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ABSTRACT
QUANTIFICATION OF THE LOCOMOTION OF GAITED HORSES
By

Molly Christine Nicodemus

The majority of equine kinematic studies have utilized two-dimensional analysis
since the horse’s limbs have evolved to move primarily in the sagittal plane. However, in
horse breeds noted for their limbs moving outside of the sagittal plane, such as the

Peruvian Paso, three-dimensional analysis of the joints is necessary.

Experiment I

The Application of Virtual Markers to a Joint Coordinate System for Equine
Three-Dimensional Joint Motion. Earlier equine three-dimensional studies applying a
joint coordinate system (JCS) encountered errors in the data due to marker displacement
and visibility. This study presented a targeting scheme for the carpus and fetlock that met
the requirements for developing a JCS while addressing marker problems. With this
targeting scheme, an additional set of three-dimensional markers called virtual markers
was applied to the forelimb. The earlier problems were minimized, and results compared

favorably with previous equine studies of the walk.

Experiment 11
Comparison of a Joint Coordinate System versus Multi-Planar Analysis. Multi-

planar analysis (MPA) is more commonly used in equine three-dimensional kinematic
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analysis, and therefore, this study compared JCS and MPA measurements of the Peruvian
Paso walk. The Peruvian Paso "termino", a characteristic outward motion of the
forelimbs during the swing phase, gave an ideal opportunity to study out-of-sagittal plane
joint motion. MPA was found to be appropriate for flexion/extension when corrections
were made for the angle of travel of the horse. The MPA abduction error at the carpus
was a function of axial rotation and flexion when the antebrachial segment was vertical to
the ground, and adduction/abduction error at the fetlock occurred as a result of
metacarpal rotation when the pastern segment was horizontally aligned along the MPA x-
axis. Adduction/abduction differences were attributed to the JCS axis moving with the

horse’s anatomy during locomotion while the MPA axis was static.

Experiment 111

Three-Dimensional Motion of the Carpus and Fetlock in the Forelimb of the
Missouri Fox Trotter. Three-dimensional kinematic analysis using a JCS was applied to
the Missouri Fox Trotter to describe the carpal and fetlock joint motion of the flat walk
and fox trot. Although velocity was faster at the fox trot, stride length and ranges of joint
motions were similar between gaits. At both gaits, the carpus extended, abducted, and
externally rotated during stance and flexed, abducted, and internally rotated during swing.
The fetlock demonstrated a single peak of extension during stance and a double peak of
flexion during swing with peak external rotation occurring around the first peak of
flexion. The velocity, diagonal step duration, stride and stance durations, peak carpal

external rotation, and the adduction/abduction joint patterns were different between gaits.
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CHAPTER1

GENERAL INTRODUCTION AND OBJECTIVES

Locomotion, the act of moving from one place to another, is achieved by cycling
the limbs back and forth in a variety of patterns called gaits. Each gait is defined by the
sequence and timing of the movements. Horses are particularly versatile in terms of their
gait repertoire. Gait analysis is applied to measure and describe the kinematics, the
movements of the body, and the kinetics, the forces creating the movements. Human
curiosity concerning the movement of the horse has been evident for many years. The
American photographer Eadweard Muybridge made a breakthrough in 1877 when he
provided photographic evidence of the existence of a suspension (airborne) phase in the
gait of the trotting horse. He went on to take thousands of sequential photographs of
people and animals engaged in various activities (Muybridge 1899). Muybridge's
recordings were later applied to determine the footfall sequences for normal equine gait
(Clayton 1989).

Over the years the technology used for gait analysis has evolved beyond simply
documenting footfall sequences to applying gait analysis for clinical and performance
evaluation. The mechanics of the walk, trot, canter, and gallop have been extensively
studied, but the application of gait analysis to exotic equine gaits, such as the fox trot and
paso gaits, is limited. Knowledge of the kinematics of these gaits as measured in the
following chapters will assist in the evaluation of a horse's level of training and
performance, in the detection of pathological gait, and in assessing the response to

surgical or medical therapy.
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Gaited horses perform a range of gaits that are not performed by the non-gaited
breeds. The gaited horse breeds have the ability to replace the trot with various four-beat
stepping gaits described as non-walking stepping gaits. A four-beat gait is one in which
each limb contacts the ground separately. A stepping gait lacks a period of suspension.
The walk is a lateral sequence, stepping gait with a regular four-beat rhythm and at least
two feet supporting the body at one time (Speirs 1997). The walk is described as “the
mother of gaits” since the non-walking stepping gaits are considered variations of the
walk (Imus 1995).

In contrast to the stepping gaits, the trot, pace, canter, and gallop have a
suspension phase, a period where the horse is in flight. Gaits with a suspension phase are
classified as leaping gaits. In contrast to the stepping gaits, the leaping gaits use the
suspension phase to assist in increasing the speed of the gait (Clayton 1994; Leach ez al.
1987).

Although the non-walking stepping gaits and the walk share similar
characteristics, some of the kinematic variables must change in order to produce the
quicker four-beat stepping gait. Humans demonstrated an increased range of joint motion
as the speed increased at the walk (Mann 1975). This increased joint flexion reduces the
risk of musculoskeletal damage by alternating the increased impact forces associated with
ground contact at a higher speed (Hershman and Nicholas 1995). Furthermore, increased
joint flexion may also act as a mechanism for increasing the inverted pendulum effect.
The decrease in limb height due to flexion increases the upward centrifugal force, and in

turn, exceeds the downward gravitational force. This ratio is described as the Froude
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number. As the Froude number exceeds 1.0, the horse limbs are more apt to fly off the
ground and increase stride turnover (Gray 1968).

In horses, van Weeren et al. (1993) reported an increase in maximal carpal and
fetlock flexion and hind limb translational motion as Standardbred trotters increase the
speed of the trot from 6 to 9 m/s. In humans, increased flexion is coupled with rotation of
the distal limb joints. Maximal internal rotation of the knee occurs at 15° to 45° of
flexion. Maximal external rotation occurs at 60° to 90° of flexion. Internal rotation is
attributed to the application of an anterior force and external rotation results from the
application of a posterior force. The amount of rotational force and the stability of the
anterior and posterior cruciate ligaments determine the amount of coupled rotation in
humans (Mann 1980).

Without the benefit of a suspension phase, the gaited horse may utilize increased
flexion and coupled rotation to produce a faster four-beat gait though this has not been
studied scientifically. Although axial rotation and abduction/adduction are limited in the
distal joints of the equine limb, a noted exception is the "termino” motion that occurs
when the Peruvian Paso performs the paso gaits. Termino is characterized by the
forelimbs of the horse swinging outward from the shoulder during the swing phase of the
stride (Harris 1993). This movement is a desirable characteristic of the Peruvian Paso's
gaits, but is regarded as a defect in other breeds. Analysis of these unique gait
characteristics, as described in the following chapters, will assist in the further
understanding of the mechanisms of the non-walking stepping gaits.

These unique characteristics of the gaited horse, such as the additional

adduction/abduction and axial rotation, create difficulties for measuring joint motion
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using traditional kinematic analysis techniques. Axial rotation can not be measured using
either two-dimensional analysis or multi-planar analysis. Furthermore, the effects of
axial rotation and flexion on frontal plane measurements of human joint motion using
multi-planar analysis have found distortion in the adduction/abduction measurements
(Soutas-Little et al. 1987). Therefore, in the studies described in this dissertation,
standard gait analysis techniques were adapted to measure three-dimensional analysis
using a joint coordinate system that produced acceptable accuracy. The availability of
these techniques facilitated measurement of such gait characteristics as coupling of
flexion and axial rotation. The termino motion of the Peruvian Paso was studied as an
extreme example of motion occurring outside of the sagittal plane. These techniques

were further applied to the gaits of the Missouri Fox Trotter.
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The objectives of this study were:

1) To develop a virtual marker methodology that creates an anatomically meaningful and

repeatable joint coordinate system.

2) To compare the three-dimensional joint motion measured using a joint coordinate

system versus multi-planar analysis using the Peruvian Paso.

3) To measure the three-dimensional carpal and fetlock joint motion during the flat walk

and fox trot of the Missouri Fox Trotter.



Hypothesis:

The first chapter of this dissertation describes the development of a reliable and
repeatable methodology for the establishment of a joint coordinate system for equine
three-dimensional motion analysis. In the later chapters, the methodology was applied to

test the following hypotheses:

1) The measured values of abduction/adduction and flexion/extension of the carpal and
fetlock joints are different when measured with an anatomically-based joint coordinate

system versus multi-planar analysis.

2) The three-dimensional joint motion measured for the flat walk and fox trot
demonstrates characteristics unique to each gait and different from the kinematics

measured in earlier studies for the walk and trot.
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CHAPTER 11

GENERAL REVIEW OF THE LITERATURE

History of the Gaited Horse

The 55 million-year history of the horse has been documented through drawings,
paintings, sculptures, and stories. Unlike modern day art that demonstrates the horse
performing the trot, earlier artistic accounts show ;he horse performing a non-walking
stepping gait. Evidence for the existence of gaited horses that performed a four-beat
stepping gait other than the walk can be traced as far back as the Ice Age. Ancient ice
carvings discovered in France depict a lateral stepping gait similar to the amble (Imus
1995). Hipparion equid fossil footprints, dating from 3.5 million years ago, were
discovered in 1979 in Tanzania under volcanic acid. Comparisons of the fossil footfall
pattern with contemporary gait patterns determined the Hipparion equid was performing
a running walk (Budiansky 1997). The flying horse of Kansu, a bronze horse statue of
the Eastern Han Dynasty (25 AD-220 AD), displays the racking gait (Ensminger 1977).

During the middle ages in Western Europe, the Palfrey, an ambling saddle horse,
flourished among the royalty and society people. Wealthy individuals bred for horses
that performed a smooth, easy riding gait. The Palfrey was a very refined, elegant horse
that performed a fast, ground covering walking gait that lacked the jarring motion of the
suspension phase while still maintaining speeds comparable to the trot and pace.
Chaucer’s Canterbury Tales makes references to the Palfrey when he writes about the

Wife of Bath, “Upon an Amblere easily she sat” (Imus 1995). However, the longer
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distances traveled by coaches called for horses with greater speed and strength and this
led to the rise of the trotting horse (Imus 1995).

The English began to settle the Americas in the 17th century. Most of the settlers
were poor so the horses they brought over the oceans were grade trotting horses. Around
the same time as the English settlers arrived, the Spanish military were actively
conquering America as they rode north through Mexico on their majestic Spanish gaited
horses. The Conquistadors traveled through America battling the Native Indians. If the
Conquistadors lost a battle, their horses were left to run wild or were captured by the
Indians. Gradually, these gaited horses were bred with the grade horses of the Indians
and the poor English settlers. Some of the genetic traits of the gaited horses were passed
along, but over time these gaits were seen less frequently (Imus 1995).

The popularity of the gaited horse returned to America with the growth of
plantation farming. Plantation owners bred horses that could perform a ground-covering
stride while moving at a smooth, comfortable gait. The horses were ridden between the
rows of crops as the owners observed the conditions of the crops and work of the slaves
(Imus 1995). The further rise in the popularity of the gaited horse is attributed to the
current growth in "baby boomers," the population that is aged fifty and older (Pascoe
1999). As this population ages while maintaining financial security, older adults are
taking up horseback riding. Unlike the younger riders, this older adult population is

looking for a smooth, easy riding horse (Imus 1995).



Defining the Gaited Horse

What defines a horse as being gaited? A gaited horse is one that has the ability to
perform non-walking stepping gaits that can reach speeds equivalent to the trot or the
pace (Imus 1995). The trot is a two-beat gait in which a diagonal pair of legs move
synchronously. Diagonal stance is followed by a suspension (airborne) phase, a period
when all four hooves are off the ground. The pace is similar to the trot, but instead of the
diagonal limb pairs moving synchronously, movements of the lateral limb pairs are
synchronized. Due to the presence of suspension phases, the trot and pace are defined as
leaping gaits. This is in contrast to the stepping gaits that lack a period of suspension.

The most common stepping gait is the walk, which is performed by both gaited
and non-gaited horses. The walk is described as “the mother of gaits” since the other
four-beat gaits are considered variations of the walk (Imus 1995). The most obvious
difference between the walk and the non-walking stepping gaits is the speed of
progression, which is faster in the non-walking stepping gaits. However, stylistic
differences between breeds (e.g. animation and head nod) play a role in defining the
gaits, in addition to the temporal characteristics.

The footfall sequence of the walk is left hind limb (LH)- left forelimb (LF)- right
hind limb (RH)- right forelimb (RF) and the footfalls occur in a regular four-beat rhythm.
Regularity is defined kinematically as the footfalls being spaced evenly in time so that
limb motions are 90° out of phase and the duty factor of each limb is 25% (Hildebrand
1978). The regularity of the footfalls of the gait classifies the walk as a square gait, as

opposed to a gait that shows lateral or diagonal couplets.



A symmetrical gait is one in which the left and right sides move 180° out of phase
(Hildebrand 1965) so that the interval between the left footfall and right footfall is equal
to the interval between the right footfall and left footfall in both the fore and hind limb
pairs (Hildebrand 1978). The walk, trot, pace, fox trot, rack, slow gait, paso gaits, and
running walk are all symmetrical gaits. The timing and sequence of the limb movements
of symmetrical gaits can be described using two kinematic variables: the hind limb stance
duration and the lateral advanced placement, both expressed as a percentage of stride
duration (Hildebrand 1965).

The non-walking stepping gaits can be classified according to the rhythm of the
footfalls. The rhythm may be regular, irregular with lateral couplets, or irregular with
diagonal couplets. The rhythm affects the duration of the limb support phases of the
stride. Horses performing a regular (or square) four-beat gait spend equal amounts of
time in diagonal and lateral support phases (Imus 1995). Besides the walk, other square
gaits include the flat walk, rack, tolt, flying pace, paso llano, and paso largo.

In a true lateral gait, movements of the lateral pairs of limbs are synchronized.
The pace is usually described as a lateral gait in which the lateral support phase is
followed by a period of suspension. At racing speed, however, pacers have been shown
to dissociate the movements of the lateral limb pairs so that contact of the hind limb
precedes that of the lateral forelimb by 3-10% of the stride duration. Thus, ground
contact of the lateral limb pair occurs as a lateral couplet (Wilson ez al. 1988). This
dissociation of the pacing lateral limb pairs so that the hind limb makes contact before the
ipsilateral forelimb creates a lateral footfall sequence similar to the walk and non-walking

stepping gaits. A lateral stepping gait also demonstrates an irregular rhythm with lateral
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couplets but differs from the pace by not having a period of suspension. A lateral couplet
occurs when the hind footfall is followed by the ipsilateral fore footfall after an interval
of 10-20% of the stride (Hildebrand 1965). Four-beat stepping gaits with lateral couplets
include the broken pace, slow gait, amble, running walk, sobreandado, and single foot
(Imus 1995). During these gaits the hind footfall precedes the fore footfall by 10-15% of
the stride duration (Hildebrand 1965).

In a true diagonal gait, movements of the diagonal limb pairs occur
synchronously. Similar to the modified lateral gait, the modified diagonal gait is created
by the dissociation of diagonal limb pairs, resulting in an irregular thythm with diagonal
couplets. Diagonal couplets occur when the diagonal limb movements dissociate by 10-
15% of the stride duration with the forelimb making contact just prior to the diagonal
hind limb (Hildebrand 1978).

The trot is described as a diagonal gait, though even at slow speeds the diagonal
footfalls may occur slightly asynchronously (Clayton 1994; Holstrom et al. 1994). The
diagonal advanced placement is defined as being positive when the hind hoof contacts the
ground before the diagonal fore hoof and negative when the fo.rc hoof contacts the ground
before the diagonal hind hoof. A positive diagonal advanced placement has been
associated with good quality of the trot in warmblood horses (Holstrom ez al. 1994). At
racing speeds the trot demonstrates a marked dissociation of the diagonal limb pairs
creating diagonal couplets (Drevemo et al. 1980) with the fore hoof contacting the
ground before the diagonal hind hoof, which is a negative diagonal advanced
displacement. This dissociation of the diagonal limb pair at the racing trot creates a

lateral footfall sequence (LH, LF, RH, RF) that resembles the walk and the non-walking
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stepping gaits. The fox trot is an example of a four-beat stepping gait with diagonal

couplets (Imus 1995).

