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INTRODUCTION

In daily life, almost everybody is using gait analysis, often
without realizing it. While walking in the street, it usually
takes only a fraction of a second to determine whether an
approaching person is male or female, and whether that
person is familiar or a complete stranger. The human
eye, which captures the image, and the human brain,
which processes it, are a surprisingly powerful system for
recognition and identification. After a little training, the
human observer is also able to judge the quality of gait:
one can determine whether a particular walking pattern
is supple and graceful or clumsy and incoordinated. This
statement holds true not only for observations of people
moving in various activities (walking or running, dancing
or sport), but also for judging the performance of ani-
mals.

The eye of the experienced judge determines the out-
come of equestrian sports such as dressage, reining, cut-
ting and show hunters. Selection of horses for inclusion
in breed registries and for approval as breeding stock is
also based, to a certain extent, on the opinion of a com-
mittee of judges. However, this kind of ‘gait analysis’,
based on the judgement of an observer carries all the
risks that are inherent in subjectivity.

Qualitative gait analysis is also applied successfully in
the diagnosis of equine lameness. Clinicians use a semi-
quantitative method of evaluation when assigning a
lameness grade. While repeatability of lameness scores
within an experienced clinician may be good (Back et al.,
1993), there is considerable variation between clinicians
(Keegan et al., 1998).

However, there are applications for which a qualitative
evaluation of locomotion is inadequate, necessitating the
use of a quantitative method of analysis that offers

greater accuracy without the biases that are inherentin a
subjective analysis. Chapter 1 provided an eloquent
description of the evolution of different methods of gait
analysis, and the explosion of research studies that have
exploited the new capabilities for data storage and data
processing in the computer age. This chapter will
describe the current and emerging techniques for
equine gait evaluation in the areas of kinematic analysis,
kinetic analysis, electromyography and computer model-
ing. The value of the treadmill for data collection will
also be considered.

Kinematic analysis measures the geometry of move-
ment without considering the forces that cause the
movement. At the present time, the majority of kine-
matic evaluations are performed using videographic or
optoelectronic systems consisting of integrated hardware
and software components. Kinetics is the study of the
forces that are responsible for the movements. A variety
of transducers, including strain gauges, piezoelectric
and piezoresistive transducers and accelerometers,
are used in kinetic studies. Several transducers can
be combined to develop force plates and force
shoes for measuring ground reaction forces (GRFs).
Electromyography detects the electrical activity
associated with muscular contraction as a means of
determining muscular activation patterns during
different activities. The variables that are measured
during gait analysis can be used to compute other
quantities that are not or cannot be measured directly
through computer modeling. The development of
appropriate models facilitates a deeper understanding of
the behavior of the musculoskeletal system and allows
predictions to be made regarding its response to
various perturbations without the need for live animal
experiments.
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INTERPRETING THE EFFECTS OF
BIOLOGICAL VARIABILITY

It is widely recognized that a certain variability is inher-
ent to data obtained from repeated measurements on
biological material, and it is necessary to give considera-
tion as to how to treat these data correctly. As an ex-
ample, consider the measurement of GRFs using a force
plate. When the horse is guided over the force plate, the
chance for a correct hit by one fore hoof is about 50%,
with the number of hits being approximately evenly dis-
tributed between the right and left limbs. After several
runs, it is likely that a different number of correct hits
will have been recorded from the right and left limbs.
When calculating the mean and the standard error of
the mean (SEM) for a force variable (e.g. peak vertical
force) by averaging the data of these runs, the mean of
the data obtained from the limb with the higher number
of correct hits usually has a lower SEM. Are data from
that limb more ‘correct’ than those from the other limb?
Obviously not, but it is not easy to define a universal, sta-
tistically correct recipe to deal with this problem. In
practice, most laboratories collect data until a certain
minimum number of correct hits have been recorded
from each limb. In sound horses, both the kinematic
and force variables are quite stable, and analysis of a relat-
ively small number of strides is representative of the gait
pattern. It has been suggested that 3-5 strides are suffi-
cient for kinematic (Drevemo et al., 1980a) or GRF
(Schamhardt, 1996) analysis. The data describing an
equal number of strides for each limb are averaged and
considered to be ‘representative’ for that limb. The
mean value is then used in further stages of the analysis
as being representative of that variable for a particular
limb in one horse. Most of the stride variables show good
repeatability over the short and long term (Drevemo et
al., 1980b; Weeren et al., 1993), and the stride kinematics
of a young horse have already assumed the characteris-
tics that they will have at maturity by the time the foal is 4
months of age (Back et al., 1994).

Variability between individual horses affects the
response to certain interferences, such as drug treat-
ment and shoeing, which differ qualitatively and quanti-
tatively in different animals. Impressive libraries of
statistical routines have been developed to extract trends
in the data, to detect differences between groups, or to
identify a ‘statistically significant’ response to a certain
treatment. Unfortunately, the prerequisites for these sta-
tistical tests may invalidate their use in a particular study.
For example, data may not be normally distributed, or
data describing different variables may be correlated
with each other. Therefore, it is very important to plan
the experiment and treat the data in a statistically appro-
priate manner. Before any experiment is carried out, a
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Summary

Summary statistical analysis of biological data is
important, but rather difficult to perform correctly
and the literature contains many examples of
incorrect applications. Furthermore, it is not only the
statistical significance or lack thereof that is
important in interpreting the results of a study; the
findings should also be interpreted in terms of trends
that are indicative of the biological relevance of the
outcome.

thorough evaluation of the problem should be conduct-
ed. An hypothesis is formulated, and an appropriate
experimental design and statistical model are deter-
mined to test that hypothesis. After collection of data, it
is not unusual to find dependency within series of data,
which disqualifies a particular statistical test. A detailed
discussion of the pitfalls and problems associated with
statistical testing is beyond the scope this text. Readers
are advised to consult a suitable statistical text or a statis-
tician to avoid using incorrect analyses, which have
appeared frequently in the literature.

A statistical test determines the likelihood that a cer-
tain hypothesis can be accepted, or has to be rejected.
However, the answer is not absolute: for example, having
selected an uncertainty level of p< 0.05, the correct deci-
sion to accept or reject the hypothesis will be made in
95% of cases. Conversely, there is a 5% chance of being
wrong, and one observation out of 20 will differ signific-
antly due to chance. Therefore, statistical tests are not
proof that a certain hypothesis is true or false. The
majority of equine locomotion studies are based on a
rather small number of subjects, which may be insuffi-
cient to give the required power for a statistical analysis.
In these cases, trends in the data may suggest a biologic-
ally significant effect that cannot be proven statistically
but is, nevertheless, important.

KINEMATIC ANALYSIS

Kinematic analysis quantifies the features of gait that are
assessed qualitatively during a visual examination. The
output is in the form of temporal (timing), linear (dis-
tance) and angular measurements that describe the
movements of the body segments and joint angles. The
data may be transferred to a spreadsheet for further
analysis, e.g. detection of asymmetries between lame and
sound limbs, or it may be displayed graphically or as stick
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Fig. 3.1
duration.

figures (Fig. 3.1). In the past high speed cinematography
was the most commonly used technique for kinematic
analysis, but it was an expensive and tedious method.
TrackEye (Innovativ Vision AB, Linképing, Sweden) is
an image digitizing system that usually processes high
speed film to provide accurate two dimensional data with
software for three dimensional reconstruction. Today,
the most popular techniques for studying kinematics are
videographic analysis combined with a commercial soft-
ware package, or optoelectronic systems that are based
on the emission and detection of infrared or visible light.
Analyses may be two dimensional or three dimensional.
Two dimensional studies are relatively simple to perform
but the results are adversely affected by image distortion
due to out-of-plane image movements of the body seg-
ments. Three dimensional analysis overcomes these
problems, but is a more complex procedure, particularly
with regard to calibration of the movement space.

