16
AI-up_P (%) 5 ± 13 −7 ± 15 13 ± 16 30 ± 17 −38 ± 27

AI-down_P (%) 5 ± 11 7 ± 11 0 ± 14 1 ± 15 10 ± 18

AI1—asymmetry indice, RF2—right forelimb, LF3—left forelimb, RH4—right hindlimb, LH5—left hindlimb.

Figure 3. Boxplots of asymmetry indice (AI) in % for sound, left forelimb (LF), right forelimb (RF),
left hindlimb (LH), and right hindlimb (RH) lame horses. The black dot represents the mean, the
2 extremities of the box are 25th and 75th percentiles, and extremities of the whiskers represent extreme
data points not considered outliers. Negative value represents smaller movement on the left limb.

3.2. Forelimb Lameness Discrimination

ROC curves are presented in Figure 4 for forelimbs lameness discrimination. Calcu-
lated from these ROC curves, AUC, best sensitivity and specificity, and threshold associated
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are summarized in Table 3. ROC curves for RF lameness discrimination showed highest
AUC values of 91% [95% CI, 85;96] (AI-up_W), 90% [84;95] (AI-up_H), 90% [83;95] (AI-
min_W), and 86% [78;93] (AI-min_H). The lowest AUC values were of 55% (AI-down_P),
70% (AI-min_P), 72% (AI-max_P), and 72% (AI-down_W).

Figure 4. ROC curves discriminating horses with left forelimb (LF) lameness from sound horses;
and discriminating horses with right forelimb (RF) lameness from sound horses, plotted for each
sensor location (head, withers, pelvis); and plotted for asymmetry indice: AI-min (blue), AI-max
(red), AI-up (black) and AI-down (cyan). The best specificity and sensitivity point of each curve is
represented by a circle. The dashed black line is the hypothesized ROC curve with discrimination
capacity only due to perfect chance.

Table 3. Area under the curve (AUC) of the receiver operating characteristic (ROC) curve discrimi-
nating sound and forelimb lame horses, for each asymmetry indice (AI). Best sensitivity, specificity,
and associated threshold were calculated using top-left method of ROC analysis. [95% confidence
interval] were calculated plotting ROC analysis on 400 population resamplings (bootstraps). Results
for which the sum of sensitivity and specificity is over 150% for both sides are in bold.

AI
AUC RF1

(%)
Sensitivity

RF (%)
Specificity

RF (%)
Threshold

RF (%)
AUC LF2

(%)
Sensitivity

LF (%)
Specificity

LF (%)
Threshold LF

(%)

AI-min_H 86 [78;93] 86 [78;95] 84 [73;92] 6 [−6;13] 79 [71;87] 69 [54;78] 84 [73;96] −30 [−38;−24]
AI-max_H 79 [70;87] 75 [64;86] 78 [63;87] 5 [−1;10] 48 [38;59] 46 [29;53] 69 [53;87] −10 [−24;−4]
AI-up_H 90 [84;95] 76 [62;81] 92 [85;100] 24 [14;45] 79 [70;87] 66 [51;76] 86 [74;100] −36 [−49;−26]

AI-down_H 79 [70;87] 73 [61;81] 82 [70;94] 17 [10;25] 73 [65;83] 66 [56;79] 80 [66;85] −25 [−29;−18]

AI-min_W 90 [83;95] 81 [68;90] 84 [71;93] 3 [−2;6] 79 [71;87] 69 [57;79] 88 [77;98] −10 [−14;−8]
AI-max_W 77 [68;86] 70 [56;81] 73 [59;85] 6 [3;9] 71 [61;79] 63 [48;72] 76 [65;89] −2 [−6;0]
AI-up_W 91 [85;96] 85 [77;93] 88 [78;95] 7 [1;10] 91 [85;95] 84 [74;91] 92 [84;100] −10 [−13;−8]

AI-down_W 72 [61;80] 61 [41;75] 71 [49;89] 1 [−7;7] 58 [48;69] 48 [22;58] 73 [56;100] −8 [−16;−4]

AI-min_P 70 [59;78] 69 [56;85] 65 [45;74] 4 [1;7] 55 [43;64] 69 [59;95] 47 [18;54] 5 [−2;7]
AI-max_P 72 [63;81] 67 [55;77] 78 [66;89] −5 [−7;−4] 70 [60;79] 71 [58;86] 63 [44;73] 1 [−2;4]
AI-up_P 76 [67;84] 69 [55;78] 78 [66;90] −3 [−7;0] 67 [57;77] 63 [52;77] 69 [48;76] 10 [6;13]

AI-down_P 55 [44;67] 49 [32;59] 63 [48;78] 7 [4;12] 61 [50;71] 56 [47;68] 69 [53;81] 1 [−3;6]

RF1—right forelimb, LF2—left forelimb. Results for which the sum of sensitivity and specificity is over 150% for
both sides are in bold.
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As well, ROC curves for LF lameness discrimination showed highest AUC values
of 91% [85;95] (AI-up_W), 79% [71;87] (AI-min_W), 79% [71;87] (AI-min_H), and 79%
[70;87] (AI-up_H). The lowest AUC values were of 48% (AI-max_H), 55% (AI-min_P), 58%
(AI-down_W), and 61% (AI-down_P).

For RF and LF lameness respectively, thresholds of +7% [+1;+10] and −10% [−13;−8]
of asymmetry for AI-up_W resulted in 85% [77;93] and 84% [74;91] sensitivity and 88%
[78;95] and 92% [84;100] specificity respectively.

3.3. Hindlimb Lameness Discrimination

ROC curves are presented in Figure 5 for hindlimbs lameness discrimination. Calcu-
lated from these ROC curves, AUC, best sensitivity and specificity, and threshold associated
are summarized in Table 4. ROC curves for RH lameness discrimination showed highest
AUC values of 88% [77;95] (AI-max_P), 86% [74;95] (AI-up_P), 84% [75;93] (AI-min_H),
81% [71;91] (AI-up_H), and 80% [69;89] (AI-down_H). The lowest AUC values were of 51%
(AI-max_H), 54% (AI-down_W), 59% (AI-max_W), 62% (AI-up_W and AI-min_W).

As well, ROC curves for LH lameness discrimination showed highest AUC values
of 96% [90;99] (AI-up_P), 89% [80;96] (AI-max_P), 89% [77;98] (AI-min_P). The lowest
AUC values were of 48% (AI-max_H), 55% (AI-down_W), 57% (AI-down_P), and 58%
(AI-down_H).

For RH and LH lameness respectively, a threshold of +18% [+16;+27] and −7%
[−12;+2] of asymmetry for AI-up_P resulted in 83% [65;91] and 91% [82;100] sensitiv-
ity, and 90% [82;100] and 86% [69;91] specificity. Thresholds of +6% [+2;+8] and −10%
[−19;−6] of asymmetry for AI-max_P resulted in 87% [75;100] and 78% [59;86] sensitivity,
and 82% [64;88] and 88% [78;100] specificity respectively.

Figure 5. ROC curves discriminating horses with left hindlimb (LH) lameness from sound horses;
and discriminating horses with right hindlimb (RH) lameness from sound horses, plotted for each
sensor location (head, withers, pelvis); and plotted for asymmetry indice: AI-min (blue), AI-max
(red), AI-up (black), and AI-down (cyan). The best specificity and sensitivity point of each curve is
represented by a circle. The dashed black line is the hypothesized ROC curve with discrimination
capacity only due to perfect chance.
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Table 4. Area under the curve (AUC) of the receiver operating characteristic (ROC) curve discrimi-
nating sound and hindlimb lame horses, for each asymmetry indice (AI). Best sensitivity, specificity
and associated threshold were calculated using top-left method of ROC analysis. [95% Confidence
Interval] were calculated plotting ROC analysis on 400 population resamplings (bootstraps). Results
for which the sum of sensitivity and specificity is over 150% for both sides are in bold.

AI
AUC RH1

(%)
Sensitivity

RH (%)
Specificity

RH (%)
Threshold RH

(%)
AUC LH2

(%)
Sensitivity

LH (%)
Specificity

LH (%)
Threshold LH

(%)

AI-min_H 84 [75;93] 87 [73;100] 84 [73;95] 8 [4;11] 60 [45;76] 43 [6;47] 76 [64;100] −25 [−53;−16]
AI-max_H 51 [36;66] 57 [34;70] 51 [23;63] −5 [−14;3] 48 [32;66] 43 [17;45] 67 [47;84] 3 [−2;24]
AI-up_H 81 [71;91] 87 [74;100] 67 [47;75] −1 [−18;7] 60 [46;75] 57 [37;73] 61 [33;78] −19 [−42;6]

AI-down_H 80 [69;89] 70 [41;77] 80 [67;100] 16 [8;35] 58 [43;73] 43 [8;49] 78 [66;100] −22 [−53;−14]

AI-min_W 62 [47;76] 65 [46;82] 71 [55;83] −6 [−10;−3] 75 [61;86] 70 [50;85] 73 [57;86] 0 [−4;3]
AI-max_W 59 [43;72] 57 [37;70] 65 [46;79] 0 [−4;3] 70 [55;84] 70 [51;88] 80 [66;92] 7 [4;9]
AI-up_W 62 [46;76] 52 [29;64] 92 [74;100] −11 [−21;−5] 81 [67;92] 83 [70;100] 78 [59;87] 3 [−6;7]

AI-down_W 54 [41;68] 52 [20;64] 57 [37;75] −5 [−12;−1] 55 [41;69] 52 [19;59] 65 [53;90] −7 [−13;−4]

AI-min_P 72 [58;84] 70 [53;91] 65 [33;78] 10 [1;15] 89 [77;98] 87 [76;100] 84 [68;90] −1 [−4;5]
AI-max_P 88 [77;95] 87 [75;100] 82 [64;88] 6 [2;8] 89 [80;96] 78 [59;86] 88 [78;100] −10 [−19;−6]
AI-up_P 86 [74;95] 83 [65;91] 90 [82;100] 18 [16;27] 96 [90;99] 91 [82;100] 86 [69;91] −7 [−12;2]

AI-down_P 64 [49;77] 65 [47;84] 69 [54;81] 0 [−3;4] 57 [42;71] 52 [33;63] 67 [47;82] 9 [2;17]

RH1—right hindlimb, LH2—left hindlimb. Results for which the sum of sensitivity and specificity is over 150%
for both sides are in bold.

3.4. Asymmetry Thresholds of Reliable Indices

With a sum of sensitivity and specificity over 150%, head (AI-min_H and AI-up_H) and
withers (AI-min_W and AI-up_W) indices discriminated the LF lame horses from sound
horses. As well, head (AI-min_H, AI-max_H, AI-up_H, and AI-down_H) and withers
(AI-min_W and AI-up_W) indices discriminated the RF lame horses from sound horses.

With a sum of sensitivity and specificity over 150%, withers (AI-up_W) and pelvis
(AI-min_P, AI-max_P, and AI-up_P) indices discriminated the LH lame horses from sound
horses. As well, head (AI-min_H and AI-up_H) and pelvis (AI-max_P and AI-up_P) indices
discriminated the RH lame horses from sound horses.

Thresholds and their 95% CI associated with a sum of sensitivity and specificity over
150% for both right and left lameness discrimination were plotted in Figure 6.

Figure 6. Thresholds (red line) of asymmetry indices (AI) (in % of asymmetry) for forelimb and
hindlimb lameness discrimination. Only the AIs with the sum of sensitivity and specificity over
150% for both right and left lameness are plotted. Three range of values are represented: yellow for
95% confidence interval (95% CI) around the threshold, green for values below the 95% CI (“sound”
horses) and red for values beyond the 95% CI (“lame” horses).
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4. Discussion

Description of AIs provided by the head, withers, and pelvis from sound horses
showed that almost no asymmetry was detected on the withers, whereas head and pelvis
showed slightly lower range of movement during the RF-LH stance phase. In lame horses,
the withers and pelvis showed reduced range of movement during the stance phase of
respectively the front and hind lame limb. The head also showed reduced movement during
the stance phase of a lame forelimb. Conversely, the head showed increased movement
during the stance phase of a lame hindlimb.

Our study confirms the hypothesis that head and withers vertical displacements
are indicators of forelimb lameness. Indeed, head indices (AI-min_H, AI-up_H) and
withers indices (AI-min_W and AI-up_W) are the indices with the highest sensitivity and
specificity (sum of sensitivity and specificity greater than 150%) for discriminating horses
with forelimb lameness from sound horses. Among them, AI-up_W discriminated forelimb
lameness with the highest sensitivity (>84%) and specificity (>88%).