Changing the Speed

To increase speed, horses use transitions between gaits combined with changes of
stride length and stride duration within each gait. Leach ez al. (1987) studied the changes
in stride length and stride duration in relation to speed. In general, an increase in speed
was associated with reducing stride duration by increasing stride length. Shortening the
stride duration is achieved as a result of reductions in stance duration and overlap and an
increase in the duration of the suspension phase. The suspension phase is a large
contributor to maintaining and increasing the speed of the gait at the trot (Clayton 1998),
canter (Clayton 1994), and gallop (Leach et al. 1987). The non-walking stepping gaits,
which do not show a suspension phase, are performed at speeds equivalent to the trot
while maintaining a stepping sequence (Imus 1995). The mechanisms by which this is
achieved have not been investigated in detail.

The non-gaited horse initially increases speed by walking faster, which is
achieved by a combination of lengthening the stride and increasing the stride rate. Ata
certain walking speed there is a transition to the trot. In ponies, the walk-trot transition
occurs at a speed range of 1.5 to 2.2 m/s (Hoyt and Taylor 1981). Gait transitions may
occur as a means of improving energetic and metabolic efficiency (Hoyt and Taylor
1981) or as a means of changing the forces on the limbs (Taylor 1985; Niki et al. 1984).
Vertical ground reaction forces increase at the walk-trot transition and decrease at the

trot-canter transition. This decrease in forces is attributed to changes in limb movement
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patterns (Rubin and Lanyon 1982). The transition from canter to gallop occurs more
gradually as the diagonal limb pair (leading hind and trailing fore) become more
dissociated with the hind limb making contact prior to the diagonal forelimb. The hind
limb propulsive forces then act to lift the forelimbs, thus reducing forelimb forces (Pratt
1983).

The gallop usually has one suspension phase in each stride. The speed of the
gallop increases in correspondence to stride length, but anatomically the horse reaches a
maximum stride length (Hiraga et al. 1994). Velocity is increased further by cycling the
limbs more rapidly to increase the stride rate. However, at maximum stride length and
stride rate, some horses add another suspension phase to the gallop sequence. This
occurs between lift off of the leading hind limb and contact of the trailing forelimb. A
few horses even add a very short third suspension phase between the stance phases of the
two forelimbs (Deuel ez al. 1986; Rooney 1998).

The gaited horse does not make a distinct transition from the walk to a non-
walking stepping gait. Instead, there is a gradual adjustment of the timing of the limb
movements. Hildebrand (1965) describes the gaits of the gaited horse as a continuum that
does not show distinct boundaries between the non-walking stepping gaits. Therefore,
the arbitrary boundaries of non-walking stepping gaits form a gait continuum in which
breed and style contribute to the differentiation between gaits.

Gaited horses continue to perform stepping gaits at speeds equivalent to those
performed at the trot of the hon-gaited horses (Hildebrand 1965). The Tennessee Walking
horse, for example, maintains the footfall pattern of the walk at speeds up to 20 miles per

hour (Harris 1993). The Missouri Fox Trotter can travel long distances at a relatively fast
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fox trot without tiring. This apparent energetic efficiency is why the U.S. Forest Service
selected these horses for use by their park rangers (Ridings and Bradbury 1976). The
lack of a transition to the trot in gaited horses may indicate that the non-walking stepping
gaits are more energetically efficient or that they create lower forces on the limbs.

The mechanics utilized for increasing the speed of the non-walking stepping gaits
involves adjusting the stride length and stride frequency. Slight adjustments in the
footfall timing of the various non-walking stepping gaits have also been recognized as a

factor for influencing the speed of the gait (Imus 1995).

Understanding the Gaited Horse

So why is it important to understand the mechanics of the non-walking stepping
gaits and the similarities and differences between these gaits and other equine gaits? The
answer to this question relates both to understanding and judging performance and to the
detection of pathological gaits. For lameness evaluations, the trot is the gait of choice
due to its thythmic, symmetric nature, combined with the fact that the forces on the limbs
are higher than during the walk. Clinicians observe the symmetry of the gait from left to
right, the motion of the head, withers and croup, and the rhythmic sound of the two-beat
gait (Pasquini ez al. 1995; Adams 1975). Most veterinarians have a very limited
knowledge of the mechanics of the non-walking stepping gaits. Judging the soundness of
the non-walking stepping gaits according to the criteria used at the walk or trot is not
appropriate and may limit the detection of lameness problems specific to the breed.

Even though the walk and non-walking stepping gaits share similar gait

characteristics, the horse performing a non-walking stepping gait protracts and retracts
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the limbs more rapidly so the footfalls occur at a quicker rate than the walk. Therefore,
the horse must change the temporal variables in order to produce the quicker four-beat
gait. The head, neck and croup movements also differ between the walk and the non-
walking stepping gaits and these differences cause confusion between normal and
pathological gaits. Clinicians rely heavily on the head nodding to indicate forelimb
lameness during lameness evaluations (Speirs 1997). However, a sound gaited horse
performing the fox trot or the running walk will naturally display a head nod (Imus

1995).

Biomechanical Analysis of Gaited Horses

Ground Reaction Force Analysis. Kinetic analysis describes the forces that cause
movement. In the past several years equine kinetic analysis has focused on the collection
of force plate data to describe the ground reaction force (GRF) pattern of sound horses
and the effects of lameness on gait symmetry.

Each gait has a typical force profile. In the walk, the vertical GRF is higher in the
forelimbs than the hind limbs, which reflects the distribution of the body weight. At a
constant walking velocity, the fore and hind limbs have approximately equal braking and
propulsive impulses, changing from braking to propulsion at 50% of stance in the
forelimb and 45% in the hind limb. During walking vertical force curves for both the fore
and hind limbs demonstrate two peaks: the first is higher in the forelimbs and the second
is higher in the hind limbs (Merkens et al. 1985). The two peaks become more distinct at

higher walking velocities (Khumsap e? al. in press).
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During the trot, the vertical GRF curve has a single peak, the amplitude of which
is higher in the forelimb than the hind limb. Both the fore and hind limbs have higher
vertical forces at the trot than the walk. As for the longitudinal forces at the trot, the
braking impulse is larger in the forelimbs, while the hind limbs provide more propulsion
(Merkens et al. 1993).

In the canter, the trailing forelimb has the highest vertical GRF with a magnitude
of 1.5 times the horse's body weight. The trailing fore and trailing hind limbs contribute
more to propulsion than the leading limbs. The diagonal limb pair (leading hind limb and
trailing fore limb) provide more braking, while the leading forelimb has the highest
braking forces (Merkens et al. 1993).

Two-Dimensional Kinematic Analysis. Kinematic analysis provides a graphical
record of the movements of the horse's limbs during locomotion. Hildebrand (1965)
originally took on the role of objectively classifying the spectrum of gaits performed by
various species including horses. The temporal characteristics of the symmetrical gaits
were displayed on a graph in which the x-axis represented the percent of stride duration
that each hind foot was on the ground and the y-axis represented percent of stride
duration by which the fore foot footfall followed the ipsilateral hind footfall. Fourty-four
possible limb support sequences of various symmetrical gaits made up the superimposed

grid system from which he proposed a scheme of names for equine symmetrical gaits

(Figure 2.1).
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% of stride interval that each hind foot is on the ground

Figure 2.1. Hildebrand’s graph (1965) demonstrating the distinction between
various gaits according to hind limb stance duration and % of stride interval that
footfall of forefoot follows hind on same side.

Hildebrand's graph was based on data describing the symmetrical gaits of sixty-
eight horses performing the pace, trot, walk, paso gait, slow gait, rack, running walk, and
variations of these basic symmetrical gaits (Figure 2.1). On the vertical axis, the paso
gait, rack, running walk, and slow gait fell within the same region as the walk and mid-
way between the regions occupied by the pace and the trot. On the horizontal axis, the
walk and the paso gait have overlapping areas on the graph, but with the walk having a

relatively longer hind stance duration than the paso gaits.
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Both the trot and pace have a relatively large range of percentage of stride that
each hind limb is on the ground. This range is attributed to the large speed variation
within these gaits; at slower speeds the hind limbs are on the ground longer than at faster
speeds. The stepping gaits represent a wide range of percentages of stride that each hind
limb is on the ground with the running walk having the greatest range. Along the
horizontal axis, areas of overlap between the different stepping gaits represent the fact
that these gaits form a continuum rather than having distinct boundaries between them.
The interval by which the forelimb follows the hind limb on the same side falls within the
range of 20-40% of the stride for the stepping gaits with the walk having the greatest
range. The stepping gaits lie between the trot at 45-60% and the pace at 0-10%
dissociation.

Through graphing the various symmetrical gaits based on temporal
measurements, Hildebrand developed a classification scheme based on these temporal
gait characteristics. He concluded that the boundaries between the gaits are not distinct.
Instead the gaits are more like a continuum, with different gaits being arbitrarily
separated by styles within the breed (Hildebrand 1965). These.breed styles play a major
role in the distinction between the symmetrical gaits. The following are examples of
stylistic differences between breeds: the head nod and an extreme overstriding (the hind
limb showing a large amount of over-tracking relative to the forelimb on the same side)
separates the running walk from the rack; the termino (lateral motion of the forelimb
during the swing phase) separates the gait of the Peruvian Paso from the Paso Fino

(Hildebrand 1965).
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The running walk is described as a stepping gait with lateral couplets, which
implies that ground contact of the hind limb precedes that of the forelimb on the same
side by 10-20% of the stride (Hildebrand 1965) and the primary support phase is lateral
bipedal support. If the percentage of lateral support becomes too great, however, the
horse switches to a pace. On the other hand, some horses spend less time in lateral
support and slightly more time in a diagonal support while still technically performing a
running walk by maintaining other gait characteristics such as hind limb overreach and a
rhythmic head nod. If the percentage of diagonal support becomes too great, some horses
may switch to a fox trot, which is not as common in a purebred Tennessee Walker. Slade
(1993) measured sixty-four conformational traits in the Tennessee Walker, Icelandic, and
Walkony horse, then made correlations between the measured traits and the percentage of
time spent in lateral and diagonal support sequences during the running walk. The
Tennessee Walker and Icelandic horses were found to have a more lateral running walk
while the Walkony horses had a more diagonal running walk (Slade 1993). The
following eight conformational characteristics were related to the degree of lateral or
diagonal support of the running walk: rear cannon length, pelvis length, hip to hock
length, neck length, stifle joint angle, hip joint angle, shoulder joint angle, and hock joint
angle.

Just as kinematic analysis assisted in the further understanding of the running
walk and the gait characteristics unique to different breeds performing these gaits, the
mechanics of the fox trot have been explored using high speed cinematography. Clayton
and Bradbury (1995) measured the temporal characteristics, including footfall and limb

support sequences and classified the fox trot as a fast, lateral sequence, four-beat gait
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with diagonal couplets. The support sequences consisted of 60.6% of the stride duration
spent in diagonal support, 21.7% in lateral support, and 17.8% in tripedal support.

Along with describing the normal timing of the stepping gaits, kinematic analysis
can detect defects in the gait. Clayton (1995) measured the stride kinematics of the
collected, medium, and extended walks. Only one horse out of the six highly-trained
dressage horses had a regular four-beat rhythm during all of these types of walk. Four of
the horses displayed lateral couplets with irregularities evident more often in the medium
and extended walks. Temporal measurements of the half pirouette at the walk indicated
that horses performing this movement displayed irregularities in the thythm. These
irregularities were associated with a shorter interval between footfalls of the outside
forelimb and inside hind limb and a longer interval between footfalls of the inside hind
limb and inside forelimb. The absence of forward motion in the half pirouette causes
instability in the horse's balance, and the horse compensates for this by using a longer
tripedal support and substituting a period of quadripedal support for bipedal support
(Hodson et al. 1998).

Three-Dimensional Kinematic Analysis. Previous studies of stepping gaits, along
with the majority of other equine kinematic research, has been limited to two-
dimensional analysis in the sagittal plane, which ignores movements in the frontal and
transverse planes. This is not an unreasonable simplification with regards to the normal
motion patterns of the equine limbs. Over millions of years, the horse’s limbs have
evolved in such a way that the joints distal to the shoulder and the hip move primarily in
the sagittal plane, which is energetically efficient. However, small out-of-plane

movements also occur. Herring ez al. (1992) described fetlock joint motion in sagittal and

20



frontal planes. By making comparisons between the walk, trot, and canter, it was
determined that the amount of motion in the frontal plane was velocity-dependent.

Although motion outside of the sagittal plane is restricted anatomically, even
simple visual observations can detect out of plane motion in the gaited horse. The
termino of the Peruvian Paso is a good example of this motion. The forelimbs show an
outward rotation during the swing phase that starts at the shoulders and moves down
through the distal joints. Judges score the quality of the termino and during a horse show,
the Peruvian Paso is evaluated from different angles to determine the degree of termino
as the horse performs the paso gaits (Imus 1995).

Three-dimensional kinematic analysis has been applied to various aspects of
human movement through the establishment of specialized laboratories in which patients
are evaluated for clinical diagnosis and assessment of treatment using three-dimensional
kinematic analysis. In this analysis technique, certain prerequisites need to be followed
including the definition of a coordinate system in three-dimensional space. The purpose
of a coordinate system is to define the relative position between two bodies. During
kinematic analysis, a calibration frame is used to orient the movements in relation to the
space in which they are occurring, which is described as a global coordinate system
(GCS).

Grood and Suntay (1983) were the first to introduce an anatomically-based
coordinate system for the description of three-dimensional rotational and translational
motion of the knee joint. Based on it's anatomical definition, this is described as a joint
coordinate system (JCS). Subsequently, Soutas-Little ez al. (1987) developed a JCS to

describe the motion of the ankle joint.
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With regard to equine three-dimensional motion analysis, Fredricson and
Drevemo (1971) described the three-dimensional movements of the hoof using markers
attached to a glass-fiber-molded shoe. Their methodology applied aerospace technology
to describe the hoof movements within a GCS, which was related to the local
environment rather than the horse's anatomy. Three-dimensional analysis using a GCS
has also been applied to describe quantitative variables associated with equine carpal
lameness (Peloso et al. 1993).

The results of these studies were described in terms of three, mutually
perpendicular, anatomical planes: the sagittal, transverse and frontal planes. A drawback
to this type of multi-planar analysis is that it cannot measure internal/external rotational
motion, and therefore, we can not determine the relationship between internal/external
rotation and abduction/adduction or flexion/extension of the joint. Furthermore, since
each plane is measured separately, the relationship between flexion/extension and
adduction/abduction is speculative. The true relationship between these joint motions can
be evaluated only if all of these motions are measured concurrently within the same
anatomically-based coordinate system. A JCS is an anatomical coordinate system based
upon the limb segments comprising the joint. The joint motions are tracked and
calculated within a JCS, which allows for the measurement of internal/external rotation
and the determination of the relationship between joint motions.

Heleski (1991) described a methodology for measuring three-dimensional carpal
and fetlock joint motions using a JCS. The shortcoming to the methodology was
associated with marker placement restrictions. Three-dimensional analysis requires the

use of three, non-collinear markers on each limb segment. Two of these markers are
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aligned with an anatomical axis of the segment and the third is perpendicular to that axis.
This requirement limits the locations that can be used for placement of the markers and
does not allow the selection of marker sites that fulfill other criteria, such as minimization
of skin displacement relative to underlying bony landmarks. To date the primary
limitation to equine three-dimensional motion analysis using a JCS has been the lack of a
targeting scheme for three-dimensional analysis of equine joint motion that overcomes
the limitations described above without disturbing the natural movement of the horse.

Equine Net Joint Moments and Joint Powers. Kinematic analysis describes the
movements without considering the forces that cause the movement. Kinetic analysis
measures these forces and the resulting mechanical energetics (Winter 1990). During
locomotion, continuously changing internal and external forces during the gait are
characterized by joint moments and energy patterns throughout the stride (Winter and
Robertson 1978). Although the kinematics may be identical, the patterns of energy
production across joints can be very different (Winter 1990). Understanding the
synergistic patterns of these forces gives a more complete picture of the mechanics of the
gait.