Videographic systems

Videography is a popular method of kinematic analysis
in horses. Turnkey systems are available that produce
useful data within a reasonable period of time by
autodigitising reflective markers on the subject either
on-line or during post-processing. However, the user
must check the accuracy of the digitisation before
accepting the data for further analysis. Problems arise
when different markers cross each other in the field of
view or when a marker is temporarily obscured. Errors in
the raw data will give rise to problems throughout the
subsequent analysis. Some video systems also offer a
manual digitising option that can be used when there
are no markers on the subject, for example when videos
are recorded during a competition. Manual digitising is
also a useful option when the autodigitising system has
difficulty differentiating between markers that are
placed close together or that cross each other during
locomotion.

i

Stick figure of the forelimb of a horse trotting overground. The figures are shown at intervals of 10% of stance

The sequence of events for video analysis involves
marker application to the subject, setting up and cali-
brating the recording space, video recording, digitisa-
tion, transformation, smoothing and normalisation.
Analyses may be performed in two or three dimensions.
Since the limbs of the horse have evolved to move primar-
ily in a sagittal plane, most of the useful information is
captured by the two dimensional lateral view, and in
many situations the extra effort involved in extracting
three dimensional data is not warranted. However, there
are times when a knowledge of the abduction and
adduction or internal and external rotations would be
useful, especially during sporting activities and in rela-
tion to lameness. Most video systems are capable of three
dimensional analysis, but there are some additional
requirements beyond those for two dimensional analysis.
These include using a minimum of two camera views and
ensuring that each marker is visible to at least two cam-
eras throughout the movement.

Video-based kinematic analysis systems used in horses
include the Ariel Performance Analysis System (Ariel
Dynamics Inc, Trabuco Canyon, CA), ExpertVision
(Motion Analysis Corp, Santa Rosa, CA), and Peak
Performance System (Peak Performance Technologies
Inc, Englewood, CO).

Skin markers

Most video systems offer automated digitisation if appro-
priate markers are placed on the skin and the lighting is
controlled to provide sufficient contrast between the
edge of the markers and the surroundings. Black acrylic
paint, available from artist’s supply stores, can be used to
draw a bullseye target around a marker to improve its
contrast against white hairs. For two dimensional analy-
sis, circular markers, 2-3 cm in diameter are used, with
the bigger markers giving better accuracy when the resolu-
tion of the system is poor (Schamhardt et al., 1993a).
Retro reflective material can be purchased in sheets
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Fig. 3.2 The black dots represent locations that are
commonly used for skin marker placement for kinematic
analysis.

(Scotchlite, 3M Corp, St Paul, MN) and cut into markers
of a suitable size or precept circles can be purchased at a
higher price. The self-adhesive backing may not be ade-
quate to hold the markers in place, especially when the
horse sweats. Cyanoacrylate glue (super glue) is effective
for securing the markers, but some brands are difficult
to remove completely at the end of the study, which may
pose a problem in client-owned horses. A little experi-
mentation may be needed to find appropriate products
for use under a variety of circumstances. Retro reflective
paint (Scotchlite 7210 Silver, 3M Corp, St Paul, MN) is
also available, but the reflective beads tend to clump,
making it a less satisfactory method of marking. For
three dimensional studies spherical or hemispherical
markers are used because they retain their circular shape
when viewed from different angles. Spherical markers
can be purchased ready-made or they can be made from
polystyrene balls, about 3 cm in diameter, which are pur-
chased from hobby stores. If necessary, the balls are cut
in half before covering them with strips of reflective tape
or reflective paint.

Marker locations are chosen in accordance with the
purposes of the analysis. Calculation of the angle
between two limb segments in two dimensions requires a
minimum of three markers. Figure 3.2 shows the approx-
imate centers of joint rotation on the fore and
hindlimbs, which can be used for marker placement dur-
ing two dimensional analyses in the sagittal plane, using
software packages that require the markers to be placed
over the joint centers. Other software allows the use of
two markers per segment that are aligned along the long
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axis of the segment, without necessarily being placed
over the joint centers. Markers on the dorsal midline of
the back are used to evaluate trunk motion (Licka &
Peham, 1998). Markers on the neck, withers and croup
are useful for evaluating left-right asymmetries in the ver-
tical excursions of these reference points.

On the limbs, skin movements relative to specific
underlying bony landmarks has been quantified and cor-
rection algorithms have been developed for walking and
trotting Dutch warmblood horses (Weeren et al., 1990a,
1990b, 1992). However, these algorithms are only valid
for horses of similar conformation, moving at the same
gaits and at similar speeds. Figure 3.3 illustrates the effect
of skin displacement on the angular motions of the stifle
and tarsal joints during walking. It shows that the effects
of skin movement are much greater at the stifle joint than
at the tarsal joint. Distal to the elbow of the forelimb and
the stifle of the hindlimb, skin movement artifact is small
enough to be neglected. In the more proximal parts of
the limb, however, skin movements as large as 12 cm have
been measured, which is sufficient to change the entire
shape of the angle-time diagrams at the proximal joints.
In these locations, uncorrected data cannot be used for
absolute angular computations or for measuring muscle
or tendon lengths based on limb kinematics.
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Fig. 3.3 Angle-angle diagrams of the stifle and tarsal
joints of a horse at the walk. The movements of the skin
markers are shown before (continuous line) and after
(broken line) correction for skin displacement. (Reprinted
with permission from Schamhardt, H.C. (1996) In:
Measuring movement and locomotion: From invertebrates
to humans).
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Fig. 3.4 Angle-angle diagrams of the fetlock joint of the forelimb of a horse trotting on a treadmill at 4 m/s. The diagram
on the left shows the joint angles measured relative to the position in which the proximal and distal segments are aligned.
The diagram on the right shows the angles relative to those recorded with the horse standing squarely. For both diagrams
flexion is positive and extension is negative. (Reprinted with permission from Schamhardt, H.C. (1996) In: Measuring

movement and locomotion: From invertebrates to humans.)

The repeatability in positioning the skin markers must
also be considered. Usually, markers are applied in the
standing horse and care should be taken that the horse is
standing squarely with weight on all four limbs. When the
limb is unloaded or when the horse is not standing still, it
is difficult to fix the markers with an accuracy better than
about 0.5 cm. Inevitably, this has consequences for
repeated measurements in one horse, when the markers
have to be removed between sessions, unless remnants of
glue remain or paint is used to mark the spot. Another
possibility for avoiding this problem is to standardize
joint angular measurements to those obtained in the
square standing horse (Back et al., 1994), so that the
angles are reported as deviations from this square stand-
ing position, with relative flexion being assigned a posit-
ive value and relative extension being assigned a
negative value. Repeated measurements of horses posi-
tioned in a square standing position, however, have indic-
ated poor reliability (Sloet, personal communication).
Other methods of displaying joint angles include report-
ing the absolute joint angle, which is usually measured on
the anatomical flexor aspect of the joint, or measuring
the flexion (positive) and extension (negative) angles rel-
ative to the position at which the proximal and distal seg-
ments are aligned. Although the patterns are the same
regardless of the method of measurement (Fig. 3.4), the
values differ considerably, which impairs comparisons
between data from different studies.