For hindlimb lameness, pelvic vertical displacement was the most consistent indicator.
Withers and head vertical displacement were also modified, with compensatory movements
but only indices from the pelvis (AI-max_P and AI-up_P) discriminated both sides hindlimb
lameness with sensitivity over 78% and specificity over 82%.

Among the four indices (AI-up, AI-max, AI-min, AI-down) used in this study, it
was shown that AI-down indice has systematically a low sensitivity and specificity for
discriminating both hindlimb and forelimb lame horses from sound horses. This result
suggests that the AI-down indice should not be considered as the most useful indice in
future work.

Main results give the following guidelines: associated with the highest sensitivity and
specificity, AI-up_W discriminates LF lame horses under −10% of asymmetry and RF lame
horses over +7% of asymmetry from sound horses. Associated with the highest sensitivity
and specificity, AI-up_P discriminates LH lame horses under −7% of asymmetry and RH
lame horses over +18% of asymmetry from sound horses. These observations confirm
that the upward movement of the pelvis has the highest power to discriminate hindlimb
lameness [30].

Higher relevance of the withers data than the head data contradicts previous stud-
ies [5,21]. Head shows greater movement asymmetry than withers, helping the visual
assessment for forelimb lameness. However, the head is subjected to random movements
existing in restless horses [7,8,10,31]. This study demonstrates that the withers movement
provides useful and relevant information to detect forelimb lameness. Although hav-
ing a lower reliability, head movement indices provide additional information useful to
differentiate forelimb and hindlimb lameness [11,32].

Moreover, absolute threshold values of the head asymmetry were different in our study
between the right and the left side of lameness discrimination (AI-up_H: +24% for RF vs.
−36% for LF; AI-min_H: +6% for RF vs. −33% for LF). This difference may reflect different
types of lameness between the RF and the LF lame horses in our reference population.
This difference could also reflect an artefactual reduced movement of the head during the
LF stance phase, compared to the RF stance phase for sound horse. Explanation could
be found because horses were trotted in-hand on their left side by their owner or groom.
This artefactual asymmetry may be induced by the handler despite instructions not to hold
the head too firmly and to release the lunge. The head was either pulled forward, either
hold backward depending on the spontaneous speed of the horse. This difference was
not highlighted in other studies, which were maybe performed under more standardized
conditions [33]. To a lesser extent, a similar phenomenon to the other side appeared on the
pelvis in sound horses (AI-min_P mean of +6%; AI-up_P +5%; AI-down_P +5%).

Here AIs were divided by the range of movement, generating relative indices ex-
pressed in %. Values in millimeters are also provided in Table S1. Normalizing values
seems natural in order to compare movement measured in a heterogeneous population,
possibly including ponies. In addition, normalizing may lead to an easier comparison of
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asymmetry indices processed by different gait analysis systems [15,34]. Previous stud-
ies [13,21] have however expressed thresholds in millimeters. Pfau et al. [21] found that the
threshold of HDmin was 14.5 mm for forelimb lameness discrimination. As well, PDmax
discriminated hindlimb lameness from 10 mm with a low sensitivity. Contrary to our
results, PDmin was more reliable than PDmax, and the head was more reliable than the
withers. Pfau et al. focused on specificity in a selection context (racing Thoroughbreds for
the purpose of “lameness screening”) where false positives should be avoided. Conversely,
in a clinical context, a fair balance between sensitivity and specificity must be found to
limit both false positives (inducing unnecessary costly investigations and anxiety of the
owner) and false negatives [21]. This choice may explain differences with the results of
Pfau et al. [21]. Other differences were: the lack of differentiation between right and left
lameness, the study of a homogeneous population, and the subjective evaluation made by
five assessors using video.

In the present study, we noticed that forelimb lameness also decreased the pelvic
vertical range of motion during the lame limb stance phase. This observation has been
previously noticed in other studies [35,36]. LH lameness showed a small impact on the head
but decreased the withers movement during RF stance phase. Contrary to LH lameness,
RH lameness increased the head movement during LF stance phase. This supports the
hypothesis that the head, the withers, and the pelvis provide complementary information
about the lameness location [11,37].

The low number of hindlimb lame horses (23 RH and 23 LH) may induce a bias.
Furthermore, all lameness were included regardless of the type of injury diagnosed. It is
obvious that some indices may be more or less modified according to the type of injury. To
go further, more horses and specific groups for each type of diagnosed injury or clinical
manifestation will be needed. This must be in the future roadmap.

Another limitation of this study is the clinical reference used to detect lame horses from
non-lame horses and single limb lameness vs. multi-limbs lameness because this clinical
assessment is recognized by definition as being subjective [2]. In the present study, visual
examination of lameness by expert clinicians in the real context of the clinical examination,
in the field, has been chosen as a reference to establish thresholds and calculate their
sensitivity and specificity. This choice must, of course, be discussed as it is well known
that visual assessment by experts is subject to many uncertainties (e.g., lack of repeatability
and reproducibility) [1]. Visual assessment is not considered a “gold standard” in the
present study, but only as a reference to what exists in the best possible conditions. In order
for clinicians to appropriate the tools for quantifying locomotor asymmetries, it seems
indeed necessary to give them an idea of the threshold values which, on these devices,
correspond to what they are used to seeing and concluding subjectively with the classical
(even imperfect) methods. This first step seems necessary because it is only once these
benchmarks have been established that real progress can be made in interpreting the data
from the quantification systems. The challenge here is to avoid the slightest asymmetry
measured by a quantification system from being mistaken for lameness. It should indeed
be remembered that the definition of lameness refers to a veterinarian’s diagnosis and not
to a machine. The machine can only be considered as a quantitative aid to a multi-factorial
medical decision. In this study, the real condition of clinical routine was deliberately
chosen in order to reflect the real-life examination of lame horses. Five highly experienced
veterinarians were involved. Their experience and their identical and consistent method
of assessment are likely to increase the agreement rate [35,38], although this result can be
discussed [1]. The agreement could for example be slightly increased if the experts had not
been informed of the owner’s request. In this context, the lowest grade of lameness (1/10)
was deliberately excluded because of weaker agreement for very subtle asymmetries [1].

5. Conclusions

Although quite small 95% CIs were found, an increased number of horses improved
threshold accuracy. This study highlights the most relevant indices (AI-up_W for forelimb
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lameness and AI-up_P for hindlimb lameness) and indicates an order of magnitude of the
thresholds and their 95% CIs. These thresholds can be used as a first support to discriminate
between lame (from grade 2/10) and non-lame horses, bearing in mind the value of the
95% CIs which prohibits the use of these thresholds as an absolute cut-off value. In any
case, these indicators can only be interpreted in the light of a global clinical expertise taking
into account that there is not only one type of lameness but multiple clinical manifestations
of locomotor disorders depending on the type of lesion. Subtle lameness (1/10 grade) have
not been included here; further studies are warranted to refine the thresholds for horses
with subtle lameness.

Moreover, forelimb and hindlimb lameness were analyzed separately and multi-limb
lame horses were excluded. It should therefore be kept in mind that the interrelationship
between the movements of the head, withers, and pelvis still requires further work. Future
studies with multivariate analysis are needed to provide more information on the lame
limb identification and relationship between the indices in various clinical circumstances.

In the longer term, the application of this study is aimed at a wider range of conditions
in veterinary practice. A main limitation is that all measures were recorded under specific
and standardized conditions. In the following years, further data are needed to refine
lameness detection thresholds under conditions where physiological asymmetries are
known to be higher (circles for instance) [38].
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//www.mdpi.com/article/10.3390/ani12243498/s1. Figure S1: Flowchart of the exclusion/inclusion
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Simple Summary: Veterinary lameness examination commonly involves a visual evaluation of a
horse trotting on a circle. Lameness detection can be aided by objective gait analysis, which is used to
quantify the movement asymmetry of horses. However, the asymmetry thresholds defined for the trot
on a straight line are not applicable to the circles because turning induces physiological asymmetric
movement. Four Asymmetry Indices (AIs) were calculated to compare the vertical movement of
the head and of the withers between the right limb movement and the left limb movement during
a trot stride. This study aims to select the AIs with good discriminative power between a group of
sound horses and a group of horses showing consistent unilateral lameness (grade > 1/10) across
both circle directions (clockwise, counter clockwise) on a hard surface, and to define the optimal
threshold value, based on sensitivity and specificity. Head vertical movement asymmetry showed
the highest sensitivity and specificity to detect forelimb lameness when the lame limb was on the
inside of the circle, while withers vertical movement asymmetry showed the highest sensitivity and
specificity to detect forelimb lameness when the lame limb was on the outside of the circle.

Abstract: The assessment of lameness in horses can be aided by objective gait analysis tools. Despite
their key role of evaluating a horse at trot on a circle, asymmetry thresholds have not been determined
for differentiating between sound and lame gait during this exercise. These thresholds are essential
to distinguish physiological asymmetry linked to the circle from pathological asymmetry linked
to lameness. This study aims to determine the Asymmetry Indices (AIs) with the highest power
to discriminate between a group of sound horses and a group of horses with consistent unilateral
lameness across both circle directions, as categorized by visual lameness assessment conducted by
specialist veterinarians. Then, thresholds were defined for the best performing AIs, based on the
optimal sensitivity and specificity. AIs were calculated as the relative comparison between left and
right minima, maxima, time between maxima and upward amplitudes of the vertical displacement
of the head and the withers. Except the AI of maxima difference, the head AI showed the highest
sensitivity (≥69%) and the highest specificity (≥81%) for inside forelimb lameness detection and
the withers AI showed the highest sensitivity (≥72%) and the highest specificity (≥77%) for outside
forelimb lameness detection on circles.

Keywords: horse; lameness; symmetry; receiver operating characteristic curves; inertial measurement
unit; circle

1. Introduction

The evaluation of equine locomotion during a trot on a circle represents an essential
component of the veterinary lameness assessment [1]. Indeed, the need to produce cen-
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tripetal force on a circle and the resulting body lean angle induce specific forces on the limb
and 3D joint movements compared to the straight line, like a higher loading force on the
outside limb, and collateromotion and axial rotation in the digital joints [1,2]. These specific
biomechanical constraints on the anatomical structures are considered to be responsible
for a different symptomatology between the circle and the straight line [2]. Therefore, this
condition provides key information to aid clinical decision making [1].

Nowadays, the assessment of lameness can be aided by objective gait analysis tools [3–6].
Essential for the clinical application of these tools, asymmetry thresholds have been de-
fined to distinguish between non-lame and lame gait [7–12]. McCracken et al. [13] have
determined a threshold of 6 mm for the difference in the vertical displacement of the
head between the right stance phase and left stance phase for defining forelimb lameness
on a straight line. Pfau et al. [14] have established another value for this threshold of
14.5 mm using another objective gait analysis system and in the specific context of screen-
ing Thoroughbreds in race training. Lastly, asymmetry thresholds for indices normalized
with the Range Of Movement (ROM) have been determined for discriminating visually
assessed forelimb lameness on the straight line [15]. In this study, it was shown that the
asymmetry of the upward movement of the withers had the highest power to discriminate
between sound and forelimb-lame horses. The associated thresholds were −7% asymme-
try for left forelimb lameness and +10% asymmetry for right forelimb lameness. These
thresholds were expressed in percentage contrary to the previous thresholds expressed in
millimeters [13,14], as relative values can be seen as a better way of facilitating comparisons
between horses of different sizes and between objective gait analysis systems with different
signal processing [16]. Moreover, time-related indices of head movement have proven to
be affected by forelimb lameness on a straight line [17–19].

Asymmetry thresholds for lameness detection determined on a straight line are not
applicable on a circle [20]. Yet, their usefulness in this circumstance of locomotion is all the
more crucial as a large proportion of the movements recorded on the circle must be consid-
ered as physiologically asymmetric [11,12,20–22]. It is therefore essential to highlight the
boundary between the physiological asymmetric movement of the circle and an excessive
asymmetric movement which should be considered pathological. Asymmetries measured
in sound horses during lunging at trot have shown variation higher than previously defined
threshold values [11,12,20–22]. This variation could be due to factors such as speed, radius
and body lean angle, which have been identified as impacting the measurements [23,24].

Thresholds for lameness detection on circles would help the interpretation of asym-
metry values provided by an objective gait analysis tool during the entire locomotor
examination. The objectives of this study were (i) to select asymmetry indices with the
highest sensitivity and specificity to reflect the visual assessment of a veterinary specialist
and then (ii) to define the optimal asymmetry thresholds for the inside and outside forelimb
lameness detection on circles on a hard surface.

2. Materials and Methods

This clinical observational retrospective study was approved by the Clinical Research
Ethics Committee (ComERC n◦2022-01-19).