The net joint moment indicates the torque produced across a joint by the muscles,
tendons, and ligaments, and is calculated by combining videographic and force data with
morphometric measurements using a link-segment model and an inverse dynamic
solution (Clayton et al. 1998). Certain assumptions are made concerning the link
segment model: 1) the mass of each segment is located at its center of mass, 2) the center
of mass remains fixed, 3) joints are considered to be hinges, 4) each segment's mass

moment of inertia about the center of mass is constant, and 5) each segment's length
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remains constant. The forces acting on a link segment model include gravitational forces,
external forces, and muscle and ligament forces. This model requires the following
information for the calculation of net joint moments: segment positions and joint angular
movements, ground reaction forces and the center of pressure, and segment
‘morphometric and inertial data (Winter 1990)

Joint power is a measure of the mechanical work done across the joint and is
calculated as the product of the net joint moment and the joint angular velocity. Positive
joint power occurs when the net joint moment and joint angular velocity have the same
polarity, and negative power occurs when they have opposite polarities (Colborne ez al.
1997). Positive joint power indicates that power is being generated and negative joint
power indicates power absorption (Colborne et al. 1997). During power generation, the
muscles are performing a concentric contraction, and in power absorption, the muscles
are performing an eccentric contraction (Colborne ez al. 1997).

Most of the studies on joint moments and powers have been in human subjects.
The findings have helped to differentiate sub-samples of the population, to detect gait
pathologies, to make recommendations for treatment of gait pathologies, and to assess the
outcome of such treatments. For example, Chao et al. (1983) found older adults had a
higher knee flexion moment and a higher planter flexion moment in the ankle than
younger adults. The same age differences may be true for the horse, and if so, age would
need to be a consideration when selecting test subjects. Davids et al. (1996) found
differences in the net joint moments of the hip, knee and ankle between children with and
without cerebral palsy. Contrary to the normal walking pattern, children with cerebral

palsy use the hip rather than the ankle as the primary power generator and the ankle

24



raner t

brames!

Gsease




rather than the knee for power absorption. This demonstrates how adaptable the
biomechanics of the gait are to changes in the body. Analysis of gait adaptations due to
disease should be evaluated for the horse.

Analysis of net joint moments and joint powers may give insight into how the
gaited horse maintains a stepping gait at faster speeds when non-gaited horses are
performing a leaping gait. In human subjects, the patterns of energy transfer have been
compared for the slow and fast walk. Peak power at push-off in the plantar flexor
muscles increased from 180 W (Watts) at a slow walk to 490 W at a fast walk. Energy
absorption during the initial deceleration ranged from 30 W at the slow walk to 125 W at
the fast walk (Winter and Robertson 1978).

In horses, net joint moments have been described during the stance phase at the
walk (Colborne et al. 1997; Colborne ez al. 1998; Clayton et al. 2000a), the stance phase
at the trot (Clayton er al. 1998) and the swing phase at the trot (Lanovaz et al. 1999). Net
joint moments and joint powers have been measured to assist in understanding the effects
of musculoskeletal pathologies and therapeutic shoeing. The effects of superficial digital
flexor tendinitis on forelimb net joint moments and joint powém during the stance phase
at the trot have been described (Clayton et al. 2000b) and the response to treatment with a
heel wedge has been assessed (Clayton ez al. 2000c). In another study, it was shown that
horses compensated for the weight of shoes by increased energy generation on the flexor
aspect of the elbow during early stance to overcome the additional inertia due to the
weight of the shoes, and increased energy generation on the extensor aspect of the elbow
in late stance to overcome the extra momentum as the limb was swinging forward

(Singleton et al. 2000).
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Differences in energetic patterns across the joints at different walking speeds have
shown that the hip joint is the primary site of increased energy generation as walking
speed increases, assisted by the tarsus (Khumsap et al. 2000). Investigation of how the
sites of power generation differ between the walk and the faster stepping gaits would give
further insight into the mechanics of the non-walking stepping gait. Comparisons of this
nature will elucidate the mechanism for increasing the speed of the gait without
disturbing the footfall patterns. The information presented in this dissertation can be
further applied for analysis of net joint moments and joint powers of the non-walking

stepping gaits.

Conclusions

Over the years, great advances have been made in the study of equine
biomechanics. Kinematic and kinetic studies of the walk and trot are providing
significant insights into the mechanics these gaits. However, most of the evaluation to
date have been two-dimensional analysis, which ignores adduction/abduction and
internal/external rotation. Furthermore, the application of kinematic and kinetic analysis
to the gaits of the gaited horse have been limited to analysis of the temporal variables.
This limited analysis may be due to the unique gait characteristics that they exhibited
such as out-of-sagittal plane motion and the lack of kinematic analysis techniques that
can accurately measure these characteristics. The following studies provide a technique
for measuring these unique gait characteristics and preliminary analysis of these gaits that

will serve as a foundation for further investigation.
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CHAPTER III
EXPERIMENT I: THE APPLICATION OF VIRTUAL MARKERS TO A JOINT
COORDINATE SYSTEM FOR EQUINE THREE-DIMENSIONAL JOINT

MOTION

Summary

Joint motions that occur in planes other than the sagittal plane affect the esthetics
of a horse's movement and may change in response to certain types of locomotor
pathology. Measurement of these motions has been limited due to the complexity of
establishing a targeting scheme that creates a meaningful and repeatable joint coordinate
system. This study presents a targeting scheme that meets the requirements for
developing a joint coordinate system. The targeting scheme was applied to the equine

carpal and fetlock joints, and the results compare favorably with previous equine studies.

Introduction

Although human kinematic research has utilized three-dimensional analysis in
many applications (Grood and Suntay 1983; Soutas-Little et al. 1987; Cappozzo 1991),
equine kinematic research has primarily focused upon two-dimensional motion analysis
(Back et al. 1996; Galisteo et al. 1996; Hodson et al. 2000). Since the anatomy of the
horse and human are so different, adaptation of the methodology for measuring three-
dimensional motion in humans for use in horses is necessary. The objective of this study
is to develop a methodology for measuring equine three-dimensional joint motion

accurately and consistently. This study includes the theoretical and practical
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considerations involved in using virtual marker methodology and the establishment of a
joint coordinate system for measuring three-dimensional motion at the equine carpal and

fetlock joints.

The Theory of Three-Dimensional Motion Analysis

Joint Coordinate System. Three-dimensional joint motions can be described by
six independent coordinates comprised of three translations and three rotations. The
majority of joint motion studies have measured the relative rotational motion between the
two segments using Euler angles (Grood and Suntay 1983). The Cardanic/Eulerian
rotation sequences describe three-dimensional joint motion through an ordered sequence
of rotations about the axes of a selected, Cartesian coordinate system. The limitation to
the Cardanic/Eulerian rotational method is that the joint orientation is attained by a
specific temporal sequence of rotations about the selected axes. The primary rotation
about the selected Cartesian coordinate system is followed by a second rotation about
another, displaced coordinate axis, and a third rotation about a doubly displaced
coordinate axis. Any variation in the ordered sequence will result in different values of
the three-dimensional joint angles. For example, if the temporal sequence designates the
first rotation as flexion/extension and this sequence is changed so that flexion/extension
becomes the third rotation, the flexion/extension angle would be different for the two
sequences even though the actual angle was identical. This limitation has caused
problems when repeating research trials, and in interpreting and comparing clinical data

(Woltring 1994).
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To overcome the restriction of the Cardanic/Eulerian rotation sequence, Grood
and Suntay (1983) proposed a coordinate system that is independent of the order of the
occurrences of the translations and rotations. The three rotational axes consist of two
axes embedded into the limb segments that make up the joint of interest and a third that is
the common perpendicular to the fixed axes of the two limb segments. The orientation of
the third axis is determined by the cross product of the unit base vectors of the fixed axes.
The third axis, which is not fixed to either segment, is described as the floating axis.
Since the two fixed axes are within the segments, the rotations are dependent upon the
choice of the embedded axes. Thus, the rotational sequence is classified as a geometrical
sequence.

In the case of the human knee, the joint coordinate system designates that flexion/
extension occurs about the femoral fixed axis, internal/external rotation about the tibial
fixed axis, and adduction/abduction about the floating axis (Grood and Suntay 1983).
Therefore, the angles between the floating axis and the anterior axis of each bone
determine joint flexion and tibial rotation. Joint adduction/abduction is measured from
the angles between the tibial and femoral segmental fixed axes. These three calculated
angles are termed Euler angles.

The first component in measuring equine three-dimensional motion is to adapt the
joint coordinate system developed for human joints and to apply it to the equine joints.
Heleski (1991) utilized the joint coordinate system described by Grood and Suntay
(1983) to measure equine three-dimensional joint motion. The study encountered

difficulties in identifying suitable locations for the markers used to track segmental
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movements. In this study, we overcame these difficulties by developing a virtual marker
targeting system.

Three-Dimensional Marker Methodology. The marker placement guidelines for
three-dimensional kinematic analysis are that the markers should be located in areas that
are subject to minimal skin displacement, visible to at least two cameras throughout the
stride, and allow the construction of a meaningful and repeatable segmental coordinate
system. In previous studies, the requirements for three-dimensional marker placement
have been restrictive (Heleski 1991). Furthermore, Heleski (1991) attached the 3-D
tracking markers to a strap that was placed around the horse's limbs. This strap was
prone to motion error so that as the limb moved the strap would shift from it's original
location. In order to overcome these limitations while achieving the requirements stated
above, two sets of markers are used to fulfill the marker placement guidelines: virtual
markers establish the segmental coordinate system while tracking markers are used to
follow the segmental movements. The tracking markers are placed on sites that are
readily visible throughout the stride and for which skin displacement is minimal. The
spatial relationship between the two sets of markers is established with the horse in a
standing position. During locomotion, the locations of the virtual markers are calculated
from the tracking marker coordinates using transformations developed from the standing
position.

The development of this type of targeting system assumes that the biological
system being studied is composed of a series of rigid bodies. In other words, each limb
segment is treated as rigid, and movements of the soft tissues are ignored. This is a

reasonable simplification in the distal limbs of the horse. For each of these rigid rods (or
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limb segments), a segmental coordinate system is created as a reference for movement
measurement. The use of virtual markers is based on a knowledge of the distance and
orientation between the origin of the segmental coordinate system and a defined point on
the segment, together with a known transformation between the global coordinate system
and the segmental coordinate system. When these conditions are fulfilled, then at any
instant in time the same point on the segment can be located in the global coordinate
system (Soutas-Little 1996).

The virtual marker locations are subject to the requirements listed earlier for
three-dimensional targeting schemes in that two markers must lie along the anatomical
axis of the segment and the third must be placed perpendicular to that axis. The virtual
markers define the anatomical segmental coordinate system. Their location is recorded
videographically on a standing file, but it is not necessary for the virtual markers to
remain on the limb while the horse is in motion. In addition to the virtual markers, three
tracking markers are attached to each segment at readily visible locations where skin
displacement is minimal. The tracking markers are recorded on the standing file and
while the horse is in motion. They define an arbitrary tracking segmental coordinate
system. A transformation between the tracking segmental coordinate system and the
global coordinate system is calculated from the tracking files. Transformations between
the anatomical and tracking segmental coordinate systems are developed from the
standing ﬁie. These transformations are used to calculate the coordinates of the virtual
markers and to locate the virtual markers as if they had been present during locomotion.
The virtual marker system allows compensation for skin displacement and facilitates

tracking in areas of the limb that may be hidden from the camera during locomotion.
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Transformations. Transformations are used to determine the location of the virtual
markers during locomotion from a knowledge of the position of the tracking markers.
The tracking segmental coordinate system (TSCS) is determined by three tracking
markers fixed to each segment that move with the segment throughout the motion. The
origin of the TSCS is determined (Figure 3.1).

The first axis is calculated from the cross product of the vectors from the origin to
the two other markers (1):

1) ,i\=r1x n/|nx |
The second axis is calculated by the cross product of the vector from the origin to the
third marker and the first axis (2):

(2) ﬁ:rzx’i\/lrzx’il
Lastly, the third axis is calculated by the cross product of the first and second axis (3):

@)  j=kxi
The coefficient of these unit vectors are the directional cosines, A, between the TSCS and
the global coordinate system (GCS):

@ 1=hod + Ay J+ Ak

) j=Axl+Ay I+ MK

©6)  k=hAud +And + 1K
These directional cosines, A, between the TSCS and GCS, expressed in terms of a 3 x 3
rotational transformation matrix, [T], allows for the reference from the TSCS to the GCS.

The translational vector, R, is drawn from the origin of the GCS to the TSCS.

Vector R, is drawn between the origin of the GCS to the virtual marker (Figure 3.2).
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Figure 3.1. Three noncollinear markers, A, B, and C, fixed to a rigid body.
The origin, marker A, of the tracking segmental coordinate system and the x, y,
and z axes are indicated as well as the unit vectors 1, J, k of the axes,
respectively.

Figure 3.2. The virtual vector location is calculated from R, the vector from the
global coordinate system (GCS) origin to the virtual marker D; R,, the vector from the
GCS origin to the tracking segmental coordinate system (TSCS) origin; and P, the
vector from the TSCS origin to the virtual marker D.
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Vectors from the TSCS origin to the virtual targets are calculated and expressed in terms
of the GCS (7):

(7)  P=Rv-Ro
The virtual vector P is further transformed from the GCS to the TSCS using the rotational
transformation matrix [T] to form the virtual vector p (8):

® p=[TP
Since the segment is assumed to be rigid, the virtual vector expressed in terms of TSCS
will not change regardless of the orientation of the segment. For each frame, the
orientation of the TSCS can be calculated from the tracking markers. The transformation
matrix and the virtual vectors can then be used to transform each virtual vector for that
segment from the TSCS back to the GCS (9):

9 R=Ro+[T]'p
Therefore, for each frame of motion data, the location of the virtual marker is expressed
in terms of the GCS as if it had actually been tracked.

Euler Angles. After the transformations have been calculated and the segmental
coordinate systems have been established, the joint coordinate system is determined for
the measurement of three-dimensional joint motion. The joint angles can be measured
from the embedded segmental coordinate system determined by the virtual vectors. The
axes of the embedded segmental coordinate systems are denoted as the following: X;, §,,
and 2, for the radius; Xm, 9;,,, and 7, for the metacarpus; and )?p, 91,, and 2,, for the proximal
phalanx. For each segment; the z-axis runs through the long axis of the segment, the x-
axis runs medial/lateral, and the y-axis runs dorsal/palmar. At the carpal joint, for

example, the X; axis of the radius is designated as the flexion/extension axis, €1, and the
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2 axis of the third metacarpus is the internal/external rotation axis, €3. The floating axis,

the adduction/abduction axis, is calculated by the cross product of the &, and €3 axes, €,

(Figure 3.3):
(1) 3, = X Flexion and Extension
2) &3=2%n Internal and External Rotation
(3) & =(61xe3)/|& x8&| Adduction and Abduction

The joint Euler angles are (Figure 3.3):

(4)  Flexion (-) / Extension (+) = -asin (€; * z,)

(5)  Adduction (-) / Abduction (+) = asin (¢; * é3)

(6) Internal (-)/ External Rotation (+) = asin (€; * Xm)

The joint angles are defined so that joint motion is described relative to their respective
axes in that flexion/extension is relative to €;, internal/external rotation to &3, and
adduction/abduction to ;.

At the fetlock joint, the Xm axis of the third metacarpus is designated as the
flexion/extension axis, €;, and the 2, axis of the proximal phalanx is the internal/external
rotational axis, €. The floating axis, the adduction/abduction axis, is calculated by the
cross product of the ¢; and é; axes, €, (Figure 3.4). Joint motion is measured using the
same calculations as the carpal joint with 2, replaced with Z, and X, replaced with )'ip.
The above calculations follows that of Soutas-Little er al. (1987) in which the coordinate
system is rotated 90° from the coordinate system used in Grood and Suntay (1983) so that
the relationship between the two approaches can be expressed as follows:

sin ot = -cos(0+90). This approach is more applicable for clinical evaluation.
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Flexion(-)/Extension(+)

Internal(-)/External(+) Rotation

Figure 3.3. Caudolateral view of an exploded limb showing the radius, carpus,
and metacarpal segements to illustrate the segmental axes used to develop the
joint coordinate system. The orientations and locations of the flexion/extension
(e;), adduction/abduction (e;), and internal/external rotation (e3) axes are shown.

€

Adduction(-)/Abduction(+)

.

Flexion(-)/Extension(+)

Internal(-)/External(+) Rotation

Figure 3.4. Caudolateral view of an exploded limb showing the metacarpal and
proximal phalangeal segements to illustrate the segmental axes used to develop
the joint coordinate system. The orientations and locations of the flexion/
extension (e;), adduction/abduction (e;), and internal/external rotation (e;) axes
are shown.
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Application of the Joint Coordinate System and Virtual Markers

Subject. The methodology for measuring three-dimensional joint motion was
developed at the walk using a non-gaited horse that was determined to be clinically
sound. The results were compared with previously published data of joint angles
calculated using well-established techniques for two-dimensional analysis and with joint
angles calculated from three-dimensional analysis.