The requirements for three dimensional analysis are
similar to those for two dimensional analysis in that the
chosen marker locations show minimal skin displace-
ment or have correction algorithms to compensate for
skin displacement. In addition, each marker must be vis-

ible to at least two cameras throughout the movement.
This combination of requirements is difficult to fulfil
during some movements. One way to overcome these
problems is to use a virtual targeting system (Nicodemus
et al., 1999). This method relies on the fact that, for rigid
body motion, the location of any point on a body does
not change with respect to that body. Therefore, if the
location of a point on a segment is known with respect to
the segment, and the orientation of the segment is
known in a global coordinate system, then the location
of that point on that segment can be calculated in the
global coordinate system. The virtual targeting method
employs two sets of markers: tracking markers and vir-
tual markers. Three virtual markers are attached to each
segment to define the segmental coordinate system: two
are oriented along the long axis of the segment and the
third is perpendicular to that axis. Three non-collinear
tracking markers are placed on the segment in appropri-
ate positions to track the motion of the segment in the
global coordinate system, i.e. at locations that are readily
visible to the cameras during locomotion and at loca-
tions for which the skin displacement is known. The
coordinates of the tracking markers are used in a trans-
formation that converts the global coordinate system to
a segmental coordinate system. A standing file is re-
corded with both the virtual and tracking markers in place
(Fig. 3.5), after which the virtual markers are removed.
Recordings are made with the tracking markers in place.
During the subsequent data processing, algorithms are
used to calculate the locations of the virtual markers with
respect to a segmental coordinate system and to track
that target in the global coordinate system (Lanovaz et
al., submitted).
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Fig. 3.5 Influence of the horse moving obliquely across
the force plate, at an angle of 15° to the long axis of the
plate. The erroneously calculated stride length (L* cos o =
L* 0.9) differs from the actual length L by the distance a,
which is fairly small. The calculated placement of the right
limb in front of the left limb is much more affected
(distance b), because b is proportional to w * sin o= w *
0.26. (Reprinted with permission from Schamhardt, H.C.
(1996) In: Measuring movement and locomotion: From
invertebrates to humans.)

Video recording

For two dimensional studies, the camera is precisely ori-
ented so that its axis is perpendicular to the plane of
interest. For three dimensional studies, precise camera
positioning is not important, so long as each marker is
visible to at least two cameras at all times. However, if the
angle between the cameras is small, it reduces the accur-
acy along the axis running toward the cameras. The field
of view should always be somewhat larger than the move-
ment space to avoid errors due to distortion at the
periphery of the lens, especially with a wide angled lens.
An important decision relates to the type of video
camera to be purchased and whether it is worth invest-
ing in a high speed camera. A standard camcorder
records 30 frames/s in the NTSC format and 25
frames/s in the PAL format. Each frame is made up of 2
video fields recorded 1\60s (NTSC) or 1\50s (PAL) apart.
The gait analysis software may be able to display success-
ive fields sequentially giving an effective sampling rate of
60 fields/s (NTSC) or 50 fields/s (PAL). High speed
video cameras are available and are useful for studies of
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short duration events or rapid movements but the light-
ing conditions become more critical at faster recording
speeds. Comparisons of joint displacement data from
horses cantering on a treadmill showed minimal loss of
information in terms of angular data when the sampling
rate was reduced from 200 Hz to 50 Hz (Lanovaz,
unpublished). Linford (1994) compared the temporal
stride variables in horses trotting on a treadmill by
analysing the same ten strides with two cameras sampling
at 60 Hz and at 1000 Hz, respectively. Mean values for
stride duration, stance duration, swing duration, and
breakover did not differ by more than more than 3.3 ms.
A camcorder that records at 60 Hz is adequate for kine-
matic analysis of some aspects of equine locomotion, but
a large number of strides must be analysed to produce a
representative mean value for temporal events of short
duration. At gaits faster than a walk, a faster camera is
preferable, especially the displacement data will be
processed further.

During a recording session the markers on the horse
are illuminated by a lamp (usually 300-500 Watts) dir-
ected along the axis of the lens. If there is too much
ambient light, it may not be possible to autodigitize the
markers, so controlled lighting conditions are an advant-
age. When the exposure time is very short, as when using
high speed cameras, more illumination is needed to
maintain decent quality of the video image.

Calibration

A calibration frame is recorded in the field of view to
scale the coordinate data. For two dimensional analysis,
a rectangular frame or a linear ruler is positioned along
the horse’s line of progression. If the horse deviates from
the plane of calibration but continues to move parallel
to the intended plane of motion, errors are introduced
in the linear data, though the timing data are not af-
fected. Correction algorithms can be used to adjust the
linear data if the horse moves along a line parallel to the
intended plane of motion. However, if the horse moves
at an oblique angle to the camera, it causes image distor-
tion. Length measurements along a line in the longitud-
inal direction (e.g. stride length) are proportional to the
cosine of the angle at which the horse moves relative to
the desired direction (Fig. 3.5). As long as the oblique
movement angle is less than about 15°, this error is
smaller than 5%. If a transverse distance is involved, such
as step length between the left and right limbs, the dis-
tances show a larger error that is proportional to the sine
of the oblique movement angle. Again, assuming the
horse moves at an angle of 15°, the error in the trans-
verse direction can be as large as 26% (Fig. 3.5).

For three dimensional studies a calibration frame with
non-coplanar control points is used. A larger number of
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control points gives a more accurate reconstruction. The
accuracy of the data is markedly reduced outside the
area of volume of the calibration frame, so a large, cus-
tom designed frame is required for equine studies. The
accuracy of the calibration completely determines
the accuracy of the final three dimensional data
(Deluzio et al., 1993), which emphasizes the importance
of investing the necessary effort into calibration of the
volume space in which the measurements are made.

Digitization

Through the process of digitization the coordinates of
the body markers are determined in two dimensional or
three dimensional space. Digitization may be performed
manually, or it may be performed automatically with the
system locating each marker by edge detection then cal-
culating the position of its center. If the software allows, it
is preferable for the operator to check each digitized
field and make adjustments for digitizing errors or
invisible markers before accepting the data into memory.
In some situations, for example when there is too much
ambient light or when markers cannot be applied as in a
competition, manual digitisation is necessary. In addition
to the time required, this tedious process creates more
digitising noise than automated digitisation.

Transformation

The transformation process integrates the calibration
information with the digitised coordinates to scale the
data. For three dimensional studies Direct Linear
Transformation (DLT) is the standard procedure for
combining two or more two dimensional views into a sin-
gle three dimensional view. This method has the advant-
age of not needing any information about camera
locations; the transformation is based on knowledge of
the coordinates of the control points on the calibration
frame, which are determined for each camera view.

Smoothing

During digitisation small errors are introduced that con-
stitute ‘noise’ in the signal. The effect of noise is not too
great in the displacement data, but it becomes increas-
ingly apparent in the time derivatives, i.e. the velocity
and acceleration data (Fioretti & Jetto, 1989) as shown
in Fig. 3.6. Smoothing removes high frequency noise
introduced during the digitization process using one of
two general approaches: a digital filter followed by finite
difference technique or a curve fitting technique (e.g.
polynomial or spline curve fitting). Selection of an
appropriate smoothing algorithm and smoothing
parameter for a specific purpose requires some expert-
ise. As a guideline, a low pass digital filter with a cut-off
frequency of 10-15 Hz is adequate for most videographic
studies of equine gait. However, the movement of a
market may have an oscillatory component, especially
when loose connective tissue is interposed between the
skin and the underlying bones. Since these oscillations
are essentially tied to the movements themselves,
they cannot be removed by smoothing (Schamhardt,
1996).

Normalization

Normalization or standardization of data facilitates com-
parisons between different horses by standardizing cer-
tain parameters. Normalization to the stride duration
expresses the values of the temporal variables as a per-
centage of stride duration. This facilitates comparisons
between strides that have slightly different durations,
and allows the construction of mean curves from a num-
ber of strides. In other studies, normalization to stance
duration or swing duration may be more appropriate
depending on the objectives of the study. The most
common method of performing the normalization is to
spline interpolation, which resamples
the curve at a set number of intervals (usually 100 or
101).

use cubic
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Fig. 3.6 Effect of noise on derived functions. The graphs show a smooth curve (left) to which a small amount of noise has
been added (center) and the second derivative from the smooth (——) and noisy (—) data (right).
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Optoelectronic systems

Many aspects of data collection and data processing
using an optoelectronic system are similar to those
described above for videographic systems. Procedures
such as marker attachment, smoothing and normalisa-
tion of data that have been described for videographic
analysis will not be repeated here.