2.1. Horses and Conditions

This study was conducted on horses that presented at the Equine Clinic (CIRALE) of
the National Veterinary College of Alfort (Maisons-Alfort, France) for locomotor evaluation
from April 2019 to February 2023. After collecting the anamnesis and performing the
inspection and the palpation of the locomotor system, the veterinarian evaluated the horse
locomotion without warm-up. As part of the dynamic locomotor examination, horses were
trotted by their owner/groom on the lunge on a circle of 8–14 m diameter, on the left rein
(counter clockwise direction) and then on the right rein (clockwise direction). The ground
surface was made of hard rubber pavers. Visual evaluation was performed by one of the
five veterinary specialists who graduated as DESV (French certification as a specialist in
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equine locomotor pathology) and were certified by the ISELP (International Society of
Equine Locomotor Pathology).

In total, 574 horses were screened and were visually evaluated at lunge on the left
rein and on the right rein on a hard surface. Among them, 95 horses showed left forelimb
lameness (LF) and 122 horses showed right forelimb lameness (RF) on both reins. Horses
showing a lameness grade of 1/10 or over 7/10 on a 0–10 grade scale equivalent to the
UK scale (where 0 is sound and 10 is non-weight bearing lameness) on one rein were
excluded [25–27]. After exclusion, 61 horses showed LF and 76 horses showed RF grade
2–7 lameness on both reins. Horses showing lameness on multiple limbs on one rein
were excluded (n = 8). With these criteria, 57 horses showed LF lameness and 70 horses
showed RF lameness on both reins. A flowchart is provided as a Supplementary Material
(Figure S1). Lameness grades included in each group on both reins are summarized in
Table 1.

Table 1. Number of horses showing lameness depending on the affected limb and the grade according
to the 0–10 grade UK lameness scale. Mean ± SD 1 of lameness grade in each lame horse group.

Horses Rein 2/10 3/10 4/10 5/10 6/10 7/10 Total Mean ± SD 1

Left forelimb
lameness

Left rein
(inside lameness) 18 8 23 3 4 1 57 3.5 ± 1.4

Right rein
(outside lameness) 30 10 10 1 5 1 57 3.0 ± 1.4

Right forelimb
lameness

Left rein
(outside lameness) 28 13 23 3 3 0 70 3.1 ± 1.2

Right rein
(inside lameness) 23 14 19 5 8 1 70 3.5 ± 1.4

SD 1—Standard Deviation.

Thirty-one horses were included in the group of “sound” horses according to the
following criteria: (1) the horses were in training and judged by their owners to be capable
of performing all the exercises required for their sport level; (2) three of the five veterinary
specialists independently watched blinded videos of the horse at walk and at trot, on a
hard circle on both reins and on a hard straight line and did not notice any locomotion
abnormalities in the entire video (<1/10 lameness grade).

2.2. Data Collection

During the locomotor examination, as part of the clinical routine, horses were system-
atically equipped with the EQUISYM® system (Arioneo, LIM France, Le Bouscat, France),
described by Macaire et al. and Timmerman et al. [15,28]. Data were recorded during ap-
proximately 20 s of trot per direction (clockwise/counterclockwise). The trot is of particular
interest because a stride is composed of two diagonal beats whether on a straight line or
circling to left or right.

2.3. Data Processing

The data were processed following the methods described by Macaire et al. [15].
Briefly, based on the vertical displacement of the head (_H) and the withers (_W) occurring
along a stride, the following asymmetry indices (AIs), expressed as a percentage of the
maximal range of motion within a stride, were used to compare the left vs. right part of the
stride (Figure 1): AI-Min, AI-Max and AI-up. Additionally, AI-Tmax was calculated as a
time-related index, representing the left–right difference in the duration of the down–up
cycle (the time between the two maxima) of the vertical displacement occurring before
and after the stance phase. AI-Tmax was expressed as a percentage of the maximal time
between two consecutive maxima. A positive AI value indicated a smaller movement
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amplitude or duration during the right stance than during the left stance, and a negative
AI value indicated the opposite.

Figure 1. Mean vertical displacement (cm) of the withers plotted against time (expressed as percent-
age of stride duration) of a horse showing right forelimb (RF) lameness. Asymmetry Indices (AIs) are
AI-min = RFmin−LFmin/LFup; AI-max = LFmax−RFmax/LFup; AI-up = LFup−RFup/LFup; and
AI-Tmax = LFdiffTmax−RFdiffTmax/LFdiffTmax. (LF—Left Forelimb).

2.4. Data Analysis

Descriptive analyses, including mean and standard deviation (SD), were calculated
for each variable, for each group (sound/lame) and for each condition (clockwise/counter-
clockwise direction). The four AIs calculated from the head and the withers were analyzed
using the same methods as those described by Macaire et al. [15]. Normality was assessed
using a graphical method [29]. Receiver Operating Characteristic (ROC) curves were
plotted to discriminate, respectively, the right and left forelimb lame group (RF, LF) from
the control group (sound horses) at lunge separately on the left and on the right rein. The
AIs’ discriminative power is indicated by the Area Under Curve (AUC) of the ROC curve.
Given that AUC < 50% indicates discrimination no better than chance, higher AUC values
(closer to 100%) indicate higher discriminative power. Finally, thresholds of indices with
good discriminative power were calculated. In this study, indices were considered as
having good discriminative power if the sum of sensitivity and specificity was strictly
higher than 150% [30].

3. Results

3.1. Descriptive Results

The 158 horses included were 78 geldings, 72 females and 8 stallions; 94 Selle Français,
8 Zangersheide, 7 Hanoverian, 6 Koninklijk Warmbloed Paardenstamboek Nederland
(KWPN), 6 French riding pony and 37 other breeds; 113 showjumpers, 12 dressage, 10 event-
ing and 23 other disciplines; and they were aged from 3 to 20 years (mean ± SD, 9 ± 3 years).
Age, gender, breed and disciplines are detailed for each horse in the Supplementary Ma-
terials (Table S1). A mean ± SD of 20.4 ± 7.2 trot strides, 22.9 ± 5.8 on the right rein and
17.9 ± 7.6 on the left rein, were processed for each recording. The stride duration was
0.79 ± 0.05 s on both reins, respectively, and 0.80 ± 0.04 s for sound horses, 0.79 ± 0.04 s for
RF lame horses and 0.78 ± 0.05 s for LF lame horses. The AIs of the head, the withers and
the pelvis are detailed for each included horse in the Supplementary Materials: Table S2
shows AIs and ROM values measured on the left rein and Table S3 shows AIs and ROM
values measured on the right rein.
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The mean ± SD for each AI and for each horse group are summarized in Table 2 and
boxplots are displayed in Figure 2. In sound horses, AIs calculated from the head (AI-
min_H, AI-max_H and AI-up_H) were negative on the left rein and positive on the right
rein, reflecting a reduced vertical range of motion of the head during the inside forelimb
stance phase. AI-min of the withers also showed a reduced minimum (AI-min_W) during
the inside forelimb stance phase. On the contrary, AI-max of the withers was positive on
the left rein and negative on the right rein, reflecting a reduced maximum after the outside
forelimb stance phase. Finally, in sound horses, the AI-Tmax of the head and of the withers,
and AI-up of the withers were close to 0% of asymmetry on both reins.

Table 2. Mean ± SD of asymmetry indices (AIs) of the head and the withers in sound, left forelimb
(LF) lame, right forelimb (RF) lame horses trotting on right rein and on left rein circles.

Right Rein Circle Left Rein Circle

Location AI LF Sound RF LF Sound RF

Head (_H)

AI-min_H (%) −29 ± 39 7 ± 18 47 ± 32 −49 ± 26 −8 ± 20 28 ± 36
AI-max_H (%) −6 ± 34 16 ± 17 24 ± 23 −22 ± 28 −10 ± 14 9 ± 27
AI-up_H (%) −27 ± 48 22 ± 24 61 ± 32 −63 ± 28 −18 ± 25 31 ± 44

AI-Tmax_H (%) −15 ± 23 3 ± 9 28 ± 25 −26 ± 17 −2 ± 10 15 ± 21

Withers (_W)

AI-min_W (%) 0 ± 22 19 ± 10 36 ± 20 −28 ±24 −14 ± 11 4 ± 18
AI-max_W (%) −26 ± 16 −17 ± 12 −8 ± 16 15 ± 22 18 ± 8 26 ± 13
AI-up_W (%) −26 ± 25 2 ± 12 27 ± 22 −13 ± 21 4 ± 14 31 ± 19

AI-Tmax_W (%) −7 ± 9 0 ± 3 6 ± 9 −4 ± 9 0 ± 3 7 ± 6

Figure 2. Boxplots of Asymmetry Indices (AIs) in percentage for sound horses and horses with a left
forelimb lameness and right forelimb lameness. The dot represents the mean, the two extremities of
the box are 25th and 75th percentiles, and extremities of the whiskers represent the minimum and
maximum. A negative value reflects reduced movement or duration during the left limb stance, and
positive value reflects reduced movement or duration during the right limb stance.
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RF-lame horses showed higher mean values (sign of reduced movement on the right)
than sound horses for all AIs of the head and withers. On the opposite hand, LF-lame
horses showed lower mean values than sound horses for all AIs of the head and withers.

Horses with RF and LF lameness showed, respectively, positive and negative mean
values (sign of reduced movement during the stance of the lame limb) for all AIs, except
AI-max_W, when the lame limb was on the inside of the circle (RF at right rein and LF at
left rein). When the lame limb was on the outside of the circle, AI-min_W was close to 0%
of asymmetry.

3.2. Discrimination between Lame Horses with the Lame Forelimb on the Inside of the Circle and
Sound Horses

ROC curves and associated results for the discrimination of forelimb lameness when
the lame limb was on the inside of the circle (RF lameness on right rein and LF lameness
on left rein) from sound horses are presented in Figure 3 and Table 3, respectively. The
lowest AUC (lowest discrimination performance) value for the inside lameness detection
was shown by the AI-max for the head (AUC ≤ 70%) and by the AI-max for the withers
(AUC ≤ 67%). The indices with the highest AUC (AUC ≥ 83%) were in the following
descending order: AI-min_H, AI-Tmax_H and AI-up_H for RF lameness on the right rein.
For LF lameness on the left rein, the indices with the highest AUC (AUC ≥ 87%) were in
the following descending order: AI-Tmax_H, AI-min_H and AI-up_H.

Figure 3. Receiver Operating Characteristic (ROC) curves discriminating horses with a constant
Left Forelimb (LF) lameness from sound horses; and discriminating horses with a constant Right
Forelimb (RF) lameness from sound horses, plotted for both reins on a circle. Tested Asymmetry
Indices were AI-min (blue), AI-max (red), AI-up (grey) and AI-Tmax (orange). The highest specificity
and sensitivity point of each curve is represented by a circle (top-left method). The black line is the
hypothesized ROC curve with discriminative power only due to chance.
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Table 3. Area Under the Curve (AUC) of the Receiver Operating Characteristic (ROC) curve discrimi-
nating forelimb lameness when the lame limb was on the inside of the circle from sound horses on
circles, for each of the Asymmetry Indices (AIs). The highest sensitivity (Se), specificity (Sp) and
associated threshold (Threshold) were calculated using the top-left method of ROC analysis. The
95% confidence intervals [;] were calculated by using a Bootstrap method, plotting ROC analysis on
400 population resamplings. Results for which the sum of sensitivity and specificity is over 150% for
both circles (left and right reins) are in bold.