Markers. To track the three-dimensional motion of the equine carpal joint using a
joint coordinate system and virtual marker methodology, two sets of markers were
applied to the antebrachial, metacarpal, and proximal phalangeal segments of the right
forelimb. The virtual and tracking markers consisted of polystyrene hemispheres covered
with retro-reflective tape.

Three virtual markers were attached to a rigid “L” structure (Figure 3.5). A virtual
marker "L" structure was taped securely to the skin overlying the proximal radius, the
distal third metacarpus, and along the length of the proximal phalanx of the right forelimb
with the long axis of the "L" parallel to the anatomical axis of each segment (Figure 3.5).
Three tracking markers were attached to the antebrachial, metacarpal, and proximal
phalangeal segments of the right forelimb using super glue (Future Glue, Pacer
Technology, Ranch Cucamonga, California).

The tracking markers were placed over palpable anatomical landmarks on the
bones where skin displacement is minimal or for which correction algorithms are
available. The antebrachial tracking markers were placed on the distal end of the
segment in a triangular formation (Figure 3.5). The metacarpal tracking markers were

placed in a similar arrangement on the proximal end of the segment (Figure 3.5). On the
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Figure 3.5. Location of the virtual markers (black spheres), tracking markers
(gray spheres) and markers (clear spheres) used as both virtual and tracking
markers during the standing file to establish virtual marker locations relative
to tracking markers. Picture shows the virtual "L" structure on the proximal
phalanx.
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proximal phalanx, the locations of the two virtual markers aligned along the long axis of
the segment were used for two of the tracking markers and the third tracking marker was
placed on the dorsal aspect of the segment to form a triangular formation (Figure 3.5).

Video Recording and Analysis. Two 60 Hz CCD camcorders attached to two
Super VHS tapedecks (Panasonic AG-450, Matsushita Electric Corp., Secausus, NJ) were
oriented at 60° to the horse’s plane of motion, separated from each other by a distance of
609 cm, and located at a distance of 500 cm from, and perpendicular to, the line of
motion. A 500-watt lamp was placed behind each camcorder to illuminate the retro-
reflective markers during recording. The rectangular calibration volume measuring 342
cm x 190 cm x 210 cm was defined by thirty points.

A three-second standing file was recorded with the horse in a normal standing
position with both the tracking markers and the virtual marker structures in place. The
virtual marker structures were then removed, except for the two markers on the proximal
phalanx that were also used as tracking markers. The horse was recorded on videotape as
it moved at a walk with only the tracking markers attached.

The videotapes were digitized with the aid of the Ariel Performance Analysis
System (Ariel Dynamics, Trabuco Canyon, California) and analyzed using custom
software. For the standing file, the positions of the tracking and virtual markers were
digitized manually. For the walking sequence, the tracking markers were digitized
automatically in both camcorder views. Using the calibration frame previously described
and the direct linear transformation method (Abdel-Aziz and Karara 1971), the three-
dimensional coordinate values of the digitized markers were calculated. The raw data

were filtered using a fourth order Butterworth digital filter, with a cut off frequency of 6
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Hz. The GCS was determined by the calibration frame. Using the digitized locations of
the virtual and tracking markers, the segmental coordinate system was determined and
tracked through the stride using the previously described transformations. The joint
coordinate system and the three-dimensional joint motion were calculated and measured
using the previously described Euler angle methodology. The joint angles measured
during the standing file were expressed as the zero value and the angles recorded during
walking were measured relative to the standing angle.

Statistics. Four strides of the walk were used to measure the three-dimensional
joint motion of the carpus and the fetlock. Graphs were plotted for flexion/extension,
adduction/abduction, and internal/external rotation of each joint. Peak values for each

type of motion were determined and means and standard deviations were calculated.

Results

Carpal Joint Motion. During the stance phase, the carpus maintained an angle
equivalent to standing angles, then showed a single flexion cycle during the swing phase.
Peak flexion angle was -65° + 2.6° at 80% of the stride. The small standard deviation
(Figure 3.6) indicates that there was little variability between strides.

The carpus was adducted during early and late stance and reached peak adduction
(-36° + 6.4°) at 85% of the stride (Figure 3.7). The carpus showed very little rotational
motion, with peak value for internal rotation (-6° + 3.2°) at midswing (Figure 3.8).

The three joint motions appeared to be coupled. During midswing, the carpus
flexed, adducted, and internally rotated. Towards the end of the swing phase, the carpus

approached the standing joint angles in preparation for the start of stance.
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Figure 3.6. Mean (dark line) + 1 S.D. (light line) walking carpal flexion

(-)/extension (+) angle relative to the standing carpal flexion joint
angle.

<4— Stance Phase —ﬂi—Swing Phase—p
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Figure 3.7. Mean (dark line) + 1 S.D. (light line) walking carpal
adduction (-)/abduction (+) angle relative to the standing carpal
adduction/abduction joint angle.
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Figure 3.8. Mean (dark line) + 1 S.D. (light line) walking carpal internal
(-)/external (+) rotation angle relative to the standing axial rotation joint
angle.

<—— Stance Phase —p{¢-Swing Phase—p

0 20 40 60 80 100
Stride (%)
Figure 3.9. Mean (dark line) + 1 S.D. (light line) walking fetlock

flexion (-)/extension (+) angle relative to the standing carpal flexion
joint angle.
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Fetlock Joint Motion. During the stance phase, the fetlock extended, abducted,
and internally rotated. Flexion/extension showed 50° range of motion at the fetlock joint
(Figure 3.9). Peak extension (19° + 4.1°) occurred in midstance. During breakover the
fetlock flexed and showed two flexion peaks during the swing phase.

The fetlock showed a maximal abduction of 5° + 8.4° around the time of
midstance, and was then adducted during late stance and throughout the swing phase
(Figure 3.10). The fetlock had 10° range of adduction/abduction joint motion.

The fetlock was internally rotated by about 15° during most of stance (Figure
3.11). During breakover, the fetlock showed a small peak of external rotation, then was
internally rotated through the remainder of swing. The fetlock had 20° range of

internal/external rotational motion.

Discussion

The joint coordinate system established in this study allowed a meaningful
description of three-dimensional joint motion for the equine carpus and fetlock.
Heleski (1991) first proposed the application of a joint coordinate system to the equine
carpal and fetlock joints and performed some preliminary measurements at the walk and
trot. Marker visibility and difficulty in tracking the markers throughout the stride were |
identified as problems in the methodology. This study addresses these problems by
developing a virtual tracking system.

To date, Heleski's study of two young Arabian horses is the only comparable
three-dimensional study using a JCS to measure carpal and fetlock joint motions of the

walk and trot. In comparing the overall joint motion trends reported by Heleski with
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those found in the present study, the motion patterns were quite similar and the peaks
occurred at approximately the same times in the stride. Fetlock flexion/extension had a
similar range of motion in both studies. Carpal flexion/extension range of motion was 17°
greater in the two horses measured in Heleski's study, but there was 20° less carpal
adduction than was measured in this study. The subject used in this study was also an
Arabian, with the only obvious difference being that it was much older than Heleski's
subjects. To date, no studies have measured the effect of age on equine three-
dimensional joint motion. Fetlock adduction/abduction was very inconsistent from stride
to stride in Heleski's study which was ascribed to problems with added motion of the
straps to which the tracking markers were attached and difficulties in marker visibility.
The smaller variability in the present study was a consequence of the improved accuracy
resulting from the use of virtual markers. Both carpal and fetlock internal/external
rotational ranges of motion and timing of the peaks were similar in the two studies.

In the following chapters, the virtual marker “L” structure was replaced with
virtual markers attached directly onto the skin with some of the virtual markers also used
as tracking markers. The changes in virtual marker methodology were described in
greater detail within the respective chapters. The adjustments in methodology reduced
the number of markers, which facilitated the clear distinction between markers, especially
on the distal aspect of the limb, and reduced the time taken for marker placement. The
new placement of the markers was used in chapter IV (Experiment II) to allow for
simultaneous collection of two-dimensional data for comparison of the flexion/extension

values. Although the virtual marker placement was slightly different, the established
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axes of the joint coordinate system were the same so that joint motion was measured
consistently throughout all three experiments.

A three-dimensional study of limb motions in the sagittal and frontal planes was
performed using a multi-planar analysis (MPA) instead of a JCS (Herring ez al. 1992).
Since that study was performed at the trot and adduction/abduction angles were measured
for the entire limb rather than the individual joints, it is not appropriate to make direct
comparisons with this study. In the following chapter, the relationship between a JCS
and MPA was further evaluated to facilitate the most appropriate methodology for
analysis of equine locomotion, specifically the gaits of the gaited horse.

Two-dimensional studies have reported flexion/extension patterns and peak
angles that are similar to this study. In Dutch warmblood horses, Back et al. (1996) found
that the swing phgse started at 60% of the stride with the peak carpal flexion angle of 60°
occurring at mid-swing at 80% of the stride. Hodson et al. (2000) found that peak carpal
flexion of 55° occurred at 75% of the stride in horses of mixed breeds.

Previous two-dimensional studies found similar fetlock flexion peaks during the
swing phase (Back ez al. 1995; Hodson et al. 2000). However, during the stance phase,
Back et al. (1996) and Galisteo et al. (1996) found two extension peaks while this study
along with Hodson et al. (2000) showed only one distinct peak. This difference is
attributed to velocity. The studies by Back et al. (1996) and Galisteo et al. (1996) were
performed at faster velocities (1.6 to 1.7 m/s) than Hodson ez al. (2000) and this study
(1.5 m/s). The slower velocity is associated with a reduced rate of limb loading which, in
turn, decreases the rebound effect that is responsible for the slight flexion during mid-

stance (Khumsap et al. in press). Thus, the two peaks of fetlock extension become more

46



distinct as velocity of the walk increases. The flexion/extension range of motion of the
fetlock in this study was similar to Hodson ez al. (2000). Both studies were conducted in
the same laboratory and performed under similar experimental conditions, including
velocity.

Since there have been so few studies of equine three-dimensional analysis using a
JCS, comparisons with the present study are quite limited. The effects of variables such
as age, velocity, and footing on walking kinematics have not even been studied using
two-dimensional or multi-planar analysis. Now that the technique has been developed,
these variables should be studied using a JCS to evaluate the effects in three dimensions.
Just as human three-dimensional analysis has been applied to clinical settings, it is the
recommendation of this researcher that further studies should also be conducted to test
the usefulness of this methodology for clinical applications in horses.

In conclusion, a technique for measuring three-dimensional joint motion in a joint
coordinate system using virtual markers was developed. A joint coordinate system
measures joint motion within an anatomically-based coordinate system compared to
multi-planar analysis, which measures joint angles using planar projections. Measuring
three-dimensional joint motion using multi-planar analysis does not allow for the
measurement of axial rotation and coupled joint motion, which was found in this study
with the application of a joint coordinate system to a horse walking. A more detailed
comparison of multi-planar analysis with a joint coordinate system is made in chapter
four. The technique described in this study was applied to a horse walking to measure
carpal and fetlock flexion/extension, adduction/abduction, and internal/external rotation.

Comparison with an earlier three-dimensional study using a joint coordinate system
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(Heleski 1991) indicated that the virtual marker methodology showed less variability
from one stride to the next. Flexion/extension angles were similar to previous two-
dimensional kinematic studies (Back et al. 1996; Hodson ez al. 2000). The joint
coordinate system using a virtual marker methodology described in this chapter was
applied to the following chapters with slight alterations made, which are described in the

respective chapters, to continue to improve upon the methodology.
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CHAPTER IV
EXPERIMENT II: COMPARISON OF A JOINT COORDINATE SYSTEM

VERSUS MULTI-PLANAR ANALYSIS

Summary

A kinematic multi-planar analysis (MPA) reduces a subject's three-dimensional
motion to two-dimensional projections onto planes defined by a global fixed coordinate
system (GCS). An alternative to this kinematic method is a joint coordinate system
(JCS), which describes the three-dimensional orientation of the segments comprising the
joint with respect to each other. This study compares carpal and fetlock joint kinematics
measured using a MPA with those measured using a JCS. A Peruvian Paso was recorded
during three walking trials using 60 Hz video camcorders. Skin markers tracked the
movements and defined the anatomical axes of antebrachial, metacarpal, and proximal
phalangeal segments. A JCS was established between the two segments comprising the
carpal and fetlock joints to measure flexion/extension, internal/external rotation, and
adduction/abduction at each joint. The MPA model used two markers aligned on the long
axis of each segment and measured flexion/extension angles projected onto the sagittal
plane of the coordinate system and adduction/abduction angles projected onto the frontal
plane of the coordinate system. Carpal and fetlock flexion/extension angles for the walk
were similar for the JCS and MPA indicating that sagittal plane analysis using a MPA is
adequate when flexion and extension are the only measurements being made provided the
horse’s plane of motion is aligned with the plane of calibration. There were large

differences in carpal and fetlock adduction/abduction angles measured using a MPA
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compared with a JCS. Analysis of the reasons for these differences indicated that the
accuracy of frontal plane analysis to measure adduction/abduction is limited by it’s
inability to correct for out-of-plane rotations along the long axis of the segments
comprising the joint. This finding clearly illustrates the inherent errors in using planar
projections to measure multi-planar motions. It is recommended that a JCS be used to

measure joint motions other than flexion/extension in the sagittal plane.

Introduction

Most of the studies of equine locomotion have measured movements of the limb
segments and joints of the horse relative to a global coordinate system (GCS) that is fixed
in space and oriented along the direction of travel of the subject. Often, segments are
defined by two points placed along the long axis of the segment with the relative angles
between two adjacent segments defining the joint angles. The three-dimensional
coordinates of the points are projected onto the two-dimensional sagittal and frontal
planes to give a multi-planar analysis (MPA) of segmental and joint motions. MPA has
been used to describe vertical displacement, flexion/extension, and adduction/abduction
of the fetlock joint (Herring er al. 1992) and the stifle and tarsal joints (Back et al. 2000).
A limitation to MPA occurs when the segmental motion is not parallel to the projection
plane causing the angular measurements in that plane to be distorted.

An alternative to MPA is to use an anatomically-based coordinate system
established on each rigid segment. The joint angle can then be expressed as relative
rotations between two adjacent segments. One method used to accomplish this is known

as a joint coordinate system (JCS) (Grood and Suntay 1983). Heleski (1991) used a JCS
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to describe three-dimensional carpal and fetlock joint angles of walking and trotting
horses. The results were expressed in terms of flexion/extension, adduction/abduction,
and internal/external rotation. It was concluded that the three-dimensional marker
placement requirements were restrictive and prone to marker motion error. In order to
overcome these limitations, a virtual marker methodology has been developed and used
to establish a JCS for the carpus and fetlock (Chapter III, Experiment I).

The objectives are to compare carpal and fetlock joint kinematics measured

simultaneously using a JCS with those from MPA in the sagittal and frontal planes.

Materials and Methods

Subject. The subject was a sound Peruvian Paso ridden at the walk. This breed
was chosen because it is noted for a characteristic outward motion of the forelimbs during
the swing phase of all it's gaits, which is known as a termino. Limb motion during
termino offers an ideal opportunity to study exaggerated three-dimensional limb motion.

JCS Segmental Axes. Coordinate systems for the antebrachial, metacarpal, and
proximal phalangeal segments were established as described in chapter three. The origin
of the antebrachial coordinate system was located on the lateral styloid process on the
distal radius. The antebrachial x-axis was directed laterally from the origin perpendicular
to the antebrachial sagittal plane and on the same vector as a line from the medial to
lateral styloid processes. The antebrachial z-axis, contained in the antebrachial frontal
plane, ran from the origin proximally along the long axis of the segment at 90° to the x-
axis. The antebrachial y-axis ran dorsally from the origin, perpendicular to the

antebrachial frontal plane.
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The origin of the metacarpal coordinate system was located on the lateral aspect
of the distal end of the third metacarpus. The metacarpal x-axis was directed laterally
from the origin perpendicular to the metacarpal sagittal plane and on the same vector as a
line from the medial to lateral distal aspect of the third metacarpus. The metacarpal z-
axis, contained in the metacarpal frontal plane, ran from the origin proximally along the
long axis of the segment at 90° to the x-axis. The metacarpal y-axis ran dorsally from the
origin, perpendicular to the metacarpal frontal plane.