Several systems are available that use either active
markers (markers that emit a signal) or passive markers
(markers that detect or reflect a signal). Use of these sys-
tems is usually confined to the laboratory, because of the
need for a hard-wired connection to the subject and/or
controlled lighting conditions. Optoelectronic systems
are suitable for equine research include MacReflex and
ProReflex (Qualysis Inc, Glastonbury, CT), Optotrack
and Watsmart (Northern Digital Inc, Waterloo, ON),
Selspot Motion Measurement System (Innovision
Systems, Warren MI), Vicon (Oxford Metrics, Oxford,
England) and CODA (Charnwood Dynamics Ltd,
Barrow-upon-Soar, England). These systems perform the
digitising on-line, so data are usually available quite
quickly. Many of the systems have a built-in method for
distinguishing between individual markers, for example
by sequencing the temporal output of different markers
or by using markers of different shapes or colors. The
loss of direct control of digitising sometimes leads to
errors in the data, especially in the systems that don’t dis-
tinguish between markers.

The CODA system used for many of the studies at
Utrecht University is one of a kind, having been modi-
fied from the original CODA-3 system (Schamhardt et
al., 1992). It tracks up to 12 markers simultaneously in
three dimensional space with a sampling frequency of
300 samples/s. The markers are connected by a long
umbilical cord to the portable scanner unit that consists
of three light sources fixed to a steel frame. An advant-
age of the CODA system is that it does not need to be
calibrated prior to each use because the coordinates are
calculated relative to the frame of the scanner. At a meas-
uring distance of 8 m, the accuracy in the transverse
plane is about 0.3 mm.

MacReflex and ProReflex are used in a number of
equine gait analysis labs. They are relatively easy to use
and provide data rapidly without the need for digitisa-
tion. However, they do require a controlled lighting envi-
ronment.

Electrogoniometry

An electrogoniometer or elgon is a device for measuring
joint angle changes. It consists of a potentiometer
attached to two rotating metal arms. These arms are
fixed to the limb with tape or straps, so that the center of
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the elgon lies over the center of rotation of the joint
(Fig. 3.7). Joint angle changes alter the electrical resist-
ance of the potentiometer, which is calibrated with a pro-
tractor to produce a proportional displacement of
known magnitude. Permanent records, or goniograms,
can be recorded on an oscilloscope. The data can be
stored in a computer for later analysis.

In horses, electrogoniometry has been used to record
joint movements at different gaits in normal and lame
horses (Adrian et al., 1977), to diagnose obscure lame-
ness, and to evaluate the changes in joint motion after
medical or surgical treatment (Taylor et al, 1966;
Ratzlaff et al., 1979).

Kinematic data

Kinematic data consist of temporal, linear and angular
variables. Temporal data, which describe the stride dura-
tion and the limb coordination patterns, are calculated
from the frame numbers and the sampling frequency.
Distance data, computed from the coordinates of the
markers combined with the calibration information,
describe the stride length, the distances between limb
placements, and the flight paths of the body parts.
Angular data describe the displacements, velocities and
accelerations of the body segments and joints.

In two dimensional studies the angular data are usu-
ally reported as flexion and extension in the sagittal plane.
This is a reasonable simplification because the horse’s
joints have evolved to swing primarily in this plane as an
energy-saving mechanism. The centers of joint rotation
in the sagittal plane have been described (Leach &
Dyson, 1988), and these locations are often used as land-

Fig.3.7 Electrogoniometer placed over the equine fetlock
joint.
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marks for placement of skin markers for kinematic analy-
sis (Fig. 3.2).

In three dimensional analysis the problems of stan-
dardization become much more complicated. First, each
length measurement has three components in space and
a segment requires three angle measurements to define
its orientation. One approach that has been used in
equine studies is to define the joint angles with the same
landmarks used in the two dimensional studies and pro-
ject the joint angles onto three mutually perpendicular
planes that are tied to the global coordinate system
(Fredricson et al., 1972). Providing that the horse is mov-
ing in a direction parallel to a global coordinate axis, the
planes become the sagittal, frontal and transverse planes.
In effect, this method degrades the three dimensional
analysis into a quasi-two dimensional analysis. This type
of analysis is limited by the fact that joint motion that is
not parallel to one of the projection planes cannot be
accurately measured. Additionally, since this method
usually defines segments as simple lines between land-
marks, rotations along the long axis of a segment is
impossible to measure.

An alternative is to establish a three dimensional joint
coordinate system for the equine joints that is based on
the axes of the limb segments, which are independent of
the joint centers of rotation. This allows the true meas-
urement of three types of joint motion; flexion/exten-
sion, adduction/abduction, and internal/external
rotation.

Establishment of a three dimensional joint coordinate
system requires that an axis system be defined for each
limb segment that corresponds to an anatomically mean-
ingful direction, such as the long axis of the bone. The
segments themselves are defined by a minimum of three
landmarks each. With one method of calculating joint
angles (Grood & Suntay, 1983), an appropriate axis on
the proximal segment of a joint is used as the
flexion/extension axis and an axis on the distal segment
becomes the internal/external rotation axis. The adduc-
tion/abduction axis is then defined as perpendicular to
both the flexion/extension axis and the internal/exter-
nal rotation axis. This is sometimes called the floating
axis since it is not necessarily aligned with the planes of
either limb segment. The three joint angles are usually
expressed as motions of the distal segment relative to the
proximal segment (Fig. 3.8) and the angles can be
expressed independently of each other. This allows for
examination of complex coupled motion in a joint.

KINETIC ANALYSIS

Kinetic analysis measures locomotor forces, both exter-
nal and internal to the body. Forces developed by

Adduction/abduction

Flexion/
extension

Internal/external

Fig. 3.8 Three dimensional joint coordinate system for
kinematic analysis. Flexion/extension and external/internal
rotation are expressed in terms of the distal segment
rotating relative to the proximal segment. Abduction and
adduction are relative to the floating axis.

muscles are transformed into rotations of the limb
segments that ultimately produce movement. The GRFs
during locomotion can be recorded using a force
plate (Pratt & O’Connor, 1976) or a force shoe
(Frederick & Henderson, 1970; Ratzlaff et al, 1990;
Roepstorff & Drevemo, 1993). Transmission of forces
and accelerations through the body are recorded
by strain gauges and accelerometers attached directly
to the tissues. Intrinsic forces in other parts of the loco-
motor system are calculated from a knowledge of the
GRFs.

Force shoes

A force shoe is attached directly to the hoof and allows
the GRF to be recorded during a large number of succes-
sive stance phases, which overcomes one of the limita-
tions of the force plate. Force shoes also have the
advantages of being amenable to use on different sur-
face types, and being able to collect data from more than
one limb at a time. Several researchers have used force
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shoes experimentally, but none is currently marketed
commercially.

Frederick and Henderson (1970) described a device
with three force sensors sandwiched between a base
plate that was nailed to the hoof wall and a ground plate
that was attached to the base plate, thus preloading the
force sensors. Some years later, a force shoe designed at
Washington State University was based on a piezoelectric
transducer located in a housing over the frog. A later ver-
sion with three transducers located at the medial heel,
the lateral heel and the toe, gave a better correlation
with simultaneous force plate recordings. It was used pri-
marily in studies of galloping Thoroughbreds (e.g.
Ratzlaff et al., 1990), and provided unique data when a
horse wearing the shoe sustained a rupture of the distal
sesamoidean ligaments while galloping on a training
track (Ratzlaff et al., 1994).

A Swedish force shoe based on three strain gauge
measuring units, one at the toe and one at each quarter,
measures vertical, longitudinal and transverse forces
(Roepstorff & Drevemo, 1993). The output has been
shown to correlate well with that of a force plate,
provided all three measuring units are in contact
with the ground. When one or more sensors lose con-
tact with the ground, for example during breakover, the
force shoe and force plate signals do not compare well
with each other. This shoe has been used to compare
GRFs during exercise on treadmill belts with different
compositions (Roepstorff et al., 1994). Yet another type
of force shoe, this time with four transducers, one on
each side of the toe and quarters, was integrated into the
bottom of an easy boot (Barrey, 1990).

Although a force shoe would be an ideal method
of measuring GRFs, the technical difficulties in con-

structing an accurate and reliable device have restricted
their use to the laboratories in which the various
models have been developed. To date, the majority of
published GRF data have been derived from force plate
studies.