AI

Left Forelimb Lameness on the Left Rein
(Inside Lameness on the Left Rein)

Right Forelimb Lameness on the Right Rein
(Inside Lameness on the Right Rein)

AUC Se Sp Threshold AUC Se Sp Threshold

AI-min_H (%) 89 [83;94] 82 [72;94] 81 [65;90] −25 [−30;−17] 86 [78;92] 79 [70;89] 87 [75;96] 23 [18;27]
AI-max_H (%) 70 [60;80] 63 [47;76] 74 [57;89] −17 [−25;−10] 57 [45;69] 74 [66;100] 39 [2;39] 9 [−11;12]
AI-up_H (%) 87 [80;93] 72 [56;80] 94 [82;100] −49 [−71;−37] 83 [74;90] 69 [54;78] 94 [84;100] 49 [41;65]

AI-Tmax_H (%) 90 [83;96] 79 [66;88] 87 [76;98] −14 [−19;−11] 84 [76;91] 79 [70;90] 84 [71;95] 10 [6;12]

AI-min_W (%) 66 [54;76] 53 [37;61] 87 [74;100] −24 [−33;−19] 76 [67;86] 66 [52;77] 84 [69;97] 27 [24;32]
AI-max_W (%) 60 [49;73] 61 [46;83] 58 [23;71] 17 [11;25] 67 [56;77] 64 [48;74] 71 [56;88] −11 [−15;−4]
AI-up_W (%) 76 [65;85] 67 [54;79] 81 [63;88] −8 [−12;−3] 84 [76;91] 80 [69;92] 77 [62;88] 10 [4;14]

AI-Tmax_W (%) 61 [49;71] 60 [49;78] 61 [33;71] −1 [−2;1] 79 [67;88] 67 [36;76] 77 [66;99] 2 [1;5]

3.3. Discrimination between Lame Horses with the Lame Forelimb on the Outside of the Circle and
Sound Horses

The ROC curves and associated results for the discrimination of forelimb lameness
when the lame limb was on the outside of the circle (LF lameness on right rein and
RF lameness on left rein) from sound horses are presented in Figure 3 and in Table 4,
respectively. The lowest AUC value for the outside lameness detection on the circle was
shown by AI-max for the withers (AUC ≤ 71%) and by AI-max for the head (AUC ≤ 75%).
The indices with the highest AUC (AUC ≥ 79%) were in the following descending order,
AI-up_W, AI-Tmax_W, AI-up_H and AI-min_W, for LF lameness on the right rein. For
RF lameness on the left rein, the indices with the highest AUC (AUC ≥ 81%) were in the
following descending order: AI-Tmax_W, AI-up_W, AI-up_H and AI-min_W.

Table 4. Area Under the Curve (AUC) of the Receiver Operating Characteristic (ROC) curve discrim-
inating forelimb lameness when the lame limb was on the outside of the circle from sound horses
on circles, for each of the Asymmetry Indices (AIs). The highest sensitivity (Se), specificity (Sp) and
associated threshold (Threshold) were calculated using the top-left method of ROC analysis. The
95% confidence intervals [;] were calculated by using a Bootstrap method, plotting ROC analysis on
400 population resamplings. Results for which the sum of sensitivity and specificity is over 150% for
both circles (left and right reins) are in bold.

AI

Left Forelimb Lameness on the Right Rein
(Outside Lameness on the Right Rein)

Right Forelimb Lameness on the Left Rein
(Outside Lameness on the Left Rein)

AUC Se Sp Threshold AUC Se Sp Threshold

AI-min_H (%) 79 [69;88] 70 [57;79] 84 [71;95] −8 [−17;−1] 80 [73;88] 66 [45;75] 81 [63;98] 13 [0;34]
AI-max_H (%) 72 [60;82] 65 [50;75] 84 [73;99] 1 [−9;6] 75 [65;83] 70 [57;81] 77 [64;91] −2 [−7;6]
AI-up_H (%) 81 [71;90] 77 [62;89] 77 [61;89] 7 [−9;22] 82 [74;89] 74 [62;81] 84 [73;97] 0 [−9;11]

AI-Tmax_H (%) 75 [65;85] 67 [55;79] 81 [65;91] −3 [−7;4] 77 [68;85] 71 [57;82] 74 [59;88] 3 [−2;7]

AI-min_W (%) 79 [71;89] 72 [60;82] 87 [75;99] 13 [11;15] 81 [72;89] 76 [63;86] 81 [66;94] −7 [−12;−1]
AI-max_W (%) 68 [57;79] 63 [49;75] 74 [59;88] −23 [−28;−19] 71 [60;82] 66 [50;81] 68 [48;83] 22 [17;27]
AI-up_W (%) 88 [81;95] 89 [81;100] 77 [60;85] −5 [−9;1] 86 [78;93] 83 [73;94] 81 [65;89] 13 [5;17]

AI-Tmax_W (%) 81 [73;90] 74 [61;83] 87 [76;99] −3 [−4;−3] 91 [86;97] 84 [72;93] 84 [71;94] 2 [1;3]

3.4. Asymmetry Thresholds of Reliable Indices

For discriminating sound horses from lame horses with the lame limb on the inside of
the circle, the indices with high sensitivity and specificity (sum of sensitivity and specificity
greater than 150%) were three indices from the head (AI-up_H, AI-Tmax_H and AI-min_H).
For discriminating forelimb lameness when the lame limb was on the outside of the circle,
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the indices with greater sensitivity and specificity were three indices from the withers
(AI-up_W, AI-Tmax_W and AI-min_W) and one from the head (AI-up_H).

Figure 4 represents the thresholds and their 95% CI associated with a sum of sensi-
tivity and specificity over 150% for inside (Figure 4a) and outside (Figure 4b) lameness
discrimination on both reins.

Figure 4. Thresholds (black line) of Asymmetry Indices (AIs) (in percentage of asymmetry) for
lameness discrimination when the lame limb was on the inside of the circle (a) and when the lame
limb was on the outside of the circle (b). Only the AIs with the sum of sensitivity and specificity
over 150% for both right and left reins are plotted. Three ranges of values are represented: yellow for
95% confidence interval (95% CI) around the threshold, green for values below the 95% CI (“sound”
horses) and red for values beyond the 95% CI (“lame” horses).

When comparing the absolute values of left rein and right rein thresholds for lameness
discrimination when the lame limb was on the inside of the circle, the maximum difference
between right and left rein was 4% of asymmetry for AI-Tmax_H (Figure 4a). When the
lame limb was on the outside of the circle, the maximum difference between right and left
was 8% of asymmetry for AI-up_W (Figure 4b).

4. Discussion

Asymmetry Indices (AIs) measured on sound horses showed a reduced head and
withers movement during the inside forelimb stance phase, except for the AI-max of the
withers. This goes with a larger downward movement of the trunk and head towards the
outside forelimb, confirming the results of previous studies [12,22]. This physiological
asymmetry observed on the circle means that we need to define the limit between a physio-
logical asymmetry and an asymmetry that is amplified (or reduced) when a pathological
phenomenon is superimposed.

Our study confirms the hypothesis that head and withers vertical displacements
are indicators of forelimb lameness on the circle in a specific group of horses showing
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single-limb lameness on both reins, excluding a lameness grade of 1/10. In addition, the
present study reveals that when the lame limb is inside the circle, head movements have
the highest discriminative power. Conversely, when the lame limb is outside the circle,
withers movements have the highest discriminative power. Practically, the AI-min and
AI-Tmax of the head discriminated forelimb lameness when the lame limb was on the
inside of the circle with the highest sensitivity (≥79%) and specificity (≥81%) on both reins.
AI-up and AI-Tmax of the withers discriminated forelimb lameness when the lame limb
was on the outside of the circle with the highest sensitivity (≥83% and ≥74%, respectively)
and specificity (≥77% and ≥84%, respectively) on both reins.

Among the four indices (AI-min, AI-max, AI-up and AI-Tmax) used in this study,
AI-max has systematically the lowest sensitivity and specificity for discriminating horses
showing forelimb lameness on both reins from sound horses on a circle. In contrast, a
previous study measured a reduced maximum altitude of the head after outside forelimb
lameness induction [21]. There are several possible explanations for this discrepancy. On
the one hand, the reference population for the two studies is not identical since we chose
to concentrate on the lameness visible on both clockwise and counter clockwise circles.
On the other hand, the type of lameness analyzed in the study by Rhodin et al. [21] was
induced lameness (with a modified horseshoe) and not spontaneous lameness as in the
present study.

Several studies describe variation in asymmetry but did not reach a consensus on the phys-
iological asymmetry of sound horses induced by the circle [11,12,21,22]. Rhodin et al. [21] con-
cluded a reduced head movement for the outside forelimb (HDmin). In 2016, Rhodin et al. [22]
highlighted a non-uniform effect of the circle on the head. Other studies [11,12] showed
results similar to those of the present study concerning physiological head asymmetry on
a circle with a reduced head movement during the inside forelimb stance. The recorded
asymmetries of the withers vertical displacements on sound horses trotting on a circle
are consistent with a previous study [12] and showed a lowered minimum during and a
reduced maximum after the stance phase of the outside forelimb. However, in the studies
of Starke et al. [12] and Rhodin et al. [22], the inclusion criteria were based on the straight
line and did not exclude visible lameness on the circle, meaning that some of the recorded
asymmetries in their studies could be due to the apparition of a lameness on the circle that
was not visible on the straight line.

Studies agree that forelimb lameness induces a reduced downward movement of
the head (AI-min) during the stance phase of the lame limb [10,11,21,31], particularly for
the inside lame limb when trotting on a circle [11,21,32]. The importance of the head
movements for detecting the inside lameness and the withers for the outside lameness, as
observed here, has been mentioned in the detailed results of a linear discriminant analysis
discriminating positive and negative anesthesia realized by Pfau et al. [32]. They revealed
that the minimum and upward movement asymmetry of the withers were the features
with the most important weight to discriminate the anesthesia effect on the outside limb
in circles on a hard surface, respectively, in each canonical discriminate function. Also,
the minimum altitude of the head had the most important weight for the inside limb in
the first canonical discriminate function. Marunova et al. [33], without the separation
of outcomes from the inside and the outside limbs, measured significant differences in
the head asymmetry indices and an upward withers asymmetry index before and after
positive anesthesia.

No thresholds were previously determined for the locomotion on circles, allowing
only comparisons with straight lines. For discriminating sound horses from lame horses
with the lame limb on the inside of the circle, thresholds of head amplitude asymmetry
(AI-up_H) showed higher values (−49% and +49% for respectively LF and RF lame limb)
than thresholds for discriminating sound horses from lame horses established using similar
methods on a straight line (−36% and +24% for respectively LF and RF lame limb) [15].
Conversely, thresholds of AI-up_H established for discriminating sound horses from
lame horses with the lame limb on the outside of the circle showed lower values (+7%
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and 0% for respectively LF and RF lame limb) than thresholds for discriminating sound
horses from lame horses on a straight line (−36 and +24% for respectively LF and RF
lame limb) [15]. This difference underlines the absolute need to take into account the
physiological asymmetry induced by the circle on the head movements. In contrast,
thresholds of withers amplitude asymmetry (AI-up_W) were less influenced by movement
on the circle when the lame limb was on the outside (−5% and +13%, for respectively LF
and RF lame limb, on the circle compared to −10% and +7%, for respectively LF and RF
lame limb, on a straight line) [15].

The results obtained also demonstrate that, on the circle, the values of certain indices
must be considered abnormal when they are equal to 0% (perfect symmetry between right
and left). For example, when the index of the minimum withers height (AI-min_W) is equal
to zero on a circle, this result indicates lameness on the limb outside the circle. An analysis
of the symmetry indices on the circle must therefore take account of this shift in relation to
what is expected on the straight line. This information is also useful for the clinician, who
should consider that perfect symmetry on the circle could be interpreted as suspicious, as
physiological asymmetry is to be expected.

In our study population, it appeared that the average grades attributed by the veteri-
nary specialist to the inside forelimb lameness were slightly higher than the grade attributed
to outside forelimb lameness. Means of lameness grade were indeed 3.5/10 for the inside
forelimb and 3.1/10 for the outside forelimb. One hypothesis could be that injuries affecting
the included horses were more painful for the inside limb than for the outside limb [1]. This
could be a result of greater collateromotion and axial rotation movements in the inside limb
than in the outside limb [1]. But, it should first and foremost be remembered that the main
manifestation of an inside lameness is on the head, leading to a possible overestimation of
lameness with an obvious head nod compared to a withers asymmetry [34].

In the present study, AIs were divided by the ROM to obtain relative indices expressed
as a percentage. ROM values in centimeters are also provided in Table S2 for the locomotion
on the right rein and in Table S3 for the locomotion on the left rein, meaning that the absolute
value differences between the right and left limbs in centimeters can be easily recalculated
using the formula AI(%) × ROM(cm)/100. However, normalizing values seems sensible
in order to compare movements measured in a heterogeneous population, including
individuals of different sizes (from pony to large horse) with varying vertical amplitudes
of gaits. In addition, IMU systems differ in how they process accelerometric signals
into displacement and this affects the threshold values that are used across systems [16].
Normalization can facilitate the comparison of asymmetry indices processed by different
gait analysis systems, as suggested by Hardeman et al. [35].

In this study, an index based on temporal pattern asymmetry was used. AI-Tmax,
reflecting a difference in duration of the down–up cycle between the right and left stance,
showed a discriminative power as high as the amplitude asymmetry of the head and
the withers. The results showed a reduction in the duration of the down–up cycle (time
between two maxima) during the stance phase of the lame limb. Asymmetry indices
based on Fourier transform have been shown to be indicators of lameness [17–19]. Also,
Pfau et al. [36] found that the relative timing of the head movements compared to the
withers or the pelvis was also an indicator of lameness. This underlines the importance of
these temporal variables in the identification and analysis of lameness.