The origin of the proximal phalangeal segment was located on the lateral aspect
of the distal end of the proximal phalanx. The z-axis of the proximal phalangeal segment
ran from the origin proximally along the long axis of the segment. Similar to the other
segmental axes, the proximal phalangeal x and y-axes ran laterally and dorsally from the
origin, respectively.

MPA Segmental Axes. The axes of the antebrachial, metacarpal, and proximal
phalangeal segments used for the MPA corresponded to the z-axes of the segments as
defined by the JCS. Therefore, the MPA segmental axes passed along the long axes of
the antebrachial, metacarpal, and proximal phalangeal segments.

Data Collection. Kinematic data were collected at 60 Hz using four Super VHS
camcorders (Panasonic AG-450, Matsushita Electric Corp., Secausus, NJ), arranged
around the data collection area in increments of 60°. One camcorder was located towards
the front of the horse, one towards the back of the horse and two towards the lateral
aspect of the right side of the horse. A 500-watt lamp was placed behind each camcorder
to illuminate the retroreflective markers during recording. The calibration volume (342 x

190 x 210 cm®) was defined using 30 equally spaced points.
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The horse was ridden along the runway at a walk. A trial was considered
acceptable if the horse traveled at a consistent velocity (2.50-2.56 m/s) along a straight
line that was parallel to the plane of calibration with all markers being clearly visible in
the two lateral camcorder views (Figure 4.1).

Marker Placement. Reflective markers were attached to the skin overlying well-
defined bony landmarks on the proximal and distal ends of the antebrachial, metacarpal,
and proximal phalangeal segments on the lateral aspect of the limb (Figure 4.2). The
tracking markers were located at sites that have been shown to have relatively little skin
displacement during the walk (van Weeren er al. 1988). Corrections for skin
displacement were not performed since 3-D correction algorithms and even 2-D
corrections are not available for the Peruvian Paso breed or for Peruvian gaits. Current 2-
D correction algorithms are based on Dutch Warmbloods and are very dependent on the
gaits being measured (van Weeren er al. 1988). As for this study, the same markers were

used for the two methodologies so any errors due to skin displacement were the same.

Figure 4.1. Data collection with tracking markers attached to the right forelimb
during a walking trial.
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Figure 4.2. Marker placement during the standing file as seen in the lateral (left)
and frontal (right) views. Virtual markers on the lateral aspect of the limb (black
circles) for establishing the joint coordinate systems (JCS) were placed over bony
landmarks on the proximal and distal ends of the antebrachial, metacarpal, and
proximal phalangeal segments. A third virtual marker (open circles) was placed on
the medial aspect of the distal extremity of each segment. Two of the JCS tracking
markers (black circles) were the same as the lateral virtual markers. The third
tracking marker (gray circles) was placed on the dorsal surface, midway between
the other two tracking markers. The tracking markers (black circles) on the
proximal and distal ends of each segment were used for multi-planar analysis
(MPA). The virtual markers on the medial aspect were removed during the walking

trials.

54




Segmental coordinate systems for the JCS were defined by the two lateral markers
used for MPA together with a third marker attached on the medial styloid process of the
radius, the metacarpal attachment of the medial collateral ligament of the fetlock, and the
medial aspect of the distal end of the proximal phalanx. The medial markers were tracked
using a virtual targeting system as described in Experiment I (Chapter III; Soutas-Little
1996) utilizing a fourth marker located on the cranial aspect of each segment, midway
between the two lateral markers.

Two reflective markers were placed along the spine of the horse to determine the
horse's angle of travel relative to the GCS during the trials. This information was used to
align the horse's plane of motion with the GCS using a simple 2-D rotational

transformation (Figure 4.3).

cos(®) —sin(®)| x, _ x}
sin(®@) cos(©) | z, 2z

Figure 4.3. Calculation used to correct sagittal plane measurements using MPA
for the horse's angle of travel determined from the back markers (black spheres),

where O is the angle that the horse is out-of-plane, x, and z, are the uncorrected
marker coordinates, and x and z are the corrected marker coordinates.
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Data Reduction. The skin markers were automatically tracked and digitized using .
a video analysis system (Ariel Performance Analysis System, Ariel Dynamics Inc,
Trabuco Canyon, California). Three-dimensional locations of markers were obtained
using direct linear transformation (Abdel-Aziz and Karara 1971). The three-dimensional
coordinates were filtered using a fourth-order Butterworth digital filter at a cutoff
frequency of 6 Hz. Joint motion“i.n the MPA was described for the distal segment relative
to the proximal segment (Winter 1990). The MPA was used to measure flexion/
extension in the sagittal plane and adduction/abdu.ction in the frontal plane. The JCS was
established based on the system described by Grood and Suntay (1983). For the carpal
joint, flexion/extension was measured around the antebrachial fixed x-axis,
internal/external rotation was measured around the metacarpal fixed z-axis, and
adduction/abduction was measured around a floating axis perpendicular to both the
flexion/extension axis and the internal/external rotation axis. For the fetlock joint,
flexion/extension was measured around the metacarpal fixed x-axis, internal/external
rotation was measured around the proximal phalangeal fixed z-axis, and
adduction/abduction was measured around a floating axis perpendicular to both the
flexion/extension axis and the internal/external axis. For example, flexion occurred when
the angle on the caudal/palmar aspect of the joint decreased, internal rotation occurred '
when the distal segment rotated medially relative to the proximal segment, and adduction
occurred when the angle on the medial aspect of the floating axis decreased. Zero joint
angle was defined as alignment of the proximal and distal segments. Flexion, adduction,
and internal rotation were assigned negative values. Extension, abduction, and external

rotation were assigned positive values. For carpal flexion/extension angles greater than
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90°, an additional calculation was applied to overcome errors arising from taking the sine
of an angle greater than 90° in the JCS calculations (Chapter I, Experiment I).

The mean curves for flexion/extension, abduction/adduction, and internal/external
rotation of the carpal and fetlock joints at the walk measured by the JCS were graphed.
The mean absolute difference between the adduction/abduction measured with the JCS
and MPA were calculated. Segmental angles were determined in the sagittal view using
the raw x coordinates for the proximal and distal markers that were aligned along the
long axis. Segmental angles in the sagittal plane were measured from an axis
perpendicular to the ground with the segment rotating around it’s proximal end. An
angle of 0° indicated the segment was vertical and an angle of 90° indicated the segment
was horizontal. Protraction (cranial rotation of the distal end of the segment) was
assigned a positive value and retraction (caudal rotation of the distal end of the segment)
was assigned a negative value (Figure 4.4).

Caudal Cranial

Retraction (-) | Protraction (+) N\

Angle = 0°

Figure 4.4. M¢ of the seg 1 angles in the sagittal plane.
Negative values indicate retraction, positive values indicate protraction, and
0° indicates the segment is vertical.
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The anatomical orientation and the location of the segmental axes relative to the
GCS was explored in an attempt to understand the differences between the two methods.
The mean difference between the raw z coordinates of the proximal and distal markers of
the segmental long axis was calculated. A difference of zero indicates that the segment is
aligned along the x-axis of the GCS (longitudinal axis of the horse). When z coordinates
of the proximal and distal tracking markers were aligned with the corresponding axis of
the GCS, only the sagittal view showed an angulation of the segment relative to the GCS.
The mean angle between the JCS adduction/abduction axes and the x-axis of the GCS
(longitudinal axis of the horse) and between the JCS flexion/extension axes and the z-axis

of the GCS (mediolateral axis of the horse) were calculated.

Results

The following section describes the joint motion of the Peruvian Paso walk using
the JCS and differences between the JCS and MPA measurements. The orientations of
the joints and the proximal and distal segments comprising the joints are described at the
times when there are marked differences between the two methods. Values for all
individual trial measurements were graphed and included in Appendix A.

Carpal Joint. JCS standing angles showed that conformation of the right forelimb
was such that the carpus was extended 2°, abducted 8°, and internally rotated -7°. JCS
measurements showed that during the stance phase the carpus was extended, abducted,
and internally rotated (Figure 4.5). Breakover began at 40% of the stride and lift off

occurred at 55% of the stride. Throughout breakover and early swing, the carpus showed
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flexion, abduction, and external rotation. At mid swing, the carpus reached peak flexion

(-94°), abduction (23°), and external rotation (7°).

Flexion/extension patterns were similar when measured using the MPA and JCS,
and the peak flexion angles, which occurred during mid-swing showed minimal
differences between the two techniques (Figure 4.6). The adduction/abduction curves
showed differences in the general pattern and timing of peaks (Figure 4.7) with the peak
values demonstrating large differences between the MPA and JCS during the transition
from stance to swing (Figure 4.8). Peak absolute difference (16°) between JCS and MPA
adduction/abduction angles occurred around the time of lift off at 53% of the stride
(Figure 4.8). At this point in the stride, the carpus was flexing and externally rotating
(Figure 4.9). The radial segment was vertical in the GCS (sagittal plane angle 0°) at 53%
of the stride (Figure 4.9). The difference in the z coordinates between the proximal and
distal markers along the radial long axis was zero at 53% of the stride indicating the long

axis was aligned along the x-axis of the GCS (Figure 4.9).

Fetlock Joint. JCS standing angles showed that the fetlock was extended 18°,
adducted -11°, and internally rotated -13°. JCS measurements showed that during the
stance phase the fetlock was extended and adducted (Figure 4.10). During breakover,
which began at 40% of the stride, the fetlock flexed, abducted, and internally rotated.
The direction of rotation changed just before lift off. Peak flexion (41°), abduction (2°),
and external rotation (3°) occurred in early swing. During late swing, the fetlock

extended, adducted, and internally rotated.
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Figure 4.5. Mean carpal flexion (-)/extension (+) (black line), adduction (-)/abduction
(+) (dark gray line), internal (-)/external (+) rotation (light gray line) using JCS. '
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Figure 4.6. Mean carpal flexion (-)/extension (+) for JCS (black line) and MPA
(gray line).
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Figure 4.7. Mean carpal adduction (-)/abduction (+) for JCS (black line) and
MPA (gray line).
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Figure 4.8. Absolute difference between carpal adduction (-)/abduction (+)
measured using the JCS and MPA.
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Figure 4.9. Top graph: Carpal flexion (-)/extension (+) (solid line) and internal (-)
/external (+) rotation (dotted line) measured using the JCS. Middle graph: Segmental
angles in GCS sagittal plane for antebrachium (solid line) and metacarpus (dotted line).
Bottom graph: Z displacement between the proximal and distal tracking markers for
the antebrachium (solid line) and metacarpus (dotted line). The thick vertical line at

53% of the stride is the time when carpal adduction/abduction angles measured with the
JCS and MPA have the maximal difference.
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Figure 4.10. Mean fetlock flexion (-)/extension (+) (black line), adduction (-)/
abduction (+) (dark gray line), internal (-)/external (+) rotation (light gray line)
using JCS.
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Figure 4.11. Mean fetlock flexion (-)/extension (+) for JCS (black line) and MPA
(gray line).
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Figure 4.12. Mean fetlock adduction (-)/abduction (+) for JCS (black line) and
MPA (gray line).
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Figure 4.13. Absolute difference between fetlock adduction (-)/ abduction (+)
measured using the JCS and MPA.
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Figure 4.14. Top graph: Fetlock flexion (-)/extension (+) (solid line) and internal (-)
/external (+) rotation (dotted line) measured using the JCS. Middle graph: Segmental
angles in GCS sagittal plane for metacarpus (solid line) and pastern (dotted line).
Bottom graph: Z displacement between the proximal and distal tracking markers for
the metacarpus (solid line) and pastern (dotted line). The thick vertical line at 61% of

the stride is the time when carpal adduction/abduction angles measured with the JCS
and MPA have the maximal difference.
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Fetlock flexion/extension patterns were similar when measured using the MPA
and JCS (Figure 4.11) with extension during stance and flexion during swing. Both MPA

and JCS showed adduction during stance with peak abduction during early swing, but the

peak abduction angles were quite different between JCS and MPA (Figure 4.12). The
peak absolute difference (136°) between the JCS and MPA adduction/abduction angles
occurred at 61% of the stride (Figure 4.13), which coincided with peaks of flexion and a
small amount of external rotation (Figure 4.14). As the absolute difference in
adduction/abduction between the JCS and MPA increased, the pastern segment angle
decreased reaching -90° around the time the adduction/abduction absolute difference
peaked (Figure 4.14). The difference in z coordinates of the proximal and distal markers
along the pastern long axis was zero at this point indicating that the pastern long axis was

aligned with the x-axis of the MPA global coordinate system (Figure 4.14).

Discussion

Since the JCS is an anatomically-based coordinate system, it moves dynamically
with the horse's anatomy so that the axes of the coordinate system make adjustments for
the subject's angle of travel, conformation, and unique limb motion patterns, such as the
termino. Since MPA is based upon a global coordinate system, the axes are not dynamic
and do not adjust to the changes in anatomical orientation as the horse moves. This is the
basis for the differences in adduction/abduction angles measured using JCS and MPA.
Understanding the movement of the horse during locomotion will assist in locating where

this limitation for MPA creates error in the measurements of adduction/abduction.
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During the stance phase, the horse’s body moved laterally over the supporting
forelimb as shown by the z displacements in Figure 4.9, which shows the proximal end of
the radius is lateral to it’s distal end throughout stance. The antebrachium and
metacarpus were retracted with approximately equal angular velocities until breakover
when the antebrachium reversed its direction of rotation reaching a vertical position at lift
off, while the metacarpus continued to be retracted. This combination of segmental
motions resulted in carpal joint flexion. During breakover the horse’s body moved
medially until at lift off the proximal and distal ends of the antebrachium were aligned
vertically when viewed in the frontal plane (Figure 4.9). Therefore, at lift off the
antebrachium was vertical when viewed in either the sagittal or frontal plane. Under
these conditions any axial rotation of the antebrachial segment would have a large effect
on the adduction/abduction angle of the carpal joint as seen in the frontal plane using
MPA (Figure 4.15). This orientation of the proximal segment and the error that is created
under the conditions described above is illustrated in the 3-D surface graph (Figure 4.16).
This shows the effects of different combinations of axial rotation of the proximal segment
and flexion of the joint due to retraction of the distal segment c-m the adduction/abduction
error in the MPA measurements. The derivations of this relationship is given in Appendix
B. When axial rotation of the proximal segment occurs, it creates an adduction/abduction
error in the frontal plane measurements.

At lift off (55% of the stride), the pastern segment had rotated beyond the
horizontal (sagittal plane angle -92°). At this time, the difference between the z
coordinates of the proximal and distal markers on the pastern long axis was zero so that

the distal aspect of the segment was not visible in the frontal view during the time that the
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Figure 4.15. The true flexion/extension (sagittal view) and adduction/abduction
(frontal view) angles (solid line) and the angular errors (dashed line) created in the
apparent position of the distal segment by a rotation of the proximal segment when
measured using MPA. The illustration shows the apparent rotation of the distal
segment after rotation of the proximal segment although there is no real change in
the flexion/extension (left) and adduction/abduction (right).
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Figure 4.16. Contour surface showing adduction (-)/abduction (+) error measured by
MPA in the frontal plane as a result of different combinations of created by axial
rotation and flexion when the proximal segment is vertical in the sagittal plane. The
shading along the contour indicates the error (deg), the vertical line along the contour
indicates axial rotation of only the proximal segment (deg), and the horizontal line

indicates the joint flexion angle (deg). The error is based on calculations shown in
Appendix B.
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pastern segment was rotated beyond —90°. Under these conditions, the angle of the

pastern segment was difficult to measure in the frontal plane because the pastern segment
was behind the metacarpal segment when the sagittal plane angle was —90° or the pastern
segment was hidden behind the metacarpal segment when it rotated beyond —90°. Under
these circumstances, any axial rotation of the metacarpal segment, even without flexion/
extension or adduction/abduction of the fetlock joint, allowed the pastern segment to
become visible in the frontal view. Thus, axial rotation of the metacarpus was
misinterpreted as adduction/abduction of the fetlock joint in MPA. The sudden large
peak in MPA fetlock adduction/abduction just after lift off (Figure 4.12) occurred during
a period of axial rotation of the metacarpus while the pastern segment angle was past the
horizontal, but the adduction/abduction angle of the fetlock was not changing. Internal
rotation of the metacarpus created an artificial abduction of the fetlock in the frontal
view. External rotation would have created the impression of fetlock adduction. If there
were no metacarpal axial rotation, the pastern segment could not be tracked using MPA

until the amount of retraction angle decreased to less than —90°.