Force plate

A force plate is a steel plate, recessed into the ground
then covered with a non-slip material (Fig. 3.9). When a
horse steps on the plate, the force is detected by trans-
ducers at its corners, and is converted to an electrical sig-
nal that is amplified and recorded. Variables measured
by the force plate include the stance duration, the mag-
nitude of the vertical, longitudinal (horizontal cranio-
caudal) and transverse (horizontal mediolateral) forces,
the time when the peak forces occur, the impulses (area
under the force time curves), and the point of applica-
tion of the force (center of pressure).

Selection and installation

In selecting a force plate for equine use, it is important
to choose one that has a linear response over an appro-
priate range of forces, taking into account the weight of
the horses and the gaits and speeds to be studied. The
dimensions of the plate should maximize the chance of
getting a good strike from one fore hoof followed by the
hind hoof on the same side at a walk or trot. If two
hooves strike the plate simultaneously, it is not possible
to separate their effects, and the trial must be discarded.
Shorter force plates (60-90 cm) are preferred for col-
lecting data at the walk, but a length of 90-120 cm is
preferable for use at the faster gaits. Width of the plate is

Fig. 3.9 Horse stepping on a force plate during data collection.
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not generally a limiting factor, 50-60 cm is adequate. A
good strike has been recorded for every 2-6 passes at the
walk, trot and canter (Niki et al., 1982; Merkens et al.,
1986, 1993a, 1993b). During jumping the obstacle is
moved to increase the likelihood of getting a good strike
with a particular limb at take off or landing (Schamhardt
et al., 1993b). The horse should move parallel with the
long axis of the force plate to avoid cross talk between
the horizontal transducers (Fig. 3.10). Companies that
manufacture force plates suitable for equine use include
Advanced Medical Technology (AMTI, Watertown, MA),
Bertec Corporation (Columbus, OH), and Kistler
Instruments Corp. (Amherst, NY).

Installation and calibration of the force plate are critic-
ally important to the quality of the data collected. The
plate is embedded in a concrete pit to isolate it from sur-
rounding vibrations. The supporting surface must be
absolutely level to avoid cross talk between the vertical
and horizontal channels. Before recording data, the cali-
bration should be checked by placing a known weight,
that is similar in magnitude to the loads that will be
applied during normal use, at different locations on the
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force plate. The same vertical force should be recorded
independent of the location, and the position indicated
by the force plate should match the actual location of
the load.

Data collection

GRFs vary with speed (McLaughlin et al, 1996).
Provided the horse’s velocity over the force plate is main-
tained within a narrow range, the GRFs are consistent
and repeatable between strides, with analysis of 5 strides
being sufficient to provide representative data (Merkens
et al., 1986). The horse’s average velocity over the plate
can be checked using timing lights to record the time
taken to cover a known distance as the horse moves over
the force plate; data from runs that fall outside the
required time range are discarded. Sensors for a simple
infrared timing device can be purchased inexpensively.
Alternatively, the average horizontal velocity of a marker
on the horse during the stride can be determined when
the data are analyzed, with strides that fall outside a cer-
tain range being discarded. It is sometimes useful to
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Fig. 3.10 Effect of cross talk due to oblique movement of the horse across the force plate. The transverse (Fx),
longitudinal (Fy) and vertical (Fz) ground reaction forces were obtained from the hindlimb of a horse as it walked across
the force plate perpendicular to its long axis (graphs on left) or obliquely (graphs on right). (Reprinted with permission
from Schamhardt, H.C. (1996) In: Measuring movement and locomotion: From invertebrates to humans.)
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screen strides in this manner before performing a more
detailed analysis.

Bad runs occur when the horse fails to strike the force
plate, when the hoof contacts the edge of the plate, or
when more than one hoof is on the plate simultaneously.
These problems are recognized by the force traces having
an unusual shape or magnitude, or failing to return to
the baseline between individual limb contacts. It may be
helpful to have a video camera focussed on the surface of
the force plate to verify the limb placements on its sur-
face.

Normalization

GRFs vary with the body mass of the horse (Barr et al.,
1995). Comparisons between horses are facilitated by
normalizing the force traces to the horse’s weight, so
they are expressed in Newtons/kilogram body weight
(N/kg). GRFs may also be normalized to the duration of
the stance phase, which allows the timing of specific
events to be expressed as a percentage of the stance
duration.

Standard GRF patterns have been developed for
Dutch warmbloods at a walk (Merkens et al., 1988), trot
(Merkens et al., 1993a) and canter (Merkens et al.,
1993b). Adaptation to other breeds could be accom-
plished by incorporating appropriate parameters and
weighting factors into the formulae used to develop the
standard patterns.

Data

Figure 3.11 shows the force patterns of the three force
components (vertical, longitudinal, transverse) during
the stance phase of a forelimb at a walk and trot. The ver-
tical force, which represents the support function of the
limb, has a magnitude of the order of 60% of body
weight at the walk and 90% of body weight at a moderate
speed trot. In the walk the vertical force trace may be
biphasic. If this is the case, the second peak is higher in
the forelimbs, the first peak is higher in the hindlimbs. In
the trot sharp spikes usually occur immediately after ini-
tial ground contact during the period of impulsive load-
ing (impact phase). The trace then rises smoothly to
peak when the limb is at its midstance position which is
marked by the cannon segment being vertical, after
which it decreases to lift off. For both the walk and trot,
in the early part of the stance phase the longitudinal
force brakes (decelerates) the horse’s forward movement
as a result of friction that prevents the hoof slipping for-
ward. Later in the stance phase, it changes to a propulsive
(accelerating) force (Fig. 3.11). The direction of the
horse’s motion across the force plate determines whether
acceleration or deceleration is recorded as positive.
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Software correction is applied to standardize the sign
convention. The peak value of the longitudinal force is
10-15% of the horse’s body weight at the walk and trot,
with marked spiking occurring during the impact phase
at the trot. The transverse force is much smaller in mag-
nitude, of the order of 2% body weight at the trot. The
left to right values recorded by the force plate are con-
verted to represent medial and lateral values for each
limb. The center of pressure is located under the middle
of the hoof during most of the stance phase, moving rap-
idly toward the toe at the start of breakover.

Values representing the peak forces and their times of
occurrence are extracted from the force tracings. The
impulses are determined by time integration of the force
curves. A procedure that combined over 90 numbers
describing the peak amplitudes, their times of occur-
rence, and the impulses has been described as the
H(orse)INDEX (Schamhardt & Merkens, 1987). This
method is valid but has some drawbacks in that the vari-
ables used to calculate the index are selected by the user
and are essentially dependent on the shape of the signal.
Moreover, it does not take account of the real pattern of
the curve, which can be accomplished by different tech-
niques that are more suitable for comparing curve pat-
terns.

The stance durations, GRF amplitudes and impulses
are symmetrical in sound horses at the walk (Merkens et
al., 1986, 1988) and trot (Seeherman et al, 1987;
Merkens et al., 1993a). Evaluations of a variety of lame-
nesses have shown a similar pattern of changes in the
GREF, consisting of a reduction in the horizontal deceler-
ating force and reductions in the vertical force ampli-
tude and impulse in a lame forelimb, with compensatory
changes in the compensating forelimb. Lameness mod-
els that produce these changes include pressure on the
hoof sole (Merkens & Schamhardt, 1988); collagenase-
induced tendinitis in the flexor tendons or desmitis of
the suspensory ligament (Keg et al., 1992); and surgical
creation of a full thickness cartilage defect on the radial
carpal bone (Morris & Seeherman, 1987). In addition to
its value for detecting lameness, the force plate is a sensi-
tive tool for measuring the response of lame horses to
diagnostic anesthesia (Keg et al., 1992) or to therapeutic
intervention (Gingerich et al., 1979), and for detecting
abnormalities in postural sway in horses with neurologi-
cal diseases (Clayton et al., in press).