Horses were included in this study if they were lame on both reins. This selection
criterion represents a unique subgroup of lameness cases, showing a specific manifestation.
This choice has been made in order to guarantee unambiguous lameness under circle
conditions, and in order to study the locomotion of the same horses whether they turn on
the right rein or on the left rein. Otherwise, the locomotion of lame horses on the right rein
would not be the locomotion of the lame horses, which were studied on the left rein. On
the contrary, the group of sound horses would remain unchanged between the two reins,
even though they are the reference group for comparison.
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A well-known limitation of this study is the clinical reference used to distinguish lame
horses from non-lame horses considering that visual clinical assessment is recognized by
definition as being subjective [37,38]. This is a deliberate choice. Visual assessment is not
considered here as a “gold standard” but only as a reference to what exists in the best
possible conditions in order for clinicians to appropriate the tools for quantifying locomotor
asymmetries compared to what they are used to seeing and concluding subjectively with
the classical (even imperfect) methods. This is a key issue for “calibrating” these new
quantitative tools and ensuring that the slightest asymmetry recorded by the machine is not
wrongly considered to be an expression of lameness, particularly in the circle. However,
in order to minimize the limits of subjective examination, the veterinarians chosen in
this study were highly experienced and trained in the same clinic. These factors have
been shown to improve agreement between vets [31,36]. Confounding specialists and
unexperienced vets, a 69% agreement between veterinarians was reached on forelimb
lameness detection on circles [31]. Moreover, the lowest grade of lameness (1/10) was
excluded because of weaker agreement for very subtle asymmetries [38], and sound horses
were included based on the agreement of three veterinary specialists in order to decrease
uncertainty [34]. The strict selection criterion resulted in a sample that only represents a
proportion of lameness cases. This choice was made in order to study unambiguous and
simple lameness cases as a first step.

This study aims to investigate spontaneous cases of lameness of various origins.
However, it is obvious that lameness can have different clinical expression depending
on the type of injury [1,39]. Circles may further reveal lameness unseen on the straight
line [1,2,26]. Some indices may be modified according to the type of injury. More horses
with specific types of injuries should be included to go further in this direction.

Other limitations induced by circles were the radius, speed and body lean angle. The
diameter of the circle was imposed with a standardized examination area. However, these
factors are difficult to control precisely in practice. Yet, they have been shown to affect the
symmetry [9,24], although the relationship between asymmetry and body lean angle has
been considered unpredictable [40].

5. Conclusions

This study established preliminary thresholds for the clinical interpretation of asym-
metry indices when the horses lunged at trot on short circles under clinical examination
conditions for simple limb lameness shown on both reins with a grade over 1/10. For
discriminating sound horses from lame horses with the lame forelimb on the inside of the
circle, the asymmetry thresholds were approximatively (average between right and left
absolute values) 24% and 49% for, respectively, the minimum and the amplitude of the
elevation of the head, and 12% for the temporal phase shift of the head. For discriminating
sound horses from lame horses with the lame forelimb on the outside of the circle, the
asymmetry thresholds were approximately (average between right and left absolute values)
10% and 9% for, respectively, the minimum and amplitude of elevation of the withers, and
2.5% for the temporal phase shift of the withers.

The results confirmed that circles on a hard surface induce the asymmetry of move-
ments in sound horses. This asymmetry should not be confused with lameness, making the
notion of threshold particularly important in this circumstance of the locomotion. In this
study, asymmetry of the head movements was shown to be more effective to discriminate
forelimb lameness when the lame limb was on the inside of the circle (sensitivity ≥ 69%
and specificity ≥ 81%), whereas asymmetry of the withers movements was shown to be
more effective to discriminate lameness when the lame limb was on the outside of the
circle (sensitivity ≥ 72% and specificity ≥ 77%). The temporal asymmetry between the left
and right duration of the vertical displacement cycle of the head or of the withers showed
a discriminative power as high as asymmetry indices calculated from the amplitude of
the vertical displacements. These quantitative results are useful in objectively helping
clinicians to establish an informed diagnosis. In the future, these thresholds will be refined
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by including more horses and will be specific to the anatomical location and to the type
of lesion responsible for the lameness. Indeed, this study needs to be extended by adding
horses with different lameness types and horses that show lameness on only one rein. Also,
horses with subtle lameness (1/10 grade) have not been included here, considering that the
level of agreement between clinicians for very subtle asymmetries is low [23]. However,
further studies will be needed to refine thresholds for those more subtle and uncertain cases.
In addition, the investigation should be extended to the detection of hindlimb lameness
and to circles on a soft surface.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ani13213319/s1, Figure S1: Flowchart of the exclusion/inclusion
criteria of the screened horses, which were visually considered lame at lunge on both reins on
a hard surface by a veterinary specialist during his routine practice. Table S1: Table of detailed
bread, age, discipline and gender of each included horse. “Other” is written for the rare mentions.
Table S2: Table of detailed data measured on the head, the withers and the pelvis of each horse on
the left rein. These include the horse identity; the group and the grade of lameness assigned by
the veterinarian; the studied Asymmetric Indices (AI-up; AI-min; AI-max; AI-Tmax); the range of
movement (maximum amplitude); and the stride duration averaged over all strides. Table S3: Table of
detailed data measured on the head, the withers and the pelvis of each horse on the right rein. These
include the horse identity; the group and the grade of lameness assigned by the veterinarian; the
studied Asymmetric Indices (AI-up; AI-min; AI-max; AI-Tmax); the range of movement (maximum
amplitude); and the stride duration averaged over all strides.
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Simple Summary: In the expanding field of artificial intelligence, deep learning and smart-device-
technology, a diagnostic software tool was developed, which can help distinguish between lame
and sound horses and locate the affected limb. As lameness influences the welfare of horses and is
often difficult to detect, this tool can help owners and veterinarians in the process of evaluation. The
technology is based on pose estimation, which is already used in human and veterinary science to
study movement of limbs or bodies without the need to fix any devices onto the object of interest. In
this study, 22 horses with unilateral fore- or hindlimb lameness and a control group of eight sound
horses were analysed with the program. Based on the results of the program, it was possible to
differentiate between horses with fore- and hindlimb lameness and sound horses. Difficult light
settings, such as direct sunlight or darkness, or very even-coloured coats, complicate the precise
placement of reference points. The analysis and detection with software-generated movement
trajectories using pose estimation is very promising but requires further development.

Abstract: Lameness in horses is a long-known issue influencing the welfare, as well as the use, of
a horse. Nevertheless, the detection and classification of lameness mainly occurs on a subjective
basis by the owner and the veterinarian. The aim of this study was the development of a lameness
detection system based on pose estimation, which permits non-invasive and easily applicable gait
analysis. The use of 58 reference points on easily detectable anatomical landmarks offers various
possibilities for gait evaluation using a simple setup. For this study, three groups of horses were
used: one training group, one analysis group of fore and hindlimb lame horses and a control group
of sound horses. The first group was used to train the network; afterwards, horses with and without
lameness were evaluated. The results show that forelimb lameness can be detected by visualising the
trajectories of the reference points on the head and both forelimbs. In hindlimb lameness, the stifle
showed promising results as a reference point, whereas the tuber coxae were deemed unsuitable as a
reference point. The study presents a feasible application of pose estimation for lameness detection,
but further development using a larger dataset is essential.

Keywords: artificial intelligence; deep learning; pose estimation; lameness; equine

1. Introduction

Lameness is a term that describes a horse’s change in gait, usually caused by pain or
mechanical restriction. There are substantial economic losses attributed to lameness in the
equine industry, due to interrupted or truncated sports careers, costs of veterinary services,
drugs and additional treatment costs, as well as death [1]. Lameness is one of the most
common medical issue in equine veterinary medicine [2], and it can affect any horse at any
level of training [3,4].

As undetected lameness poses a significant welfare issue for the affected horse, owners
and veterinarians need to be capable of recognising changes of gait as early as possible.
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Studies have shown that owners are often unable to recognise lameness in their own
horses [5] and that identifying whether the horse experiences musculoskeletal pain resulting
in lameness can be very difficult, especially for inexperienced riders [6]. On the clinical side,
veterinary experience influences subjective lameness evaluation. Veterinary students and
recent graduates often exbibit difficulties in identifying the affected leg [7]. Even amongst
experienced veterinarians, there is often a lack of agreement on the affected leg in horses
with subtle lameness cases [8,9]. Further limitations to subjective lameness evaluation
are the inaccuracy of the human eye and the influence of bias due to the assessment and
interpretation of lameness after diagnostic anaesthesia [10,11].

Over the years, many technology-assisted methods have been developed to objectively
evaluate gait, movement and lameness in horses. These systems can be divided into two
major groups, depending on whether they are based on kinetic or kinematic measuring
techniques. Kinetics describes the movement of a rigid body, depending only on the action
of forces. In contrast, kinematic analysis characterises the spatio-temporal movement of a
rigid body, using time and distance as measurable parameters, without considering the
forces [12–14].

One of the first kinetic instruments for analysing lameness, which is still used in
research and clinical cases [15,16], is the force plate [17]. By recording the ground reaction
forces from a lame horse, asymmetrical distribution of body weight on the legs can be
measured [18]. Though offering very precise data, lameness analysis with the force plate
is expensive, time consuming and only applicable in institutions where this measuring
platform is available [12,13,19]. Nevertheless, it is still seen as the gold standard in equine
lameness evaluation [20,21]. Other options include a force-measuring horseshoe, which
can record ground reaction forces. However, the additional weight and size of the shoe
potentially influences the movement of the horse, which reduces its value in lameness
evaluation [13,22]. The instrumented treadmill located at the University of Zurich, Switzer-
land [15,18], offers the possibility to measure the ground reaction forces from several
consecutive strides and from all four limbs [21]. Still, horses need to be trained to walk
on the treadmill, which is time-consuming. In addition, because of its custom-made, rela-
tively expensive characteristics, the treadmill is not suitable for broad clinical use in the
field [13,20,21].

Most of the kinematic lameness evaluation systems can be assigned to one of two
groups: optical motion capture (OMC) and inertial measurement unit (IMU). OMC systems
use infrared cameras with a recording speed between 100–300 Hz, allowing the collection of
a large amount of three-dimensional (3D) coordinate data [21]. Most OMC systems capture
data using retro-reflective, spherical markers that are attached to the skin over anatomical
locations of interest [12,23,24]. In this setup, an OMC system enables precise recording of 3D
movement. However, the cost-intensive nature of the equipment and the time-consuming
setup largely limits the use of OMC systems to large clinics and universities [14]. In contrast,
the functionality of IMUs is based on gyroscopes and accelerometers [14,20]. Usually both
sensors work wirelessly and are attached to certain body segments of a horse, using straps
or double-sided tape [25]. The number of sensors and the exact placement differ across IMU
systems. While a gyroscope measures the angular velocity around an axis, accelerometers
measure the velocity and acceleration along a single axis or multiple axes [13,22]. Even
though IMUs are portable, they are still relatively cost-intensive and require a certain level
of expertise for data collection, analysis and interpretation. Furthermore, the accumulation
of drift errors, which are the sum of all minor measuring errors during one analysis, can
influence the results and thereby the outcome of the examination [26].

In the last few years, there has been increasing development of these systems [27,28].
Considering the fact that they require markers or inertial sensors, which need to be fixed
onto the object of interest, the studied body parts must be defined beforehand [29].

In this study, we attempt to combine pose estimation with lameness evaluation in
horses. This offers a new approach that ameliorates some of the disadvantages of other
objective lameness detection systems. The use of pose estimation offers a non-invasive
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way to track and record movements for further analysis. The development and use of
pose estimation are based on deep learning. As part of the broad scientific field of artificial
intelligence (AI), deep learning creates a neural network of multiple layers which relate
to each other. By constantly incorporating new data into the network, it can be trained
to recognise patterns in high-dimensional data. The significant difference in comparison
to other computer programs is the fact that the filtering criteria of these layers are built
autonomously from the algorithm itself, instead of by a software engineer [30].

The aim of this study was to evaluate the usability of pose estimation for detecting
and marking specific anatomical reference points, using cell-phone videos of horses being
lunged on a circle line. A secondary aim was to determine whether pose estimation can be
used to differentiate between sound horses and horses with fore- and hindlimb lameness.
We hypothesise that, using reference points on the head and forelimbs, it is possible to
distinguish between a forelimb-lame and a non-lame horse. Furthermore, we hypothesize
that a differentiation between hindlimb-lame horses and non-lame horses by using the
stifle and the tuber coxae as reference points is feasible.