Using MPA, Back er al. (2000) studied the effect of heel wedges on frontal plane
motion of the hind pastern relative to the metatarsus. The problems described above for
frontal plane measurements of the fetlock joint were avoided by measuring the changes in
adduction/abduction with and without heel wedges during the stance phase only. The
findings presented here show tﬁat smaller differences were found between JCS and MPA
adduction/abduction measufements during stance. The hind fetlock joint was found to

show increased abduction with the heel wedges during stance. Limiting frontal plane
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measurements to the stance phase reduced some of the problems in using MPA, but

would not completely resolve errors due to differences in the JCS and MPA axes.

Based on in vitro studies of pastern joint loading, Degueurce ez al. (2000)
described the three movements of the joint as always being associated. The relationship
between the different types of movement affects the axes of the JCS. For example, the
JCS adduction/abduction axis is perpendicular to both the flexion/extension and
internal/external rotational axes. Therefore, flexion/extension and/or internal/external
rotation will cause a shift in the orientation of the adduction/abduction axis. This
dynamic quality of the JCS axes allows for the depiction of the relationship or coupling
between the three joint movements. On the other hand, the MPA axes do not move with
the anatomy nor do they account for the relationship between the three joint movements.
Therefore, comparing measurements made using the dynamic axes of the JCS with those
made using the static axes of MPA will undoubtedly show differences, especially when
the orientation of the segments and joints fulfil the conditions described above. The
angle between the JCS adduction/abduction axis and the GCS x-axis is illustrated in
Figure 4.17. The minima and maxima of the traces represent the minimal and maximal
absolute differences between the adduction/abduction angles measured using the JCS and
MPA indicating that the adduction/abduction axis of the JCS has a significant effect on
the measured angle.

The dynamic quality of the JCS adduction/abduction axis is illustrated in Figure
4.18 for the carpus and Figure 4.19 for the fetlock. Each graph represents a single stride.
The JCS adduction/abduction axis originating from the y displacement curve of the joint

center was plotted for every 3% of the stride. It can be seen that the orientation of the
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Figure 4.17. Angle between the JCS adduction/abduction axis and the x-axis of
the GCS for the carpal joint (black line) and the fetlock joint (gray line).
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Figure 4.18. Y displacement of the carpal joint center throughout a single
stride and the corresponding orientation of the JCS carpal adduction/abduction
axis within the sagittal plane shown at intervals of 3% of the stride.
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Figure 4.19. Y displacement of the fetlock joint center throughout a single
stride and the corresponding orientation of the JCS carpal adduction/abduction
axis within the sagittal plane shown at intervals of 3% of the stride.
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Figure 4.20. Angle between the JCS flexion/extension axes and the z-axis of the
GCS for the carpal joint (black line) and the fetlock joint (gray line).
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adduction/abduction axis as seen from the sagittal view changes as the joint center moves
vertically throughout the stride. The y displacement of the joint center was chosen as the
variable for the vertical axis to facilitate visualization of the motion of the joint in the
sagittal plane throughout the stride. For the MPA measurements, the adduction/
abduction axis does not move with the limb motion. Therefore, when the orientation of
the JCS adduction/abduction axis is not parallel with the corresponding GCS axis as seen
during breakover (Figure 4.18) there are more differences measured between the JCS and
MPA adduction/abduction angles. Around 20% of the stride (Figure 4.18), the JCS and

MPA adduction/abduction axes are almost parallel resulting in less error (Figure 4.8).

The angle at which the horse traveled through the data collection area was
transformed during post-processing of the data so that it was aligned with z-axis of the
JCS. This resulted in a relatively small difference between the flexion/extension axis of
the JCS and z-axis of the GCS (4° to 26°; Figure 4.20) compared with the relatively large
difference between the adduction/abduction axis of the JCS and x-axis of the GCS (14° to
92° Figure 4.17). Thus, differences between the flexion/extension measurements for the
two techniques were minimized. However, even after correcting for the horse's angle of
travel, there were small differences in the flexion/extension measurements due to the fact
that axial rotation was not accounted for when using MPA. The angular difference
between the JCS and MPA flexion/extension axes at the fetlock were fairly consistent
throughout the stride with peak differences corresponding with peak adduction/abduction
axes differences. The fact that the peak angular difference in the JCS and MPA carpal
flexion/extension axes occurred during stance whereas the peak angular difference in

adduction/abduction axes occurred during swing may be due to the lateral movement of
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the body over the limb during stance and the accompanying change in radial orientation
due to this rotation. Differences due to radial orientation may be minimized by choosing

appropriate axes for establishing the radial segmental coordinate system.

A limitation to the JCS used in this study was the selection of the primary axis
used for establishing the segmental coordinate system. In order to facilitate direct
comparisons with earlier three-dimensional analyses using a JCS, the axis created by the
two virtual markers along the segmental long axis was used as the base axis for
establishing the segmental coordinate system. However, the radius is wider proximally
than distally and the proximal marker is somewhat lateral to the distal marker. This
affects the orientation of the coordinate system so that it may not truly represent the load
bearing axis of the antebrachium. The greater the discrepancy, the greater will be the off-
set of the base axis from the load bearing axis of the segment. This also explains why the .
peak absolute difference between the JCS and MPA carpal adduction/abduction is
slightly offset from the point at which the radius is vertical as seen on the bottom graph in
Figure 4.9. In future studies, it may be preferable to use the ax_is through the medial and
lateral markers on the distal aspect of the segment as the base axis of the antebrachial
coordinate system so that difference in size of the proximal and distal radial epiphyses

has less effect on measuring the load bearing axis of the segment.

Conclusions

Human kinematic studies have applied three-dimensional analysis using a JCS to
describe the relative rotations between segments (Grood and Suntay 1983; Soutas-Little

et al. 1987). Since the JCS is oriented to the subject's anatomy, rather than to the
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calibrated space through which the movement occurs, the subject does not have to move

completely straight through the data collection area. The JCS method has the additional

benefits of measuring axial rotations and having the ability to detect coupling between
the three types of joint motion. However, the JCS setup for tracking an anatomical
coordinate system is lengthy and in equine subjects it may not be practical for most
clinical applications. The additional effort involved in using a JCS rather than MPA is
justified if it offers improvement in the accuracy in the measurements of joint motion.
The results of this study show that carpal and fetlock joint kinematics measured in the
sagittal plane using MPA compared well with flexion/extension angles measured using a
JCS. Therefore, MPA appears to be adequate for measurement of flexion and extension
of the carpus and fetlock at the walk provided corrections are made to align the angle of

travel with the GCS established by the calibration frame.

Previous studies have measured carpal and fetlock adduction/abduction angles
between the forelimb and the ground (Herring e? al. 1992; Peloso et al. 1993) rather than
between the proximal and distal segments comprising the joint, which limits the accuracy
of this measurement. Comparisons between the adduction/abduction angles of the carpal
and fetlock joints using MPA and JCS showed quite different patterns and magnitudes
with the two techniques. The fact that the JCS gave a more accurate interpretation of
movements in the frontal plane indicates that it is more appropriate than MPA for
describing adduction/abduction. The reasons for problems with frontal plane
measurements cited in this chapter should be considered in measuring any type of equine

locomotion using MPA.
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It is concluded that the need to use a JCS versus MPA depends on the objectives
of the study. If the only measurements required are flexion/extension in a sagittal plane,
then planar analysis using a MPA appears to be adequate, provided care is taken to ensure
that the subject moves straight and parallel with the plane of calibration. For
measurements of other types of joint motion, it is recommended that more than two
tracking markers are used per segment and a JCS or a similar anatomically-based system

be used.
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CHAPTER V
EXPERIMENT III: THREE-DIMENSIONAL MOTION OF THE CARPUS AND

FETLOCK IN THE FORELIMB OF THE MISSOURI FOX TROTTER

Summary

The objective of this study was to measure carpal and fetlock joint kinematics of
the flat walk and fox trot to provide a more comprehensive description of these gaits and
to assist in distinguishing between them. During the flat walking stance phase, the carpus
and the fetlock were extended and abducted. At breakover, the carpus was internally
rotated as the fetlock was externally rotated. During early swing, the carpus and fetlock
decreased the abduction angle as the joints flexed. At mid swing, the carpus reached peak
internal rotation and the fetlock reached peak external rotation. At the fox trot, the carpus
was abducted and extended during stance. There was a period of carpal external rotation
that peaked before breakover followed by a cycle of flexion that peaked in mid-swing.
The fetlock was extended throughout stance and showed a flexion cycle during swing.
This joint showed a small amount of adduction and internal rotation during stance and
switched to abduction and external rotation at breakover that continued throughout the
swing phase. Although magnitudes between gaits were insignificant, except for carpal
external rotation, the carpal and fetlock adduction/abduction patterns are different.
Velocity, stride and stance durations, diagonal step duration, peak carpal external
rotation, and carpal and fetlock adduction/abduction patterns distinguish the flat walk

from the fox trot.
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Introduction

The four-beat stepping gaits of the gaited horse are recognized by the sequence
and timing of the limb placements, together with the characteristic limb movement styles.
These are measured as the temporal, linear, and angular kinematics. The Missouri Fox
Trotter gaits are the flat walk and the fox trot, both of which are described as four-beat,
lateral sequence, stepping gaits that lack a period of suspension. The flat walk has a
regular rhythm while the fox trot has an irregular rhythm with diagonal couplets. The flat
walk is described as a faster version (5 mph) of the walk (Ziegler 2000). Hildebrand
(1965) described the fox trot as a fast, lateral sequence, diagonal couplets walk. Clayton
and Bradbury (1994) measured the temporal variables of the fox trot and found that
lateral advanced placement was significantly longer than diagonal advancement
placement, thus confirming that the rhythm of the gait is characterized by diagonal
couplets. As a consequence of the irregular rhythm, the diagonal bipedal support periods
were significantly longer than the lateral bipedal support periods. The angular kinematics
of the fox trot have not been described. In chapters three (Experiment I) and four
(Experiment II) the three-dimensional kinematics of the walk of the non-gaited horse and
the Peruvian Paso were shown to have carpal and fetlock joint motion in the frontal and
transverse planes. The objectives of this study are to describe the three-dimensional

carpal and fetlock joint motions of the flat walk and fox trot of the Missouri Fox Trotter.

Materials and Methods

Subjects. The subjects were six Missouri Fox Trotters. The criteria for inclusion

in the study were that the horses were sound, were registered as Missouri Fox Trotters,
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and were naturally able to perform the flat walk and the fox trot gaits. The horses were
ridden by an experienced gaited horse rider. Trials were excluded from the study if the
horses were determined not to be performing the gait properly according to the following

gait standards (Ziegler 2000):

Flat Walk: The flat walk is a regular, four-beat gait with a lateral sequence of footfalls:
LH-LF-RH-RF. The support sequence alternates between periods of tripedal
and bipedal support with approximately equal amounts of time being spent in
diagonal bipedal and lateral bipedal support phases. The flat walk is
performed at a faster velocity than the walk while maintaining a regular

rhythm. If the rhythm becomes irregular, the horse is performing a fox walk.

Fox Trot: The fox trot is a four-beat stepping gait with a lateral sequence of limb
placements similar to the walk. Unlike the flat walk, the fox trot is
characterized by an irregular rhythm with diagonal couplets and longer
periods of diagonal bipedal support than lateral bipedal support. A horse
performing this gait gives the appearance of walking with the front limbs and
trotting with the hind limbs. The fox trot is performed at a faster speed than

the flat walk, otherwise the horse is performing a fox walk.

The fox walk is a transitional gait between the flat walk and the fox trot. Itis

characterized by a four-beat rhythm with lateral sequence of footfalls and diagonal
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couplets, but does not demonstrate the visual characteristics of the fox trot and is
described by the breed association as an undesirable gait (Ziegler 2000).

In this study, temporal variables were measured for the flat walk and fox trot.
Forelimb protraction/retraction was determined from markers overlying the proximal
aspect of the scapular spine and the lateral aspect of the distal hoof. Angles were
measured relative to a line drawn perpendicular to the ground in the sagittal plane.
Protraction angles were assigned positive values and retraction angles were assigned
negative values.

Segmental Coordinate Systems. The axes of the coordinate systems for the
antebrachial, metacarpal, and proximal phalangeal segments were established as
described in chapter four. Briefly, the origin of the antebrachial coordinate system was
located on the lateral styloid process of the distal radius. The x-axis was directed
laterally from the origin perpendicular to the antebrachial sagittal plane and on the same
vector as a line from the medial to lateral styloid process. The z-axis, contained in the
antebrachial frontal plane, ran from the origin proximally along the antebrachial long axis
at 90° to the x-axis. The y-axis ran dorsally from the origin, perpendicular to the
antebrachial frontal plane.

The origin of the metacarpal coordinate system was located on the lateral aspect
of the distal third metacarpus. The x-axis was directed laterally from the origin
perpendicular to the metacarpal sagittal plane and on the same vector as a line from the
medial to lateral aspect of the third metacarpus. The z-axis, contained in the metacarpal

frontal plane, ran from the origin proximally along the metacarpal long axis at 90° to the
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x-axis. The y-axis ran dorsally from the origin, perpendicular to the pal frontal
plane.

The origin of the proximal phalangeal segment was located on the lateral aspect
of the distal end of the proximal phalanx. The z-axis ran from the origin proximally
along the long axis of the segment. Similar to the other segmental axes, the x and y-axes
ran laterally and dorsally from the origin, respectively.

Marker Placement. Both tracking and virtual markers were attached to the right

forelimb to establist 1 di y for the antebrachial, metacarpal, and

proximal phalangeal sements. In horses 1-3, the segmental coordinate systems were
established and tracked using virtual marker "L" structures together with the tracking
markers described in chapter three (Figure 5.1). In horses 4-6, the segmental coordinate
systems were established with two virtual markers along the lateral side of the long axis ]

and a third virtual marker on the medial side of each segment. The tracking markers

Figure 5.1. Tracking marker placement for horses 1-3 (left) and horses 4-6 (right).
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were placed on the lateral and dorsolateral aspects of the segments as described in chapter
four (Figure 5.1). Although the marker placements were different between horses 1-3 and
horses 4-6, the segmental axes established by the markers were the same for all horses.

Two croup markers were placed along the sacral spine of horses 4-6 to determine
vertical excursions calculated from the raw y coordinates. Markers were attached to the
point of the elbow and the lateral aspect of the distal hoof for horses 1-3 to determine
mediolateral shift of the body over the hoof calculated from the raw z coordinates.

Data Collection. The calibration volume (342 x 190 x 210 cm3) was defined
using 30 points. Kinematic data of the flat walk and fox trot were recorded using two 60
Hz camcorders (Panasonic AG-450, Matsushita Electric Corp., Secausus, NJ) placed on
the lateral aspect of the right side of the horse and oriented at 60° to each other. Two
additional camcorders placed in front of and behind the horse in increments of 60° to the
lateral camcorders were used to locate the virtual markers on the medial aspect of the
limb in the standing file. A 500-watt lamp was placed behind each camcorder to
illuminate the retroreflective markers during recording.

The horses were ridden along the runway at a flat walk and fox trot. A trial was
considered acceptable if the horse traveled at a consistent speed along a straight line that
was aligned with the calibration volume with all markers being clearly visible in the two
lateral camcorder views. Four trials were recorded for each horse at each gait.

Data Reduction. The frames of hoof contact, heel off and toe off were recorded
for each limb and used to calculate stride duration, stance and swing durations of the right
forelimb and right hind limb, and the time of onset and duration of breakover. The

markers were automatically tracked and digitized using a video analysis system (Ariel
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Performance Analysis System, Ariel Dynamics Inc, Trabuco Canyon, California). Three-
dimensional coordinates of markers were obtained using direct linear transformation
(Abdel-Aziz and Karara 1971). The raw data were filtered using a fourth-order
Butterworth digital filter at a cutoff frequency of 6 Hz. The joint coordinate system
(JCS), which was based on Grood and Suntay (1983), measured flexion/extension
relative to the x-axis of the proximal segment, internal/external rotation around the z-axis
of the distal segment, and adduction/abduction around a floating axis perpendicular to the
proximal segmental x-axis and the distal segmental z-axis. Joint angles were expressed
relative to the position of alignment of the proximal and distal segments. Flexion,
adduction, and internal rotation were designated negative. Extension, abduction, and
external rotation were designated positive.