Strain Gauges

Body tissues deform in response to an applied load.
When a tensile force is applied to a solid material, it
causes the length to increase, whereas a compressive
force causes the length to decrease. A bending force
causes both increases and decreases in length in differ-
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Fig. 3.11 Vertical (top), longitudinal (center) and transverse (bottom) components of the ground reaction force for a
horse at the walk (left) and at the trot (right). For the longitudinal force the cranial direction is positive and for the
transverse force the medial direction is positive. Forelimb (——). Hind limb (—).
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ent parts of the tissue. In ideally elastic materials, the
deformation is proportional to the applied force and the
material restores its original shape as soon as the
deforming force is removed. The deformation of the
material, usually expressed in terms of strain (€), is
defined as:

Li=ly
lo

where [, is the original (or resting) length, /; is the
length after deformation, and /-, represents the
change in length. Usually, the resting length is defined
as the length at zero loading force. Because strain is a
relative measure, it has no units. It is expressed as a frac-
tion or as a percentage strain.

A strain gauge changes its electrical resistance in
response to deformation in a certain direction; the
change in resistance is converted to a voltage output that
is proportional to the strain and is stored for later pro-
cessing by a computer. A combination of three strain
gauges stacked at 45° angles to each other forms a
rosette gauge capable of measuring three dimensional
strains. Strain gauges, which are a component of force
plates and force shoes, can also be used independently
to provide direct strain measurements for body tissues.

Measuring strains in hard tissues

Hard tissues, such as bones, deform slightly in multiple
directions as a result of the combined effects of weight
bearing, tension in the muscles and tendons, and inertial
effects due to acceleration and deceleration of the limb.
Rosette (three dimensional) gauges, bonded to a bone
surface using a thin layer of cyanoacrylate glue, deform
with the surface to provide information about the com-
pressive and tensile forces (Lanyon, 1976). The best sites
for attachment of strain gauges to bones are in areas
where the bone lies subcutaneously, so soft tissue trauma
during surgery is minimized. Attachment of strain gauges
requires meticulous preparation of the bone surface. The
periosteum is removed and the underlying bone is dried
before bonding the strain gauges to the bone using
cyanoacrylate adhesive. The wires exit the skin through a
separate incision. It is important to shield the wires from
movement and trauma, since damage to or loosening of
the wires is the most frequent reason for failure of the
gauges. During data collection, the gauges deform as if
they were part of the bone surface. The resulting electri-
cal signal is amplified and transmitted to a data recorder
or computer for storage. Strain gauges have been bonded
to equine long bones to investigate bone loading under
various conditions (e.g. Hartman et al., 1984; Schamhardt
et al., 1985; Davies et al., 1993)
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A practical problem in quantifying bone strain is that
the resting length of bone is difficult to identify. When
the horse is standing quietly with the limb lifted from the
ground, the loading may be assumed to be small.
However, the effects of muscular contraction cannot be
excluded completely, and the influence of gravity may
also affect the zero strain determination. Software has
been developed to calculate a ‘zero-strain compensation’
for in vivo strain gauge data of horses at the walk, using
the assumption that strain is minimal in the middle of the
swing phase, when the limb is moving forward with an
almost constant velocity (Schamhardt & Hartman, 1982).

Surface strain is a consequence of the forces loading
the bone. However, the relationship between surface
strain and load is very complicated, especially in non-
homogeneous, non-linear, visco-elastic structures such as
bones (Rybicki et al., 1974). Roszek et al. (1993) pre-
sented an elegant technique to quantify the loading
forces from a post mortem calibration using multiple
strain gauges and known bending and torsional loading
forces. Without this kind of calibration, however, bone
strain recordings are a valuable, but qualitative, estimate
of bone loading.

By using 3 or 4 strain rosettes around the perimeter of
a long bone shaft, and combining their output with a
knowledge of the bone’s geometry, the distribution of
principal strains can be determined. It has been shown
that the loading pattern of each bone is fairly consistent
in different activities, though the peak strain and the
strain rate vary with gait and speed (Rybicki et al., 1974).
This information has been applied in locating the ten-
sion surface of various long bones, which is the surface
of choice for the application of bone plates. Strain
gauges are easily bonded to the hoof wall to study the
functional anatomy of the hoof capsule under a variety
of loading conditions (Thomasom et al., 1992).

Measuring strains in tendons and ligaments

The long tendons in the lower limb of the horse can be
considered as elastic, more or less homogeneous cables.
When loaded, their length increases. However, strain in
tendons is not as well defined as in bones. An unloaded
tendon shrinks in length and the tendon fibers become
wrinkled. When elongated, the crimp in the fibers is first
straightened out, then the fibers are stretched elastically
up to a point, beyond which permanent elongation
occurs.

In tendons and ligaments, unidirectional strain
gauges are adequate to record tensile strains during
loading. The load elongation curve for a tendon has a
‘toe’ region, which is characterized by having a large
elongation for a small load. This region represents
straightening of the crimp in the collagen fibers. As load-



MEASUREMENT TECHNIQUES 3

ing increases beyond the ‘toe’ region, there is a linear
relationship between load and elongation in the elastic
region until the yield point, which occurs around
10-12% strain. Beyond the yield point permanent elonga-
tion results as the tendon fibers begin to rupture. A
problem in measuring tendon strain lies in defining the
initial length of the tendon and the position of zero
load, which affects the magnitude of the strains recorded
throughout the physiological range. It appears that the
resting length, or the length at zero force, can only be
approximated. Studies that rely on different criteria for
defining zero load give very different strain values dur-
ing similar activities and at the yield point. An objective
method of determining the transition between the toe
and the elastic region has been described (Riemersma &
Bogert, 1993). Figure 3.12 shows the strain pattern in
the suspensory ligament during walking.

Several types of strain gauges have been used to study
tendon strains in horses. In a buckle transducer, the ten-
don is wound over a buckle and preloaded it as it passes
over the middle support bar. Tensile loading straightens
the tendon and loads the buckle, and this loading is
detected by a strain gauge. Calibration of a buckle strain
gauge requires transection of the tendon and applica-
tion of known weights, which limits the use of this type of
transducer to a research setting. Another problem with
the buckle transducer is that, by forcing the tendon to
follow a curved course, its initial strain and tension are
altered.
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Fig. 3.12 Strain pattern in the suspensory ligament of a
walking horse measured using a liquid metal filled strain
gauge implanted into the ligament. The stride starts and
ends at ground contact of the instrumented limb, which
occurs at times 0%, 100% and 200%. (Reprinted with
permission from Schamhardt, H.C. (1996) In: Measuring
movement and locomotion: From invertebrates to
humans.)

Liquid metal (e.g. mercury in silastic) strain gauges
have the advantage of being calibrated in vivo, but they
have to be custom made, which is a tricky process. Micro
damage in the area of implantation alters the tensile
properties of the tendon within a few days after implanta-
tion, so readings must be taken as soon as possible after
surgery (Jansen et al., 1998). Liquid metal strain gauges
have been used to investigate the load distribution
between the flexor tendons and suspensory ligament
(Jansen et al., 1993), and to detect changes in the load-
ing pattern in response to changes in surface type or
shoeing adaptations (Riemersma et al., 1996a, 1996b).

A transducer based on the Hall effect, in which the
voltage output of a semiconductor is proportional to the
strength of a magnetic field, was used to measure strain
in the superficial digital flexor tendon. Although the
strains recorded were higher than would be expected,
this may have been due to the definition of initial length
as the length at heel strike (Stephens et al., 1989).

A novel type of force transducer that detects the strain
from a very small part of the tendon has been applied in
horses (Platt et al.,, 1994). A drawback to this type of
transducer is that it samples a very small area that is not
necessarily representative of strain in the entire tendon.

Accelerometers

Accelerometers measure acceleration of the surface to
which they are attached. In equine studies they have
most often been applied to the hoof wall, where they are
used to detect initial ground contact and to measure the
associated acceleration. A hoof-mounted accelerometer
is probably the most effective means of measuring cer-
tain characteristics of the footing (Barrey et al., 1991)
and the efficiency of shock absorbing shoes and pads
(Benoit et al., 1991). By mounting accelerometers to the
hoof wall and to the bones of the digit, Lanovaz et al.
(1998) studied the attenuation of impact shock in the
distal digit in vitro; Willemen (1998) performed simiar
measurements both in vitro and in vivo.