2. Materials and Methods

2.1. Technology
2.1.1. Deep Learning

In veterinary science, deep learning is already used in many areas. It offers the
possibility to improve behavioural studies, for example of drosophila flies or mice [29],
or to aid in developing a pain detection model for stabled horses [31]. Other fields of
application are image recognition in radiology, such as the automatic classification of
canine thoracic radiographs [32], or in equine ophthalmology, integrated in a diagnostic
application with a focus on equine uveitis [33].

2.1.2. Pose Estimation

Pose estimation allows for the tracking and recording of the movement of humans,
animals, or objects without the need to fix any markers or sensors directly onto the subject
of interest [29]. For the study of human poses, several well-described programs such
as ArtTrack (Saarbrücken, Germany) or Open-Pose already exist [34,35]. After showing
promising results in prior studies with pose estimation on animals, the DeepLabCut (2.2rc3
and 2.2.0.6: https://github.com/DeepLabCut/DeepLabCut/tree/v2.2.0.6; accessed on 10
August 2022) program was used in this study [36]. DeepLabCut is a deep convolutional
network based on DeeperCut, which is considered one of the best algorithms for pose
estimation. In contrast to other pose estimation tools, such as the MPII Human Pose dataset,
with approximately 25,000 datasets, DeepLabCut only requires a relatively small number of
200 training images to train a network [29,37]. The functioning of DeepLabCut is based on
two main elements. On the one hand, it uses pre-trained residual neural networks (ResNets),
which are trained beforehand on ImageNet (resnet_50: http://download.tensorflow.org/
models/resnet_v1_50_2016_08_28.tar.gz; accessed on 10 August 2022), a database that
provides images for large-scale object recognition models. On the other hand, it is based
on deconvolutional layers, which help to increase the visual information inserted into the
network and reach spatial probability densities. After being trained with only a small
number of labelled images (~200), the algorithm can predict and mark body parts with
accuracy comparable to humans [29].

2.1.3. Reference Point Selection

For the pose estimation, 58 reference points, as listed in Figure 1, were determined.
Selection criteria were identifiable anatomical landmarks on the horse, with some of these
already used and proven in other lameness detection systems [14,38]. There were four
markers on the head, four markers on the neck and trunk, 11 on each forelimb from the
shoulder down to the hoof and 14 on each hindlimb between the tubera sacrale and the
hooves. Each reference point corresponded to one pixel in one picture.
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Figure 1. Reference points. Different combinations of reference points can be chosen in the program
and offer multiple variations for gait analysis; the picture only shows a selection of the reference
points which are enlarged in the image for better visibility. In the program, one reference point
corresponds to one pixel. The accurate anatomical locations corresponding to the reference points of
the program are listed in Table A1.

2.2. Collection of Data in Investigated Groups

All horses used in this study were assigned to one of three groups: one training group,
one analysis group for lame horses and one analysis group for non-lame horses. Detailed
information regarding all three groups is summarised in Table A2. Ethical approval for
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this study was obtained from the ethics committee of Ludwig Maximilians University,
Munich, Germany.

Every horse of the three groups received a full orthopaedic lameness examination [39,40]
by an orthopaedic specialist (German specialists for equine medicine), including flexion tests.
All horses were examined on hard and soft ground in walk and trot on the straight line and
on the circle. Horses with any sign of visible gait asymmetry, a positive flexion test or any
pathological results in the lameness examination were excluded.

Lameness results were graded according to the AAEP lameness scale by the American
Association of Equine Practitioners on a scale from 1 to 5.

All horses of the training group (n = 65) were filmed in various environmental sur-
roundings, which included eight different indoor and 14 different outdoor riding arenas
with varying sand and soil surfaces. In order to obtain high recognition probabilities on
the labelled reference points, diversity in the coat colour of the horses and environmental
backgrounds was necessary. Furthermore, care was taken to film in different weather
conditions, such as under sunlight or clouded skies, and during different times of the day
to obtain a broad spectrum of different video settings. Horses were recorded in walk and
trot from the front, the back (11 s in walk and 7 s in trot, respectively), and from both sides
on a straight line (12 s in walk and 7 s in trot, respectively). Horses were also recorded on a
circle line with an approximate diameter of 12 m on soft ground (1 min in walk and trot)
on both hands.

All horses included in the lame group were privately owned horses presented for
lameness examination in the Equine Hospital in Parsdorf, Vaterstetten, Germany. In total,
22 horses were examined and included. Permission for the collection and use of data was
obtained from the owners beforehand, and detailed information about the lameness history
of the horses was documented. As part of the routine lameness examination in this clinic,
the horses were first filmed in walk and trot on both hands for one minute on a 12 m
diameter circle on soft ground. After performing flexion tests on concrete and examining
gait on firm, as well as on soft, ground, horses were subjected to diagnostic anaesthesia.
Depending on the results of the examination and the identified anatomical area, the horses
underwent diagnostic imaging (radiographs, ultrasound, computed tomography) and
treatment based on the diagnosis. The recorded lameness grades varied from 1 to 4 (AAEP).
Horses with a lameness degree ≥ 4/5 were excluded from the study, as well as horses that
showed lameness on more than one leg.

The non-lame group represents the reference group and consisted of eight horses. All
horses were privately owned by one owner/farm. The horses were filmed in walk and
trot on a left (CL) and right (CR) circle line for one minute in each gait. Two additional
horses were excluded due to positive flexion tests after lameness had been detected during
lunging. All video-recordings were taken with an iPhone 11 (Apple), with the resolution
set to 1080 p and 30 fps.

2.3. Training the Artificial Intelligence Tool Using Deep Learning
2.3.1. Data Processing and Training

For training the neural network, 454 still frames from 215 videos of the training
group were extracted and the predetermined points of interest (reference points, as defined
in Section 2.1.3) were labelled manually. To provide high diversity in the training data,
attention was paid to select still frames with different limb positioning combined with
varying overlay of limbs. Multiple intermediary trainings were conducted to find a suitable
network configuration for the neural network. Additionally, frames with predicted poses
that had a significant number of outliers were determined and labelled manually to improve
the performance of the network. For the final training set of 454 labelled still frames, the
ResNet50 network base architecture was utilised. Five percent of the images were reserved
for evaluation during training. These images were used to survey the training status of the
algorithm. As this application only had access to a limited amount of training data, the
evaluation ratio was left at this default value. All hyperparameters related to the neural
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network and training process were set to the default values of DeepLabCut. This was to
ensure that the neural network in this study was based on the stable results of DeepLabCut,
using pre-trained and tested networks [29].

Initial tests were conducted using full resolution images (1920 × 1080 pixels) to
preserve as much of the details as possible, but stable results could not be achieved. By
reducing the resolution of the input images, a significant improvement in training was
reached. In the end, a resolution of 768 × 432 pixels, which is 40% of the resolution of
the original images, was chosen. This represents a balance of reduced image size without
losing too much detail. The latest neural network was trained with 550,000 iterations with
a resulting loss of 0.0013 of the training data. This low value indicates that the model fit the
training data well. During training, the intention is to reach a preferably low value which
must not become zero. This would reveal that the algorithm has learned the data by heart.

However, a comparison of training and evaluation data with respect to error probabil-
ity showed that there was an average error of 2.6 pixels for training data, compared to as
many as 8.22 pixels for evaluation data. Given the resolution of 432 pixels in the vertical
axis, this error can make a difference of up to ~1.9% between training and evaluation
data. Removing outliers with a likelihood below 60% in the predicted points led to an
average error for training data of 2.59 pixels and 6.14 pixels for evaluation data. The small
difference in error values for the training data shows its already-high certainty, combined
with a distinctly lower certainty on unseen evaluation data. For the setup in this study, the
threshold for the exclusion of data was set at a certainty of 60% to obtain high reliability for
reference point detection, combined with a low error rate.

2.3.2. Data Analysis and Measurements and Mathematical Calculations in Trot Videos

For the following analysis, only the trot data were used. Each video included one
minute of filming time with an average number of 74 strides per video for Warmbloods
and 84 strides for German Riding Ponies. All horses of the second group were subdivided
in two categories: A = forelimb-lame, B = hindlimb-lame.

Forelimb Lameness

The movement pattern of forelimb lame horses is marked by certain, distinguishable
alterations. When trotting, a forelimb-lame horse demonstrates a typical, iterative head nod
compared to a sound horse [39–41]. In an attempt to shift weight away from the painful leg,
a left forelimb-lame horse lowers its head when stepping on the sound right leg and lifts
the head up when loading onto the lame left leg [40,41]. Thus, to detect forelimb lameness
in this study, the movement of the two forelimbs in comparison with the motion of the
head was recorded. Reference points on the forelimbs and the neck were chosen. Reference
points 17 (Elbow joint left) and 21 (Carpus left) were used for CL, and 18 (Elbow joint right)
and 22 (Carpus right) were used for CR. Reference point 4 (poll) shows the movement of
the head during trotting on both circles. To be able to distinguish between the left and
right stance phase, points 19 (Os carpi accessorium left), 20 (Os carpi accessorium right),
45 (Tarsus left) and 46 (Tarsus right) were selected. For each horse, the recorded trajectory
of the reference points from CL and CR were extracted from the program in csv-files and
presented in charts. These data were analysed visually.

Hindlimb Lameness

Horses with hindlimb lameness show significant changes in their kinematic pattern [42,43].
In this study, two separate analysis parameters were investigated based on these known changes.

Stifle Reference Point

Horses with hindlimb lameness often present with a decreased protraction of the lame
limb [39,42,43]. To compare the step length of both hindlimbs, the horizontal movement of
points 43 (Stifle left) and 44 (Stifle right) on CL and CR was recorded and measured. It was
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estimated that horses with a hindlimb lameness show a shortened stride on the lame leg
and, therefore, show a smaller difference between the measured minima and maxima of
the stifle point on the lame side.

Tuber coxae reference point

As an approved reference point [41,44], the movement of the tuber coxae along the
vertical axis was analysed. Studies have demonstrated that hindlimb-lame horses show
an increased vertical displacement of the tuber coxae on the lame side [41,44,45]. Thus, it
was estimated that horses with hindlimb lameness show a larger difference between the
measured minima and maxima on the affected side.

For each horse, the recorded trajectory of the reference points from the CL and CR
were extracted from the program in csv files and transferred into an Excel file (Microsoft
Excel, Version 16.63.1). To avoid false results due to inaccurate placement of markers by
the program, the maximum 5% (95–100%) and the minimum 5% (0–5%) of the recorded
frames were excluded from the analysis. The maxima represent the highest measured
values (90–95%) and the minima the lowest measured values (5–10%) of the stifle point and
the tuber coxae points.

For the analysis of the stifle point, MaxSt (mean value of the stifle maxima) and MinSt
(mean value of the stifle minima) for every horse were calculated for the left and the right
circle. The differences represent the length of the horizontal distance along which the stifle
point is recorded during trotting on each circle:

DSSt(CL)=
∣∣MaxSt(CL)− MinSt(CL)

∣∣

DSSt(CR)=
∣∣MaxSt(CR)− MinSt(CR)

∣∣
For the analysis of the tuber coxae point, MaxTcox (mean value of the tuber coxae

maxima) and MinTcox (mean value of the tuber coxae minima) were calculated for both
circles. The differences represent the length of the vertical distance between the highest
and lowest tuber coxae values during movement on each circle:

DTTcox(CL)=
∣∣MaxTcox(CL)− MinTcox(CL)

∣∣

DTTcox(CR)=
∣∣MaxTcox(CR)− MinTcox(CR)

∣∣
In the next step the difference for the Stifle as a reference point was calculated to

compare the CL and CR:

DSt =|DSSt (CL)− DSSt(CR)|

The values for the tuber coxae measurements were calculated the same way for
comparison of CL and CR:

DTcox =|DTTcox (CL)− DTTcox(CR)|

Mean values DSt were calculated by summing up the DSSt of the individual horses,
which should be compared, and dividing them by the number of included horses.

Mean values DTcox were calculated the same way with DSTcox.

2.3.3. Statistical Analysis

Diagnostic test properties based on the AI system in comparison to the clinical as-
sessment (reference) were separately assessed for forelimb lameness, hindlimb lameness
using the stifle reference point, and hindlimb lameness using the tuber coxae reference
point, using 2 × 2 tables. Estimates for diagnostic sensitivity (SE) were calculated as the
proportion of clinically lame horses that were correctly classified based on the AI results.
Specificity (SP) was calculated as the proportion of clinically healthy horses that were cor-
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rectly classified based on the AI results. Accuracy (ACC) was calculated as the proportion
of correct (positive + negative) classifications based on the AI results. Positive predictive
values (PPV), describing the probability that the AI positive result is correct, and negative
predictive values (NPV), describing the probability that the AI negative result is correct,
were evaluated. The agreement beyond chance (κappa), a statistical value for quantifying
inter-rater reliability, was used in this study to measure agreement between clinical scoring
of the horses and classification based on the AI. Kappa scores were calculated on the
basis of a 3 × 3-table, including forelimb lameness, hindlimb lameness (only using stifle
reference point data) and the non-lame control group. Finally, an overall accuracy (OA) was
calculated as the percentage of all correctly classified horses based on the AI results [46].