Data Analysis. The angular measurements were time normalized to stride
duration. Ensemble averages were calculated and plotted for the flexion/extension,
adduction/abduction, and internal/external rotation of the carpal and fetlock joints at the
flat walk and fox trot. Mean values + SD were determined for the temporal variables,
protraction/retraction angles, and maximal carpal and fetlock joint angles for both gaits.
Mean values + SD for each horse were graphed and included in Appendix C. Paired t-
tests were used to determine differences for temporal variables and peak joint angular

measurements between the flat walk and fox trot (P < 0.05).
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Table 5.1. Gait characteristics (mean and + SD) measured for the flat
walk and fox trot strides used in this study. Significant differences (*)
between gaits are given (P < 0.05). Measurements taken from horses 1-6

(n=6) unless indicated on table.

Flat Walk Fox Trot
Velocity (m/s) 1.75 + 0.06* 3.17 £ 0.03*
Stride Duration (s) 1.17 + 0.06* 0.63 +0.03*
Forelimb 1.95 +£0.05 2.0+ 0.03
Stride Length (m)
Forelimb 0.77 + 0.06* 0.32 +£0.02*
Stance Duration (s)
Forelimb 0.40 +0.05 0.31 +0.03
Swing Duration (s)
Forelimb 0.04 +0.01 0.03 +0.01
Breakover Duration (s)
Hindlimb 0.78 + 0.06* 0.33 +0.03*
Stance Duration (s)
Hindlimb 0.35+0.04 0.31+0.01
Swing Duration (s)
Hindlimb 0.04 £+0.01 0.03 +0.01
Breakover Duration (s)
Lateral Step Duration (s) 0.30+0.01 0.23+0.02
Diagonal Step Duration (s) 0.32 +£0.03* 0.10+0.01*
Protraction/Retraction 57+3 64 +2
Range of Motion (°)
Protraction (°) 22 +4 28+3
Retraction (°) 35+4 36 +2
Croup Vertical Excursions 7+1 9+2
(cm) (Horses 4-6)
Mediolateral Shift over 6+3 4+1

Hoof (cm) (Horses 1-3)
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Table 5.2. Standing angles for carpal and fetlock flexion/extension (F/E),
adduction/abduction (Ad/Ab), and internal/external (I/E) rotation of the six
Fox Trotters and the mean and + SD for all horses. Angles are measured
relative to the position of alignment of the proximal and distal segment.
Flexion, adduction, and internal rotation are assigned negative values.

Horse #
#1 #2 #3 #4 #5 #6 Mean
(+SD)

Carpal 3 5 5 6 3 3 303)
F/E (®)
Carpal 3 7 10 4 3 2 4(3)
Ad/Ab (°)
Carpal 2 2 4 5 2 3 | 1@
IVE
Rotation (°)
Fetlock 30 19 31 24 20 33 26 (7)
F/E (®
Fetlock 6 8 4 6 8 2 6(2)
Ad/Ab (%)
Fetlock 3 7 5 2 2 4 42)
IVE
Rotation (°)
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Table 5.3. Mean (SD) for peak values of three-dimensional joint motions of

the carpus and fetlock for the flat walk and fox trot (n=6). Significant

differences (*) between gaits are given (P < 0.05). Joint motions occurring at
different phases of stride were not statistically compared (1). The percent of
stride at which the peaks occurred is in square brackets under the peak value.

Flexion/extension Internal/external Adduction/abduction
(deg) rotation (deg) (deg)
Flexion | Extension Internal External | Adduction | Abduction
(minimal (minimal
external abduction)
rotation)
Flat -64 (3) 8 (4) -17 (6) 12 (8)* 4 (6) 10 (6)*
Walk [72%)] [11%] [69%] [39%] (83%] [94%]
Carpus
Fox -67 (6) 10 4) -11 (6) 3@4)* 4(2)t 20 (3)*
Trot [74%) [17%)] [86%] [28%)] [8%] [78%]
Carpus
Flat -30 (1) 56 (3) 209) 27 (6)t 33+¢% 27(6) t
Walk [67%] [23%] [48%] [73%)] [82%] [40%]
Fetlock
Fox -26 (7) 58 (4) -2(8) 30 (9% 61 18(7) t
Trot [65%] [37%] [23%)] [68%] [16%] [54%]
Fetlock
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Results

Flat Walk. The velocity of 1.75 + 0.06 m/s was achieved using a stride length of
1.95 + 0.05 m and a stride duration of 1.170 + 0.06 s (Table 5.1). The forelimb stance
phase occupied the period from 0 to 48% of the stride with breakover starting at 40% of
the stride and lasting 0.04 + 0.01 s. The forelimbs demonstrated a maximum protraction

angle of 22° + 4 and maximum retraction angle of -35° + 4.

The three-dimensional standing angles of the carpus and fetlock for each horse are
shown in Table 5.2. During stance, the carpus was slightly extended and abducted
(Figure 5.2). Maximal extension of 8° was recorded at 11% of the stride, but maximal
abduction of 10° did not occur until the swing phase around 94% of the stride (Table 5.3).
The carpus rotated externally throughout most of stance, with peak value occurring
around the start of breakover. A peak in internal rotation occurred around lift off and a

larger peak (-17°) in mid swing around the time of peak flexion (Figure 5.2, Table 5.3).

The fetlock was extended, abducted, and externally rotated throughout the stance
phase with a distinct extension peak (56°) in mid stance. During breakover, there were
decreases in abduction and external rotation. In the swing phase the fetlock joint had two
flexion peaks. The larger flexion peak (-30°) at 67% of stride was followed by a smaller
peak (-16°) at 85% of the stride (Figure 5.3). Peak abduction of the fetlock (27°) occurred
at the start of breakover. The fetlock was externally rotated throughout the stride with
peak external rotation (27°) occurring at 73% of the stride between the two flexion peaks
(Figure 5.3).

Fox Trot. The velocity of 3.17 + 0.03 m/s was significantly faster and was

achieved using a significantly shorter stride duration of 0.63 + 0.03 s and fore

87



<—Stance Phase —p<¢— Swing Phase —>
40

20 -

Angle (°)

-40 -

0 20 40 60 80 100
Stride (%)

Figure 5.2. Mean carpal flexion (-)/extension (+) (black line), adduction (-)
/abduction (+) (dark gray line), internal (-)/external (+) rotation (light gray line)
of the flat walk (n=6).
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Figure 5.3. Mean fetlock flexion (-)/extension (+) (black line), adduction (-)

/abduction (+) (dark gray line), internal (-)/external (+) rotation (light gray line)
of the flat walk (n=6).
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(0.32 + 0.02 s) and hind limb (0.33 + 0.03 s) stance durations (Table 5.1). Stride length
did not differ between the flat walk and the fox trot. The forelimb stance phase occupied
the period from 0 to 44% of the stride with breakover starting at 37% of the stride. There
was a trend toward a reduction in breakover time in the fox trot, Compared with the flat
walk, especially in the forelimbs. An irregularity of rhythm with diagonal couplets was
achieved using a shorter diagonal step duration of 0.10 + 0.01 s and a longer lateral step
duration of 0.23 + 0.02 s compared to the flat walk. The forelimbs demonstrated a
maximum protraction angle of 28° + 3 and maximum retraction angle of -36° + 2.
Although these angles did not differ significantly between gaits, there was a trend toward
greater forelimb protraction at the fox trot. In switching from the flat walk to fox trot, the
range of croup vertical excursions increased by 2 cm (horses 4-6) and mediolateral shift

over the hoof decreased by 2 cm (horses 1-3; Table 5.1).

The carpus was extended through stance with peak extension (10°) at 17% of the
stride, after which the carpus flexed slowly at first, then more rapidly during breakover.
The carpus reached peak flexion (-67°) around 74% of stride (Figure 5.4, Table 5.3).
Throughout the entire stride, the carpus was abducted with maximum abduction (20°) at
mid swing. Maximum carpal abduction angles were significantly different between gaits
(Table 5.2). The carpus showed minimal axial rotation during stance, but was internally
rotated from the start of breakover through the swing phase with a peak value of -11°
(Figure 5.4). Peak external rotation was significantly less in the fox trot than the flat

walk (Table 5.3).

The fetlock joint was extended throughout stance with peak extension (58°)

during late stance around the start of breakover. The fetlock extension angle gradually
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Figure 5.4. Mean carpal flexion (-)/extension (+) (black line), adduction (-)/

abduction (+) (dark gray line), internal (-) /external (+) rotation (light gray line)
of the fox trot (n=6).
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Figure 5.5. Mean fetlock flexion (-)/extension (+) (black line), adduction (-)/

abduction (+) (dark gray line), internal (-)/external (+) rotation (light gray line)
of the fox trot (n=6).
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decreased throughout breakover and into early swing. There was a flexion peak (-26°) in
early swing, followed by a slightly smaller flexion peak (-25°) in mid swing (Figure 5.5).
The fetlock showed a small amount of adduction in the middle of the stance phase, but
was abducted during breakover and throughout swing, reaching peak abduction (18°) in
early swing. There was little axial rotation during stance, but the fetlock showed external
rotation during breakover and throughout swing with a distinct peak in early swing (30°),

coinciding with the first flexion peak.

Discussion

In the equine limbs, motions of the joints distal to the hip and shoulder are largely
restricted to the sagittal plane as a result of anatomical constraints that have evolved to
minimize energy expenditure during limb protraction and retraction (Budiansky 1997).
Therefore, motions in the frontal and transverse planes are relatively small in most
horses. However, in chapter three and four, the carpus and fetlock were found to
demonstrate measurable amounts of adduction/abduction and internal/external rotation
during walking. This chapter shows that adduction/abduction and internal/external

rotation of the carpal and fetlock joints occur at both gaits.

Measurement of joint motions outside of the sagittal plane may assist in the
distinction between the gaits of the gaited horse. For example, when comparing the flat
walk and fox trot, the differences in flexion/extension are quite small, but there are larger
differences in adduction/abduction and internal/external rotation. At the carpus, although
there are slight differences in the peak flexion and extension, the motion outside of the

sagittal plane shows greater differences between gaits, particularly between the peak

91



abduction and external rotation. At the fetlock, flexion/extension profiles are similar for
the two gaits, except peak extension occurs later in the fox trot, but the motions outside of
the sagittal plane show larger differences, particularly in the timing of the peak values.
The similarities between the forelimb sagittal plane joint motions in the two gaits may

explain why the fox trot is described as walking in the forelimbs (Imus 1995).

The measurement of temporal variables further assists in differentiating between
gaits in that velocity, stride duration, diagonal step duration, and fore and hind limb
stance durations show significant differences between gaits. The stride length was similar
for both gaits, which indicates that the Fox Trotter increases stride rate rather than stride
length to increase speed. This is in contrast to dressage horses moving from a collected
to extended walk in which stride length makes a much larger contribution to changes in
speed than stride rate (Clayton 1994), but is similar to recreational horses that increase
walking speed primarily by increasing stride rate (Nicodemus et al. 2000c).

Hind limb kinematics were not measured in detail in this study, but visual
observations along with croup vertical excursions measurements indicate an increase in
hindquarters vertical excursions in the fox trot, which is a common characteristic noted in
the fox trot (Imus 1995). Croup markers on horses 4-6 showed that vertical excursions

increased by 2 cm at the fox trot compared with the flat walk (Table 5.1).

Earlier studies have described the temporal characteristics of the fox trot (Clayton
and Bradbury 1994; Hildebrand 1965), but the angular kinematics of the limbs have not
been reported. The Missouri Fox Trotter was chosen for this study to further describe the
gaits of this breed, the flat walk and fox trot, using three-dimensional kinematic analysis.

The results have shown that the ranges of abduction/adduction and internal/external
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rotation of the carpal and fetlock joints of the Missouri Fox Trotter were larger than the
ranges of motion of the non-gaited horses analyzed in chapter three and in earlier equine

three-dimensional joint motion studies (Heleski 1991).

Carpal Joint. Although significant differences were found between the peak
magnitudes of external rotation and abduction, the patterns of motion in all three planes
were similar for the flat walk and fox trot. The carpus was abducted through the majority

of the stride for both gaits, but the abduction was greater at the fox trot during swing.

Fetlock Joint. The flexion/extension patterns were similar for the two gaits
except that peak extension occurred later in the stance phase for the fox trot than the flat
walk. The extension pattern of the flat walk was more similar to a trotting profile than a
walking profile (Heleski 1991). During breakover, the decrease in extension and
beginning of flexion were more gradual in the flat walk due to a longer period of
breakover. The flat walk showed more abduction during stance than the fox trot in which
there was a slight adduction in mid stance. The internal/external rotation patterns were

quite similar for the two gaits.

The most distinct kinematic difference between gaits was the reversal of the
adduction/abduction curve during the stance phase of the fetlock (abducted in the flat
walk, adducted in the fox trot). The following observations assist in explaining this
reversal. At the flat walk, the horse’s body spends most of the stride in tripedal support,
and it is during a tripedal support phase with two fore and one hind limbs that peak
fetlock abduction occurs. In measuring the raw z coordinates of elbow and hoof markers
placed on horses 1-3, it was found that during this tripedal support phase the body shifted

laterally over the stationary hoof in preparation for the following lateral bipedal support.
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After the tripedal support phase with two hind limbs and one forelimb, the body moved
medially in preparation for the following diagonal bipedal support phase. During the flat
walk, the three horses demonstrated a mediolateral shift over the hoof of 6 cm compared
to 4 cm in the fox trot in which diagonal bipedal support phases predominate with the
body more centered to maintain balance (Table 5.1). Further analysis of the body motion
relative to the limb segments using more appropriate marker placement on the horse’s

trunk would assist in substantiating these findings.

Differences between gaits for the carpal and fetlock adduction/abduction patterns
are also apparent during the swing phase with peak carpal and fetlock adduction
occurring during the flat walk swing phase and peak carpal and fetlock abduction during
the fox trot swing phase. As described earlier, mediolateral movements of the body
relative to the forelimb during stance cause adduction/abduction joint angular patterns
that are specific to the gait. As a consequence of these body movements, the flat walk
shows a decrease in abduction during breakover whereas the body motion of the fox trot
shows increased abduction during breakover. Due to the twisting of the joint at lift off
and the inactivity of the tendons and ligaments around the joints during early swing, the
flat walk continues the pattern of decreasing abduction that started during breakover and
the fox trot continues the pattern of increasing abduction. During late swing, when the
tendon and ligaments around the joint become active to prepare the distal limb for ground
contact, the direction of movement changes the abduction trends and in both gaits the
abduction angles revert back toward the standing angles. Measurements of muscular

activity and calculation of net joint moments and joint powers of the Missouri Fox Trotter
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would assist in supporting these explanations of the differences in swing phase
adduction/abduction patterns between the two gaits.

Gait Comparisons. Previous two-dimensional kinematic studies of the forelimb at
the walk (Hodson et al. 2000) measured a slower velocity (1.4 m/s) with a similar stride
duration (1.27 s) to the flat walk (1.170 + 0.06 s) and a longer stride duration than the fox
trot (0.631 + 0.027 s). Hodson et al. (2000) reported a somewhat shorter walking
forelimb stance duration at the walk (0.662 s) than the flat walk (0.77 + 0.06 s) and a
protraction/retraction range of motion (43.9°), which was less than either the flat walk
(57° + 3) or the fox trot (64° + 2). At the trot, Back et al. (1994) reported a higher
velocity (4.0 m/s) than the fox trot (3.17 + 0.03 s), which was achieved using a slightly
longer stride duration (0.67 s) with a shorter forelimb stance duration (0.27 s), and a
smaller range of protraction/retraction (44.3°). The likely explanation for this is that the
trotting horse utilizes the suspension phase, rather than the protraction/retraction range of
motion to increase velocity. As for hind limb temporal variables, the flat walk hind stance
duration (0.78 + 0.06 s) fell within the range measured for a slow (1.033 s) to fast
(0.383 s) walk (Nicodemus et al. 2000c), but the fox trot (0.32;: + 0.03 s) had a shorter
hind stance duration. However, Holmstrom ez al. (1994) measured a shorter hind stance
duration at the trot (0.22 s) than the 0.352 s measured for the fox trot.