In another application, two accelerometers were
secured beneath the horse’s sternum to measure longi-
tudinal and dorsoventral accelerations of the trunk seg-
ment (Barrey et al., 1994). The data were transmitted
telemetrically to a receiver connected to a portable com-
puter. Analysis of the left/right symmetry of the trunk
acceleration patterns during trotting detected subtle
asymmetries in lame horses (Barrey & Desbrosse, 1996).
The same device has been used to study the accelera-
tions of the trunk during jumping (Barrey & Galloux,
1997).

Accelerometers attached to the saddle have been used
to measure the acceleration at different gaits and the
findings have been applied in the development of a
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mechanical horse that simulates the motions during
walking, trotting, cantering and jumping (Galloux et al.,
1994).

TREADMILL EVALUATION

The treadmill is extremely useful for equine gait analysis
because the speed of movement is controlled, allowing
the horse’s gait to be evaluated at the same speed under
different circumstances. Theoretically, treadmill locomo-
tion does not differ from overground locomotion
(Ingen Schenau, 1980), but differences in kinematic
stride variables have been reported (Fredricson et al.,
1983; Barrey et al., 1993; Buchner et al., 1994b).

A period of habituation is required before horses
move consistently on the treadmill, with habituation
occurring more rapidly at faster gaits. Rapid adaptation
is seen during the first few training sessions, and by the
end of the third 5 min session, the kinematics of the trot
have stabilized (Figure 3.13), whereas the walk kinemat-
ics are not fully adapted even at the tenth session
(Buchner et al., 1994a). During the first session and, to a
lesser extent at the start of subsequent sessions, the ini-
tial steps are short and quick, with the withers and hind
quarters lowered, and the feet splayed to the side to give
the horse a larger base of support. Even horses that are
experienced on the treadmill take at least one minute
for their gait pattern to stabilize each time the belt starts
moving (Buchner et al., 1994a).

Comparisons between overground and treadmill loco-
motion in horses trotting at the same speed under both
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conditions have shown that speed on the treadmill is
achieved with a higher stride frequency and a longer
stride length (Barrey et al., 1993). On the treadmill there
is an increase in stance duration, earlier placement of
the forelimbs, greater retraction of both fore and
hindlimbs and reduced vertical excursions of the hooves
and the withers (Buchner et al., 1994b).

Horses moving on a treadmill use less energy than
horses moving overground at the same speed, which may
be partly due to a power transfer from the treadmill to
the horse. Although the speed of the treadmill belt is
assumed to be constant, in fact it is reduced by about 9%
during the first part of the stance phase due to the fric-
tional effect of the vertical force component and the
decelerating effect of the longitudinal force component
exerted by the horse’s limb. In the later part of the
stance phase the frictional effect of the vertical force
declines while the propulsive longitudinal force tends to
accelerate the belt (Schamhardt et al., 1994).

Although the kinematics and energetics of treadmill
locomotion are not exactly equivalent to overground
locomotion, this does not diminish its value for clinical
and research studies involving comparisons between
treadmill locomotion under different conditions.
Videographic analysis of a horse moving on a treadmill is
particularly useful for evaluating hoof balance and the
flight arc of the hoof: even without a gait analysis system
the tapes can be viewed at normal speed and in slow
motion to visualize events that happen too rapidly to be
perceived by the human eye.

Kinematic analysis of horses moving on a treadmill has
been used to study the movements of the limbs (Back et
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Fig. 3.13 Habituation to treadmill locomotion in 10 horses determined by changes in hindlimb stance duration
(expressed as a percentage of stride duration). The horizontal axis shows the number of training sessions, each of 5 min
duration. The vertical axis shows the relative stance duration. Reductions in stance duration are regarded as a sign of
habituation. The horizontal line indicates the ‘habituation limit’ based on data of the final recording session. (Reprinted
with permission from Buchner et al. (1994) Equine vet. J. 17(Suppl.): 13-15.)
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al., 1995a, 1995b), ontogeny of the trot (Back et al.,
1994), the response to training (Weeren et al., 1993;
Corley & Goodship, 1994), the development of gait
asymmetries (Drevemo et al., 1987) and adaptations used
by the horse to manage lameness (Peloso et al., 1993;
Buchner et al., 1995, 1996b, 1996¢).

At the University of Zurich, a force plate suitable for
equine use has been embedded in a treadmill to meas-
ure the vertical forces of all four limbs over an unlimited
number of steps at any gait (Weishaupt et al., 1996). The
force measuring system consists of 16 piezoelectric force
transducers mounted between the treadmill frame and
the supporting steel plate over which the belt moves.
Each transducer measures the vertical force at the corres-
ponding bearing of the supporting plate. Transfer coef-
ficients have been determined for each of the 16
transducers for each square centimeter of the treadmill
surface by the application of a test force. These values
are shown as a table that is used in the calculation proce-
dures. The coordinates of each hoof on the treadmill
surface are calculated by triangulation based on angle
values derived from two electrogoniometers. For each
sampling instant, a set of 16 linear equations can be for-
mulated containing the four unknown hoof forces, the
four X-Y coordinates of the hoof force application, their
corresponding transfer coefficients and the 16 forces
from the sensors, from which the individual hoof forces
are extracted.

ELECTROMYOGRAPHY

Muscular contraction generates forces that stabilize and
move the limbs. Muscle contraction is preceded by elec-
trical activation, which can be detected and recorded as
the electromyogram. Electromyography (EMG) gives
information on the state of activity of the motor neu-
rones at rest, during reflex contraction and during vol-
untary contraction. Since it is relatively non-invasive,
EMG can be performed on the conscious horse, and can
be used during locomotion (Korsgaard, 1982; Tokuriki e
al., 1989; Jansen et al., 1992; Tokuriki & Aoki, 1995). The
recognition of new neurologic disorders, such as equine
motor neurone disease (EMND), hyperkalemic periodic
paralysis, myotonia congenita and equine myotonic
dystrophy, has resulted in EMG becoming a useful
diagnostic tool. However, the characteristic features of
neuromuscular disease may be difficult to detect and
evaluate without sedation or anesthesia.

The nerve impulse

EMG studies the functional unit of the muscle, the
motor unit, which consists of the motor neurone and the

muscle fibers it innervates. A resting muscle fiber has a
90 mV potential difference across its surface membrane,
with the outer side being positive. During excitation the
resting potential is temporarily reversed to 40 mV, with
the outside being negative. As the action potential
travels along the muscle fiber, the small electrical
potential generated across the surface membrane is dis-
sipated in the surrounding interstitial fluid, which is a
good electrical conductor. The summation of the electri-
cal changes in the interstitial fluid is recorded as the
EMG.

The number of muscle fibers per motor unit is
inversely related to the precision of movements. Muscles
that direct very precise movements have motor units
composed of a small number of muscle fibers, whereas
muscles that are primarily concerned with force produc-
tion can have thousands of muscle fibers innervated by a
single motor neurone. The force of muscular contrac-
tion is regulated by adjusting the number of motor units
that are activated and/or the firing rate of the motor
neurones. These factors interact to produce smooth and
graded muscle contraction.

EMG equipment

The essential components of an EMG system are elec-
trodes for recording potentials, an amplifier to enlarge
the small electric potentials, a filter to reduce unwanted
noise, and a data recording device. Data are transferred
from the electrodes to the amplifier through wires
(Denoix, 1989; Jansen et al., 1992) or via telemetry (Aoki
et al., 1984; Tokuriki et al., 1989).