3. Results

Of the 22 horses of the lame group, 13 horses were detected with forelimb lameness
and nine horses with hindlimb lameness. The results of their analysis, together with the
eight horses of the third group, are presented below.

3.1. Forelimb Lameness

In total, seven horses were diagnosed as left-forelimb-lame and six as right-forelimb-
lame. The lameness degrees ranged from AAEP 1–2/5 in ten horses and AAEP 3–4/5 in
three horses. As shown in Figure 2a), the upward and downward movement (“head nod”)
of the poll reference point was visually correlated with the loading of the lame and the
non-lame limb, respectively. The non-lame horses did not show any signs of repetitive
up-and-down motion of the head, as illustrated in Figure 2b).

Figure 2. Graphical presentation of forelimb lameness in one representative horse (no. 11) (a) com-
pared to a representative non-lame horse (no. 7), (b) on a left circle. a in the square = stance phase left
forelimb, b in the square = stance phase right forelimb. Grey arrows indicate upward head movement,
blue arrows indicate downward head movement. Upper graphs: grey lines show movements of
left and right forelimb, with maximum values identifying the protracted foreleg = beginning of the
stance phase (stride identification). Lower graphs: dark green line shows head movement, light
green line shows movement of left forelimb; the numbers represent the frames of the video in the
extracted sequence.

197



Animals 2022, 12, 2804

3.2. Hindlimb Lameness

The lameness degrees ranged from AAEP 1–2/5 in four horses and AAEP 3–4/5 in
five horses. Five horses were lame on the left hindlimb, four horses were lame on the right
hindlimb.

3.2.1. Stifle Reference Point

For every hindlimb-lame and every non-lame horse, the difference DSt was calculated.
Results are presented in Tables 1 and 2. The median score of all DSt of the non-lame
group was DSt(non − lame) = 0.55 To verify detectability of hindlimb lameness with the
stifle as reference point, a correlation between the lameness grade and the calculated DSt
was constructed. After all videos were analysed, horses 2, 4, 7 and 9, were all classified
with severe lameness and showed a clear difference in the calculated DSt compared to the
median DSt of the sound group. For horses 3, 5 and 8, graded with subtle lameness, a
smaller difference in the calculated DSt compared to the median DSt of the sound group
could be illustrated. Therefore, a relation between the degree of lameness and the calculated
DSt could be shown in all horses, except for horse 1.

Table 1. Stifle reference point—Hindlimb-lame horses.

Horse Lameness

Degree of Lameness (1–5)

CL/CR
DSSt(CL)
DSSt(CR)

Difference
DSt =|DSSt(CL)
− DSSt(CR)|

Classified Lame
Based on AI1–2 3–4

1 LH X CL
CR

42.50
44.17 1.67 No

2 RH X CL
CR

42.17
34.32 7.85 Yes

3 RH X CL
CR

31.16
29.69 1.47 Yes

4 LH X CL
CR

47.68
54.61 6.93 Yes

5 RH X CL
CR

43.32
42.09 1.23 Yes

6 LH X CL
CR

36.20
38.21 2.01 Yes

7 LH X CL
CR

48.03
51.12 3.09 Yes

8 LH X CL
CR

47.36
49.60 2.24 Yes

9 RH X CL
CR

49.90
38.55 11.35 Yes

RH = Right hindlimb, LH = Left hindlimb, CL = Circle left, CR = Circle right.
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Table 2. Stifle reference point—Non-lame horses.

Horse CL/CR
DSSt(CL)
DSSt(CR)

Difference
DSt =|DSSt(CL)− DSSt(CR)|

Classified Sound
Based on AI

1 CL
CR

38.27
37.76 0.51 Yes

2 CL
CR

35.82
34.95 0.87 Yes

3 CL
CR

40.44
39.75 0.69 Yes

4 CL
CR

46.58
46.51 0.07 Yes

5 CL
CR

46.09
45.93 0.16 Yes

6 CL
CR

42.35
41.53 0.82 Yes

7 CL
CR

37.43
36.19 1.24 No

8 CL
CR

40.18
40.18 0. Yes

In the control group, with a calculated median DSt = 0.55, all horses only showed
small divergences in the comparison between CL and CR, except horse number 7.

3.2.2. Tuber Coxae Reference Point

For every hindlimb-lame and every non-lame horse, the difference DTcox was calcu-
lated. The results of the calculated DTcox for every hindlimb-lame horse are presented in
Table 3, with the non-lame group in Table 4. The median score of all DTcox of the control
group was DTcox(non-lame) = 1.30. In three out of nine lame horses (horse 3, 5 and 9), the
calculated DTcox corresponded with the lameness, as a larger difference between the mea-
sured minima and maxima on the lame side can be shown. In horses 1, 2, 4, 6, 7 and 8, DTcox
indicated lameness on the contralateral non-lame limb. Comparing the median values of
the detected lame, the non-detected lame and the non-lame horses, (DTcox(lame) = 1.21,
DTcox(non-detected lame) = 3.08 and DTcox(non-lame) = 1.30, respectively); therefore, no
correlation between lameness, lameness grade and the absence of lameness could be drawn.

The mean values for SE, SP, ACC, PPV and NPV according to the analysis of the
tuber coxae point of nine hindlimb-lame horses and eight non-lame horses are presented in
Table 5. In comparison to the clinical assessment, the classification based on AI calculation
was perfect (100% SE and SP) for forelimb lameness, close to 90% for hindlimb lameness
when using the stifle reference point, but poor for hindlimb lameness when using the tuber
coxae reference point (Table 5). The agreement beyond chance (κappa) was κ = 0.92573.
Due to the unreliable results and the inapplicability of tuber coxae as a reference point, it
was excluded in this setup. An overall accuracy (OA) of 95.3% could be reached (Table A1).
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Table 3. Tuber coxae reference point—Hindlimb-lame horses.

Horse Lameness
Degree of Lameness (1–5)

CL/CR
DSTcox(CL)
DSTcox(CR)

Difference
DTcox =|DTTcox(CL)
− DTTcox(CR)|

Classified Lame
Based on AI1–2 3–4

1 LH X CL
CR

11.29
19.21 7.92 No

2 RH X CL
CR

13.18
12.17 1.01 No

3 RH X CL
CR

11.81
14.62 2.81 Yes

4 LH X CL
CR

15.68
20.89 5.21 No

5 RH X CL
CR

9.22
9.95 0.73 Yes

6 LH X CL
CR

11.53
12.13 0.60 No

7 LH X CL
CR

13.69
15.02 1.33 No

8 LH X CL
CR

7.98
10.36 2.38 No

9 RH X CL
CR

11.18
11.27 0.09 Yes

Table 4. Tuber coxae reference point—Non-lame horses.

Horse CL/CR
DSTcox(CL)
DSTcox(CR)

Difference
DTcox =|DTTcox(CL)

− DTTcox(CR)|

Classified Sound
Based on AI

1 CL
CR

11.13
11.82 0.69 Yes

2 CL
CR

12.06
11.55 0.51 Yes

3 CL
CR

14.28
19.06 4.78 No

4 CL
CR

13.99
14.49 0.50 Yes

5 CL
CR

11.38
11.81 0.43 Yes

6 CL
CR

9.96
10.64 0.68 Yes

7 CL
CR

8.45
9.59 1.14 No

8 CL
CR

8.15
9.79 1.64 No
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Table 5. Diagnostic test characteristics SE, SP, ACC, PPV and NPV of forelimb and hindlimb classifi-
cation based on AI calculations when compared to the full clinical assessment (reference) in a study
of 22 horses with lameness and eight horses without lameness (calculations of table contents based
on Tables A3–A6)).

Test
True

Positive
False

Positive
False

Negative
True

Negative
SE (%) SP (%) AC (%) PPV (%) NPV (%)

Forelimb AI 13 0 0 8 100 100 100 100 100

Hindlimb AI
stifle

8 1 1 7 88.9 87.5 88.2 88.9 87.5

Hindlimb AI
tuber coxae

3 3 6 5 33.3 62.5 47.1 50 45.4

4. Discussion

In this study, the usability of an AI-based program and its capacity, based on the
implementation of pose estimation, to detect specific anatomical landmarks of horses was
evaluated. Calculations were made based on these data to differentiate between non-lame
and unilateral fore- and hindlimb lame horses. Furthermore, the assessments made based
on the program were compared to clinical lameness examination.

We believe that the use of a smartphone application in a real-world, equestrian setting
would provide a great advantage to the standard lameness examination. Video analysis
is non-invasive, and videos can be obtained at any chosen location with no equipment
needed, except for a cell phone camera [29]. The ground surface and training facilities can
therefore be those to which the horse is accustomed. This is particularly relevant, as studies
have shown adaptations in equine movement and gait when, for example, a treadmill is
used [12,47]. Videos obtained using a smartphone are easy to transfer via the internet and
can be exchanged with veterinary colleagues all over the globe. Deep learning software is
a tool which can help to detect fore- and hindlimb lameness in horses. By applying pose
estimation to videos of horses filmed on a circle line and further evaluating the generated
data, it is possible to detect lameness without additional hardware.

4.1. Forelimb Lameness

With the application of the reference points on the forelimbs and the head, forelimb
lameness was detectable in this study. The data revealed head nodding as a result of
increased weightbearing on the non-lame limb during stance. By contrast, horses within
the non-lame control group did not show any consistent head movement asymmetry in
rhythm with the steps onto the right or left forelimbs. A sensitivity and specificity of 100%
shows that, by viewing the graphical charts, it is possible to differentiate a forelimb lame
from a non-lame horse with this application. The next step will be a further development
of the program to classify the extracted parameters of head and limb movement in relation
to the stride time. This will allow calculation of the measured values and the collection of
more specific data.

4.2. Hindlimb Lameness

For analysing hindlimb lameness in this setup, different equine anatomical landmarks
on the hindlimbs were considered as reference points. In the pre-evaluation, reference
points on the tuber coxae and stifle proved to be the most promising in the detection
of hindlimb lameness. The tuber coxae have been used as a reference point in various
locomotion studies [41,44,45], while the stifle has not been evaluated previously with
portable systems in the horse, as it is not feasible to fix an accelerometer onto this point.
To the authors’ knowledge, it has been used as a reference point only in studies with
OMC [42,48].
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4.2.1. Stifle

In this study, a correlation between the degree of lameness and the calculated DSt
could be shown in eight out of nine horses. Horse 1 displayed a slight difference between
CL and CR, which did not correspond to its lameness grade (3–4). This horse was a
dark-brown Warmblood with a very even-coloured coat. As mentioned below, the colour
of the horses, especially when showing little or no variance, influences the accuracy of
the reference points and, consequently, the results. Horse 7 of the control group was
filmed during sunset in an outdoor riding arena and part of the arena was still covered in
sunshine. This can affect the quality of the video with the sunbeams causing a glare effect.
As mentioned above, the error rate for data evaluation was higher compared to the training
data when these effects were present. Given the resolution of 432 pixels in the vertical axis,
this error can make a difference of up to ~1.9%. Consequently, the reference points cannot
be detected correctly in a few frames per circle, which results in a higher percentage of
inaccurate placement. A sensitivity and specificity of almost 90% when using the stifle
reference point provides promising results in this first setup. Using more labelled data will
help to improve and stabilise the placement of the markers despite disadvantageous light
conditions and horses with less well-defined anatomical landmarks.

4.2.2. Tuber Coxae

On the other hand, the tuber coxae point was not suitable for use with videos of horses
on a circle line. Comparing the median values between the horses detected as being lame,
the horses not detected as being lame and the non-lame horses, no correlation between
lameness, lameness grade and the absence of lameness could be drawn. Other studies
have shown that left and right tuber coxae should be compared at the same time to detect
asymmetry [42,44,49]. As videos of horses on a circle line only show one side of the horse,
a direct comparison using this setup was not possible. Furthermore, the large divergence
of the calculated values in the control group confirms the fact that the tuber coxae are not
suitable as a reference point for this purpose in the given setup.

Depending on the choice of reference points, the AI-based classification showed high
to perfect agreement with the clinical assessment. The use of pose estimation reduces
some of the limitations that contemporary lameness analysis systems must cope with. The
EquiMoves system® (www.equimoves.nl, accessed on 10 August 2022) uses four sensors
on the trunk and one sensor on each limb. It detects upper-body movement asymmetries
in horses. In comparison with other systems that employ fewer IMU sensors, it is possible
to determine stride length and certain limb angles for pro- and retraction and for ad- and
abduction [14]. Nonetheless, the sensors must be fixed onto the horse, and the number
of reference points is limited compared to the program evaluated in this study. Another
IMU system is the Equinosis Q Lameness Locator®, (Equinosis LLC, Columbia, MO, USA)
which uses two accelerometers on the poll and tuber sacrale to measure the vertical maxima
and minima of the head and pelvis during movement. A gyroscope attached to the right
forelimb detects the stance phase to differentiate between movements of the left and right
sides [25,50]. OMC systems such as QHorse from Qualisys Motion Capture Systems®

(Qualysis AB, Motion Capture Systems, Göteborg, Sweden) allow marker fixation on
different anatomical landmarks of the horse. With the need for a relatively large space to
set up the cameras, evaluation and analysis of horses by this method are limited to large
clinics and universities, reducing the flexibility and broad use of this system [18,51]. The
use of pose estimation for equine gait analysis offers the possibility to record and analyse
the movement of almost unlimited anatomical structures on a horse once the program has
been adequately trained. Reference points can be selected before and after recording the
horse and videos can be taken anywhere, with only a cellphone camera needed on site.

4.3. Limitations

There are some limitations in this study. Sample sizes were small, and larger studies
on a broader range of patients are needed to derive robust estimates for SE and SP. To this
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point, a differentiation of the anatomical origin of lameness is not possible due to small
study groups and a limited amount of data. With improvement and advanced training of
the program, further studies on the comparison of different causes of lameness are planned.

Using this software on a smartphone device, filming must be standardised, as multiple
factors can affect the quality of the videos. As mentioned before, bright sunlight and shade
lower the quality of the videos. This problem has also been discussed in other studies [29].
Consequently, the DeepLabCut software has been trained to learn how to robustly extract
body parts, even with a cluttered and varying background, inhomogeneous illumination,
or camera distortion [36]. In our study, evening light or bright sunshine made filming more
difficult, and the analysed data became more imprecise. To evaluate the performance of the
tool with videos that were not taken under perfect conditions, different light settings were
considered. The horses were filmed inside equestrian arenas with windows and other light
sources in different locations, as well as in outside riding arenas with different backgrounds
(trees, fields, grass, traffic). Nonetheless, the diversity of videos used to train the AI system
needs to be increased.

To find the most suitable filming position, 215 videos were evaluated. It showed that
filming the horse, trotting on a straight line, from in front, behind, or from the side, did not
offer enough steps for evaluation. However, videos filmed from the inner circle provided
good consistency and a sufficient number of strides for analysis. In a complete lameness
examination, horses should be evaluated on a straight line and on a circle line [39]. There
are differences in motion of the torso and the pelvic area when horses’ motions on a straight
line and on a circle line are compared [39,52]. With further development and improvement
of the program, it should be possible to analyse shorter video sequences on a straight line.

Irregular movements (horses shaking their heads, vocalising or becoming distracted
and showing horizontal or vertical head movements) or other horses in the vicinity de-
creased correct positioning of reference points by the program. This effect did not have
much impact on the results, as the chosen videos of horses on a circle line provided sufficient
data to evaluate the lameness, despite data outliers.

When the coat or hoof colour of the horse resembled the background, the sand or the
ground, it was difficult to recognise the anatomical markers and their locations became
imprecise, so they could not be used. The anatomical structures were less prominent in
horses that were completely black or white, especially when they were filmed in direct
sunlight, so that labelling became demanding or even impossible in some cases, and they
had to be excluded from the study. Apart from these rare cases, coat colour did not cause
any selection bias; there was variation of colour in all three categories and a large colour
spectrum was covered in non-lame and lame horses. The error rate increased when horses
were over-weight or had a long winter coat that made anatomical structures less visible.
By excluding the maximum and minimum 5% of the measured values, these small errors
could be removed from the data. While the reference points were difficult to evaluate under
the above circumstances, markers on the “edge” of the horse, as well as on easily visible
anatomical structures, such as the nostril, eye or coronary band, were reproducible.

Another limitation was the quality of footing. Deep sand was unstable, causing horses
to stumble or show irregular movements that could resemble lameness. This complicates
any lameness examination and is not unique to this study. This needs to be considered
with regard to the future use of the tool when videos taken by owners or inexperienced
veterinarians will be used. As the volume of labelled data grows, the reliability of the
program is expected to increase.

Evaluation of error values for training data showed that excluding outliers with a
certainty below 60% only reduced the average error from 2.6 pixels down to 2.59 pixels,
indicating that it is unlikely to improve with more training on the current model with
the same data. It also shows that the network has high uncertainty on unseen evaluation
data, which could be solved by having a greater variety of labelled images in the dataset.
With additional augmentation through modification of the images, for example, by adding
noise or changing colours or brightness, stability in difficult situations could be improved.
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Additionally, with more data and different hyperparameters this error can be reduced in
future iterations of the neural network.

4.4. Outlook for the Future

Pose estimation has the potential to improve gait analysis and lameness diagnostics
in equine medicine and veterinary science. It can be applied to various gait or training
assessments and can be used in various species such as horses, dogs, cats and dairy
cattle. Studies have shown that dairy farmers do not recognise lameness in their cattle,
even though it has a large impact on animal welfare, milk yield and, therefore, emerging
costs [53,54]. With the help of this new, easily applicable pose estimation program, objective
lameness evaluation can be efficiently executed, offering various possibilities for veterinary
students and veterinarians to improve their abilities to assess horses’ movements and,
therefore, improve welfare for the affected animals [31,55].

Studies have shown that the quality of lameness examination improves with years
of work experience, as veterinarians expand their skills and become better in detecting
lameness [7]. In addition to these years of training, this tool may serve as a valuable system
to improve learning quality and to refine and improve the veterinarian’s ability to evaluate
equine gait. Experienced veterinarians can use it for confirmation during daily clinical
work and to keep records for retrospective evaluation of treatment. With increasingly more
data being assessed and used to train the pose estimation tool, it may be possible to detect
subtle gait changes, such as mild lameness or ataxia. Another possible use for the tool could
be to compare different trainers or training methods. For example, gait analysis using all
reference points to show swinging back movements or different swing-phase trajectories
could be quantified to assess training efficacy.

5. Conclusions

This study demonstrated the feasibility of obtaining accurate measurements and data
that match the clinical presentation in moderately lame horses (grade 3–4/5 AAEP). For
horses that were only slightly lame (grade 1–2/5 AAEP), the smartphone app provided
less distinct measurements, a sign that the program needs more labelled data and training
to become more accurate and reliable. Furthermore, extended studies on the feasibility of
the different reference points must be obtained, but these preliminary results are regarded
as promising with regard to proof of concept.
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Appendix A

Table A1. Reference points of the program with the correct anatomical location.

Reference Point in the Program Anatomical Location Reference Point in the Program Anatomical Location

1. Nostril nostril 30. Hoof tip right hoof tip right forelimb

2. Eye left left eye 31. Croup middle midpoint between left and right
tuber sacrale

3. Eye right right eye 32. T. sacrale left left tuber sacrale

4. Poll poll 33. T. sacrale right right tuber sacrale

5. Withers withers 34. Kink left
midpoint between left tuber coxae
and left tuber sacrale (view from
behind)

6. Lowest back lowest part of the dorsal line 35. Kink right
midpoint between right tuber
coxae and right tuber sacrale
(view from behind)

7. T18/L1 position of the 18th thoracic
vertebra/first lumbar vertebra 36. Tail root tail root

8. Abdomen deepest part of the abdomen 37. T. coxae left left tuber coxae

9. Spina scapulae
left

scapular spine
left 38. T. coxae right right tuber coxae

10.
Spina scapulae
right

scapular spine
right 39. Coxofemoral joint left left coxofemoral joint

11 Tub. supraglenoidale
left

supraglenoid tubercle
left 40. Coxofemoral joint right right coxofemoral joint

12. Tub. supraglenoidale
right

supraglenoid tubercle
right 41. T. ischiadicum left left ischial tuberosity

13. Shoulder joint left left shoulder joint 42. T. ischiadicum right right ischial tuberosity

14. Shoulder joint right right shoulder joint 43. Stifle joint left left stifle joint

15. Elbow hock left left elbow hock 44. Stifle joint right right stifle joint

16. Elbow hock right right elbow hock 45. Tarsus left left tarsus

17. Elbow joint left left elbow joint 46. Tarsus right right tarsus

18. Elbow joint right right elbow joint 47. Calcaneus left left calcaneus

19. Os carpi accessorium left left accessory carpal bone 48. Calcaneus right right calcaneus

20. Os carpi accessorium right right accessory carpal bone 49. Fetlock left fetlock left hindlimb

21. Carpus left left carpus 50. Fetlock right fetlock right hindlimb

22. Carpus right right carpus 51. Coronary band dorsal left dorsal part of the coronet band
left hindlimb

23. Fetlock left fetlock left forelimb 52. Coronary band dorsal right dorsal part of the coronet band
right hindlimb

24. Fetlock right fetlock right forelimb 53. Coronary band plantar left plantar part of the coronet band
left hindlimb

25. Coronary band dorsal left dorsal part of the coronet band
left forelimb 54. Coronary band plantar right plantar part of the coronet band

right hindlimb

26. Coronary band dorsal right dorsal part of the coronet band
right forelimb 55. Hoof pad left heel bulb left hindlimb

27. Coronary band palmar left palmar part of the coronet band
left forelimb 56. Hoof pad right heel bulb right hindlimb

28. Coronary band palmar right palmar part of the coronet band
left forelimb 57. Hoof tip left hoof tip left hindlimb

29. Hoof tip left hoof tip left forelimb 58. Hoof tip right hoof tip right hindlimb
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Table A2. Horses of Groups 1–3 (classified into sex, median age, median height, breed and colour).

Group 1 Group 2 Group 3

Total Number 65 22 8

Sex
Mare 24 13 3

Gelding 41 9 5

Median Age (in years) 13.8 11.6 12.4

Median Height (in meter) 1.60 1.61 1.62

Breeds

Warmblood 31 16 6

Quarter Horse 7

PRE 5

Lusitano 3

Friese 1

Pinto 2

Knabstrupper 1

Arabian 1 1

Lewitzer 1

Haflinger 1

German Riding Pony 12 5 2

Colours

Black 8 1

Dark Bay 10 7 3

Bay 11 6 3

Chestnut 15 5 2

Flaxen Chestnut 3

Buckskin 1

Palomino 3

Grey 4

White 4 2

Tobiano 5

Leopard 1 1

Table A3. 3 × 3-Table and statistical evaluation of κ (without reference point tuber coxae).

Classified by AI
Non-Lame

Classified by AI
Forelimb-Lame

Classified by AI
Hindlimb-Lame Stifle

Total

Clinically non-lame 20 0 1 21

Clinically forelimb-lame 0 13 0 13

Clinically hindlimb-lame
stifle

1 0 8 9

Total 21 13 9 43
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Appendix B

Table A4. Statistical classification of horses with and without forelimb lameness.

Forelimb Lameness
Clinically

Forelimb-Lame
Clinically Non-Lame Total

AI classified as
forelimb-lame

13 0 13
Positive predictive value

1

AI classified as
non-lame

0 8 8

Negative predictive
value

1

Total 13 8 21

AI diagnostic test
evaluation

Sensitivity of AI Specificity of AI Accuracy of AI

1 1 1

Table A5. Stifle reference point—Statistical classification of horses with and without
hindlimb lameness.

Hindlimb Lameness
Stifle

Clinically
Hindlimb-Lame

Clinically Non-Lame Total

AI classified as
hindlimb-lame

8 1 9
Positive predictive value

0.888888889

AI classified as
non-lame

1 7 8

Negative predictive
value

0.875

Total 9 8 17

AI diagnostic test
evaluation

Sensitivity of AI Specificity of AI Accuracy of AI
0.888888889 0.875 0.882352941

Table A6. Tuber coxae reference point—Statistical classification of horses with and without
hindlimb lameness.

Hindlimb Lameness
Tuber Coxae

Clinically
Hindlimb-Lame

Clinically Non-Lame Total

AI classified as
hindlimb-lame

3 3 6
Positive predictive value

0.5

AI classified as non-
lame

6 5 11

Negative predictive
value

0.454545455

Total 9 8 17

AI diagnostic test
evaluation

Sensitivity of AI Specificity of AI Accuracy of AI
0.333333333 0.625 0.470588235
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