The electrodes function as the antenna to pick up the
electrical signal. They may be placed on the skin surface,
inserted percutaneously into the muscle or implanted
surgically. Surface electrodes have the advantage of
being non-invasive but they provide only a gross estima-
tion of muscle activity in the large superficial muscle
groups. Jansen et al. (1992) found surface electromyo-
graphy to be a reliable and reproducible technique.
However, many locomotor muscles of the horse are
deeply placed or lie beneath the thick cutaneous
muscles, making them unsuitable for study by surface
electrodes. The percutaneous technique involves using a
hypodermic needle to introduce fine wires into the
muscle belly. Barbed ends usually hold the wires in place.
This simple technique does not damage the muscle
tissue, but has the disadvantage that the position of the
electrodes cannot be visualized directly. Surgical implanta-
tion is a more complex, time-consuming and potentially
damaging procedure, but it provides the best results in
terms of electrical and mechanical reliability, since the
operator has direct visual control of the position of the
electrodes.
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Several electrode configurations are used. A unipolar
electrode usually has a single strand of wire coated with
an insulating material except for a small length at its dis-
tal end. The wire is inserted percutaneously through a
small hypodermic needle and the end of the wire is bent
back on itself to act as a barb. The potential is measured
between the uninsulated tip of the wire and a reference
electrode on the skin. Unipolar electrodes detect the
time of activation of the muscle, rather than the ampli-
tude of the contraction. Bipolar electrodes measure the
voltage difference between two electrical contacts. A sim-
ple bipolar design has two hooked wires inserted
through a hypodermic needle. Another type is the con-
centric bipolar electrode, which measures the potential
difference between a point-like recording contact and an
average of all the potentials in a ring surrounding it at
some fixed distance. The advantages of this configura-
tion are that the recording electrode is shielded by the
outer needle from electromagnetic noise and the refer-
ence is kept as close to the electrode as possible.

The muscle potentials may be displayed on a cathode
ray oscilloscope using the convention that a positive
potentials is indicated by a downward deflection. A chart
recorder may be used to produce a hard copy of the out-
put. The data are usually converted from analog to di-
gital format and stored in a computer. Special software is
used to process the information, to measure variables
such as the amplitude and frequency of the spikes, to
rectify the output, to construct an envelope that touches
the peaks of the spikes and to measure the areas under
the resulting curves.

The electromyogram

During EMG examination there are three phases of elec-
trical activity: insertional activity, resting activity and
activity during muscle contraction. The mechanical stim-
ulation associated with insertion or movement of the
EMG needle precipitates a discharge of potentials that
last only a few milliseconds, end abruptly, and are fol-
lowed by electrical silence (Fig. 3.14). Increased electri-
cal activity lasting more than 10 ms after insertion or
moving the needle is abnormal and thought to be due to
hyperirritability and instability of the muscle fiber mem-
brane, which is usually a sign of early denervation atro-
phy, but it is also seen in myotonic disorders and myositis
(Kimura, 1984) and in EMND (Podell et al, 1995).
Changes in insertional activity and action potentials may
be difficult to detect objectively in standing horses.

Positive sharp waves (PSWs) are monophasic, with a
short positive phase followed by a longer, very large
negative phase (Fig. 3.14). PSWs occur in muscular dis-
eases such as myositis, exertional rhabdomyolysis and
EMND.
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Fig. 3.14 Normal electromyographic findings. A:
Insertional activity; B: endplate noise; C: motor unit action
potential (MUAP). (Reprinted with permission from
Wessum, R. van, Sloet, M.M. & Clayton, H.M. (1999) Vet.
Quart. 21: 3-7.)

Fibrillation potentials are the most commonly
observed abnormal electromyographic findings. They
have a bi-or triphasic waveform with an initial positive
potential that is represented by a downward deflection.
They are thought to be spontaneous discharges from
acetylcholine-hypersensitive denervated muscle fibers.
Fibrillation potentials strongly suggest denervation and
may be present as early as 4 to 10 days after denervation,
though in horses they may not be seen until 2 weeks or
longer after denervation. When denervation persists and
atrophy commences, the fibrillation potentials decrease
in number and amplitude, finally ceasing when the
muscle is completely atrophied. Fibrillations were found in
45% of horses with EMND (Podell ef al., 1995), and have
been reported in draft horses affected by shivers (Cox,
1992). Fasciculations, which are spontaneously contract-
ing motor units that may be visible at gross inspection,
often occur in association with fibrillation potentials in
EMND (Podell ¢t al., 1995) and in shivers (Cox, 1992).

Relaxed skeletal muscle is electrically silent, and the
resulting fairly flat trace is the baseline electromyogram.
When the electrode is positioned near an endplate or
nerve twig it gives rise to endplate noise (Fig. 3.14) and
endplate spikes, which are usually eliminated by reposi-
tioning the needle.

Motor unit action potentials (MUAPs) are the summa-
tion of muscle action potentials from the voluntary or
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reflex contraction of myofibers in a motor unit.
Approximately 50 muscle fibers around a needle elec-
trode contribute to the observed potential. Dedicated
software is used to measure the amplitude and frequency
of the MUAPs, rectify the curves, construct envelopes
and calculate the area under the curves.

Polyphasic MUAPs are potentials during submaximal
muscle contraction that have more than four phases and
a decreased amplitude and duration. These are indicat-
ive of a diffuse loss of muscle fibers resulting in the need
for extra motor unit stimulation in order to perform the
work normally done by fewer motor units, as in primary
myopathies (Andrews & Fenner, 1987).

Myotonic discharges are the result of repeated spontan-
eous electrical discharges of individual myofibers or
groups of myofibers, not followed by a muscle contrac-
tion. Myotonic discharges have a long duration of 4 to
5s, and their amplitude waxes and wanes during the dis-
charge. In the horse myotonic discharges occur in
myotonic dystrophy (Hegreberg et al, 1990), hyper-
kalemic periodic paralysis (Naylor et al, 1992) and
Australian stringhalt (Huntington et al., 1989).

Studies of athletic horses have described the activation
pattern of various muscles during normal locomotion
(Wentink, 1978; Korsgaard, 1982; Tokuriki et al., 1989).
On the basis of EMG activity, muscles were shown to be
active at times that were different from expectations
based on their topography (Wentink, 1978). This work
led to an appreciation of the importance of muscles for
stabilizing the joints rather than simply acting as prime
movers. Recent studies describing the net joint moments
at different joints and the work done across these joints
is shedding new light on the interpretation of EMG find-
ings (Colborne et al., 1998; Clayton et al., 1998; Lanovaz
et al., 1999).

The amplitude of the EMG signal depends on the
dimensions of the electrodes, their electrical contact
with the muscle, and the kind of electrodes: signals from
indwelling wire electrodes usually are much lower than
those obtained from surface electrodes. However, the
major influence on the EMG signal amplitude is caused
by the degree of activation of the muscle. When the
muscle is completely activated, the EMG signal will reach
a maximum. This relationship allows the EMG signal
amplitude to be used as a measure of the degree of activa-
tion, and thus indirectly, of the muscle force develop-
ment (Hof, 1984). However, it is not possible to
determine a reliable estimate of muscle force develop-
ment on the basis of EMG signal analysis alone. This
requires the development of a sophisticated muscle
model that incorporates the muscle architecture, the
force-length and force-velocity relationships of the
muscle fibers, and the activation of the muscle (possibly
from EMG signal analysis).

ARTIFICIAL NEURAL NETWORKS

Artificial neural networks (ANN) are computer pro-
grams consisting of cells that are organized in analogy
with the architecture of the human brain. They can be
used for qualitative and quantitative pattern recognition.
ANNS s are trained using a set of input data that are pro-
vided together with a target output. Training sessions are
repeated until the ANN ‘learns’ to interpret the input
data to produce an appropriate output. For example, in
training an ANN for lameness diagnosis, input might be
in the form of kinematic data, while the target output is
the clinical diagnosis.

Preliminary studies have indicated that the GRF may
be estimated from hoof wall strain using as few as two
gauges, one at the toe and one on the lateral hoof wall.
Since the relationship between hoof wall strain and GRF
is non-linear, common analytical tools are not applic-
able. ANNs, however, excel in performing this type of
complex pattern recognition task (Savelberg et al.,
1997). They have also shown the ability to detect the
lame limb and to assess the lameness degree with reason-
able accuracy if adequate data were used to train the
ANN (Savelberg et al., 1997; Schlobesberger, 1996).
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