The flat walk and fox trot were found to have different flexion/extension
characteristics than either the walk or trot. The fetlock flexion/extension range of motion
measured by Hodson ez al. (2000) in the walk (54°) was considerably smaller than the flat
walk (86°) and the fox trot (84°), but Holmstrom et al. (1994) measured a larger range in

the trot (92°). Back et al. (1994) found a larger range of flexion/extension at the carpus
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(91°) of trotting Dutch Warmbloods compared with the flat walk (72°) and fox trot (77°).
All of these gaits showed two distinct flexion peaks in the swing phase of the trotting

fetlock that were also detected in the flat walk and fox trot.

Compared with the walk the flat walk has faster velocity with shorter stride and
swing durations, but compared with the trot the flat walk has a slower speed with longer
stride and stance durations. The fox trot has a faster velocity than the walk with shorter
fore and hind stance and swing durations, but has a slower velocity than the trot with
longer fore and hind limb stance durations. The stride duration of the fox trot is shorter
than either the walk or trot giving a quicker stride rate. Compared with the walk and trot,
both the flat walk and the fox trot have greater protraction/retraction, fetlock
flexion/extension, carpal and fetlock adduction/abduction, and carpal and fetlock
internal/external rotation ranges of motion. In the kinematic study of Back et al. (1994),
trotting Dutch Warmbloods have a larger carpal flexion/extension range of motion than
either the flat walk or fox trot. However, Heleski (1991) found a smaller range of carpal
flexion/extension (76°) in trotting Arabians, which was similar to the ranges recorded in
this study for the flat walk and fox trot. Differences in carpal flexion/extension between
studies may be related to breed or gait. Galisteo ez al. (1996) studied Andalusians, which
are known to perform their gaits with much animation, and reported that the range of
carpal flexion/extension was 92°, which was greater than either the flat walk or fox trot,
while the fetlock range of motion in the Andalusians (84°) was similar to the flat walk
and fox trot. Overall, the gait differences found in comparing two-dimensional studies of
the walk and trot with this study demonstrate that the flat walk and fox trot are not only

distinct from each other, but also distinct from the walk and trot.
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Furthermore, comparisons between Heleski's three-dimensional data of the walk
and trot with the flat walk and fox trot also show differences between the gaits outside of
the sagittal plane. At the carpus, the adduction/abduction ranges of motion of the walk
(14°) and trot (18°) were similar to the flat walk (14°) and fox trot (16°), respectively. As
for the internal/external rotation, the trot (13°) was comparable to the fox trot (13°), but
the walk (9°) was quite different from the flat walk (29°). At the fetlock, the
adduction/abduction range of motion was smaller at the walk (7°) and trot (20°) than the
flat walk (24°) and fox trot (24°). Internal/external rotation at the walk (9°) and trot (13°)
were also smaller than for the fox walk (25°) and fox trot (32°). Comparing all the joint
motions measured by Heleski (1991) with those measured in this study, the greatest
differences were found not in sagittal plane motion, but in the measurements outside of
sagittal plane. Therefore, it is concluded that further studies on the gaits of gaited horses

need to apply three-dimensional analysis using a JCS to distinguish between their gaits.

In conclusion, in comparison to walk and trot, the flat walk and fox trot have
distinct gait characteristics, particularly in the range of joint motion. The flat walk and
fox trot show distinct similarities in the temporal variables and joint angular patterns and
magnitudes. The main differences found between the two gaits were seen in the motion
outside of the sagittal plane with significant differences in peak values of carpal external
rotation and differences in the timing of the carpal abduction peak and the fetlock
adduction/abduction peaks. Therefore, the Missouri Fox Trotter demonstrates similar
ranges of joint motion between it’s two gaits, especially in the terms of flexion/extension
range of motion. Differences between the gaits affected the timing rather than the

magnitude of the peaks.
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CHAPTER VI

CONCLUSIONS

"And God took a handful of the West Wind and created the horse..."
-The Koran

From a "handful of wind" to the superb athlete seen today, the anatomy of the
horse has evolved in order to survive in a changing environment and through these
changes the horse, at the same time, has become more suitable to man's needs. The fox-
sized eohippus dating back 55 million years has adapted over time into the modern-day's
athletically efficient horse (Harris 1993). Some of the evolutionary changes in the equine
anatomy were directed toward locomotor efficiency, a characteristic that was necessary to
outrun predators. One such adaptation involved restricting the range of motion of the
joints distal to the shoulder and hip so the movements of the distal limb are primarily
those of flexion and extension in the sagittal plane. Planar motion of the limb is
energetically efficient (Budiansky 1997).

The scientific study of equine locomotion has exploded during the past 20 years
as a result of the availability of more powerful computers, which are needed to process
the vast amounts of numerical data. The initial studies were two-dimensional analyses in
the sagittal plane, which described flexion and extension of the joints, but neglected the
relatively small amounts of adduction/abduction and internal/external rotation. More
recently, interest in three-dimensional analysis has increased and the availability of more
powerful computers has facilitated these complex analyses. Human kinematic analyses

paved the way with the establishment of joint coordinate systems for the human knee and
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ankle (Grood and Suntay 1983; Soutas-Little ez al. 1987). In 1991, Heleski applied this
technique to the horse, and her results showed that even in the athletically efficient limbs
of the horse there were detectable amounts of adduction/abduction and internal/external
rotation. The presence of joint motion outside of the sagittal plane raised the question of
its importance in relation to the performance of different gaits and athletic activities.

The limitation of Heleski's (1991) equine three-dimensional study was that it
encountered noise due to displacement between the strap used to anchor the tracking
markers to the skin and visual loss of tracking markers in one of the camera views. In
vitro studies have corrected for these problems by using bone pins (Degueurce et al.
2000; Chateau et al. 2000), but none of these studies has offered an opportunity to

measure three-dimensional equine motion without disturbing the horse's natural gait.

Chapter Summaries

Experiment I. In this research program, the development of a virtual marker
technique overcame the problems that Heleski (1991) encountered. The benefits of this
new technique were particularly obvious in the repeatability of measurements from stride
to stride, which resulted in consistent patterns and amplitudes from stride to stride in the
flexion/extension and adduction/abduction angles for both the carpal and fetlock joints.
The fact internal/external rotation showed relatively large variability even when using the
virtual marker technique may be related to the fact that this joint motion is the last in the
series of calculations so it is more sensitive to any noise due to factors such as skin
displacement. Human studies have found that internal/external rotation is highly effected

by skin displacement showing oscillations of + 1° (Cappozzo 1991). Skin displacement
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algorithms were not applied in this dissertation since only 2-D algorithms are available
and application of these algorithms to a 3-D model may create unforeseen error.
Furthermore, human three-dimensional analysis has described variations in the magnitude
of the internal/external rotation due to imbalances in or instability of the step (Mann
1980). The same may be true in horses. Indeed hoof imbalances induced by adding
lateral or medial wedges were associated with increases in fetlock adduction/abduction
and axial rotation in an in vitro model under vertical loading (Chateau ez al. 2000).
Further studies of hoof imbalances in live horses, which induce abnormal shear forces,
may show even greater three-dimensional joint motion, and perhaps more variability
from one stride to the next. Greater three-dimensional equine joint motion is also likely
to be evident with imbalances due to surface irregularities. However, the earlier equine
three-dimensional studies (Heleski 1991) and the results presented in the third chapter of
this dissertation, have shown that internal/external rotation is small for the walk in
comparison to the range of flexion/extension and adduction/abduction.

The walk of the non-gaited horse measured in this study had smaller ranges of
joint motion than the other gaits measured in this dissertation and similar ranges to those
reported in earlier three-dimensional studies (Heleski 1991) except for carpal
adduction/abduction. The horse measured in this study was an older pleasure horse.
Analysis of other non-gaited horses trained to move with more animation, such as Park
horses, may show larger ranges of motion. Another consideration is that horses may
show an age-related increase in adduction as noted in human subjects (Chao er al. 1983),
or adduction/abduction may be affected by hoof/shoe angle. Back et al. (2000) found that

increasing the lateral angle of the hoof was associated with increased adduction of the
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stifle joint and increased abduction of the tarsal and hind fetlock joints during the stance
phase. Further research using a larger sample population would give insight into the
effect of these variables on adduction/abduction.

Experiment II. Multi-planar analysis (MPA) measures flexion/extension and
adduction/abduction. This technique is less time consuming and the joint calculations are
less complex than using a joint coordinate system (JCS) to measure joint motions out-of-
the sagittal plane making MPA more applicable to a clinical environment. Earlier studies
(Herring et al. 1992; Back et al. 2000) have applied MPA to measure sagittal and frontal
plane kinematics during the stance phase. An obvious limitation to MPA is that axial
rotation can not be measured. For years, equine gait analysis has neglected measurement
of axial rotation because the anatomy of the horse has evolved to primarily move in the
sagittal plane. However, even in a visual evaluation of normal equine locomotion some
axial rotation can be detected, but this motion can not be measured with MPA. One of
the questions to consider is whether it is important to measure small amounts of axial
rotation, especially in the Peruvian Paso, which is noted for "termino," an outward
paddling motion of the forelimb originating from the shoulder. Furthermore, how does
neglecting axial rotation effect the flexion/extension and adduction/abduction
measurements using MPA? In studies of running humans, Soutas-Little ez al. (1987)
compared ankle joint kinematics measured using a JCS and MPA. The results showed
large differences between the adduction/abduction angles measured by the two
techniques. In this study, not only were the JCS and MPA measurements of a walking
Peruvian Paso compared, but the reasons for the differences were explored in terms of

joint, segmental, and axes orientations. It was concluded that when the horse moved
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along the plane of calibration or corrections were made for the angle of travel,
flexion/extension angles were similar between MPA and JCS. In comparing
adduction/abduction angles for JCS and MPA, differences were found between the two
techniques for both the carpus and fetlock with the largest differences occurring during
the swing phase when the joints are actively externally rotating. Visually, the
relationship between axial rotation and the MPA adduction/abduction error can be seen
on Figure 6.1 when axial rotation is not accounted for it is interpreted as adduction/
abduction in the frontal plane. Therefore, we may simply conclude that in horses known
to demonstrate large amounts of rotation, such as the Peruvian Paso, MPA measurements
are skewed. However, the extent of MPA adduction/abduction error is not limited to the
Peruvian Paso or other horses with large amounts of axial rotation of the limbs. In fact,
MPA adduction/abduction error is created by a combination of factors that includes axial
rotation, though peak error does not coincide with peak axial rotation. For the carpal
joint, peak difference between JCS and MPA adduction/abduction measurements
occurred when the radius was vertical with the ground and the proximal and distal aspects
of the bone were aligned. At this point, the carpus was ﬂexeci and the joint was slightly
externally rotated. When the proximal segment of a joint is oriented as described for the
radius, then adduction/abduction error is a function of flexion and axial rotation. When
either flexion or axial rotation increases, the MPA adduction/abduction error increases
and this relationship is calculated using the steps described in Appendix B. As for the
fetlock, during the period of peak difference between the adduction/abduction measured
by the JCS and MPA, the pastern segment was either flexed to the horizontal so that the

bone was viewed in the frontal plane along it’s long axis or the pastern segment was
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rotated beyond the horizontal so that it was hidden behind the metacarpus. At the same
time, the proximal and distal ends of the pastern segment were aligned horizontally.

With this bination of 1 ori i any axial ion causes adduction/

abduction error in that MPA misinterprets the rotation as adduction/ abduction.

® "U}lrealv
Abduction|

No Axial
Rotation *External
Rotation

Figure 6.1. Frontal view measurements of the horse’s forelimb are skewed due to
external rotation of the antebrachium creating an abduction angle that is not real.
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Another flaw in MPA is that it’s axes do not move dynamically with the joint
motion so that if the horse does not move parallel with the plane of calibration or if it has
conformational or tracking abnormalities, such as knock-knees or paddling, the axes will
not adjust for these changes creating errors in all three joint motion measurements. In
this study, the horse’s angle of travel was transformed so that it was aligned with the
calibration frame. Consequently, only slight differences between the JCS and MPA
flexion/extension measurements were found. When using the JCS, the adduction/
abduction axis moves dynamically with the other axes demonstrating the coupling of
joint motions. MPA adduction/abduction is measured around a stationary axis so that
coupling of joint motions and particularly internal/external rotation is neglected.
Therefore, MPA does not address the effect of axial rotation on adduction/abduction, nor
can it assess the coupling of joint motions. It is concluded that when using MPA the
horse’s angle of travel must be aligned with the plane of calibration to measure
flexion/extension and that measurements outside of the sagittal plane should be done
using a JCS.

The description of the joint motion of the Peruvian Paso was based on a single
horse in order to limit variability due to individual styles of movement and
conformational differences. Further studies utilizing larger sample populations should be
conducted to better describe the joint motion of the termino. However, the Peruvian Paso
joint motion measured in this study is briefly described in chapter four (Experiment II)
because it is the first scientific description of the kinematics of the Peruvian Paso. The
stance kinematics reflected the horse’s standing conformation. The carpus was extended,

abducted, and internally rotated during stance until breakover where it started to flex,
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increase abduction, and externally rotate. These movements continued until late swing
when the carpus extended, decreased abduction, and rotated internally. The fetlock was
extended and adducted during stance with a small peak of external rotation in mid stance.
The fetlock reaches peak extension just before breakover, then began to flex, abduct, and
internally rotate during breakover. In early swing, the fetlock reached peak flexion,
abduction, and external rotation, then began to extend, adduct, and internally rotate
throughout the rest of the stride. For both joints, Fhe majority of joint motion outside of
the sagittal plane occurred during the swing phase, which is when the horse exhibits
termino.

Limited generalization of the motion of the termino can be made from this single
subject. Preliminary analysis of other Peruvian Pasos not used in this dissertation showed
that intra-horse variability is small whereas inter-horse variability is larger, particularly
with regard to axial rotation, which represents different degrees of animation of the
termino. In the human comparison study of JCS and MPA measurements of the ankle
(Soutas-Little et al. 1987), two runners were measured, but the subjects’ measurements
were not combined since their style of running created differences in the patterns of joint
motion, especially during breakover and early swing. The horse measured in chapter four
was an older pleasure Peruvian Paso. Other Peruvian Pasos measured, but not reported in
this dissertation, included a nationally competitive show horse and a young, pleasure
horse. The younger horse demonstrated less axial rotation, smaller protraction/retraction
angles, and shorter stride, stance and swing durations than the show horse. All of these
horses were barefoot and similarly trimmed so that in this preliminary analysis shoeing

and trimming were not confounding variables. In addition to the collection of more data
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describing normal Peruvian Paso joint motion, further research into the effects of training
and shoeing are needed. Back ez al. (1995) found significant differences in the temporal
characteristics of the trot stride in young, Dutch Warmbloods after 70 days in training.
Similar results may be seen in the Peruvian Paso. Motion outside of the sagittal plane
may increase with training, especially in regards to the termino. The effect of medial and
lateral wedges on stance phase frontal plane motion of the stifle, tarsus, and hind fetlock
of Shetland ponies found that increased adduction/abduction coincided with the
application of the wedges (Back ez al. 2000). Research on the relationship of shoeing and
the three-dimensional joint motion of the termino may find similar results.

Experiment I11. In chapter five, the technique of three-dimensional analysis using
a JCS was applied to the forelimb of Missouri Fox Trotters to measure the carpal and
fetlock joint motion of the flat walk and the fox trot. The fox trot has been described as a
gait in which the horse appears to walk with the forelimbs and trot with the hind limbs
(Imus 1995). By changing the coordination patterns of the fore and hind limbs, the
Missouri Fox Trotter can produce characteristics of the walk in the forelimbs and the trot
in the hind limbs. However, the hind limbs during the fox trot do not have a suspension
phase like the trot, but instead, have a period of overlap between the hind limb stance
phases (Clayton and Bradbury 1995). Clayton and Bradbury (1995) defined the fox trot
according to measured temporal characteristics as a fast, lateral sequence, diagonal
couplets walk.

In chapter five (Experiment III) temporal comparisons between the flat walk and
fox trot showed that the fox trot has a faster velocity, which is the result of a shorter

stride duration due to reduced stance and swing durations, while stride length does not
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change. By changing the footfall timing of the flat walk, the Missouri Fox Trotter was
able to create another four-beat stepping gait with its own unique characteristics, the fox
trot. In the sport of dressage, horses are required to maintain the tempo and rhythm of the
walk during manipulations between collected and extended walk. However, it has been
shown that dressage horses often demonstrate an irregular rhythm with lateral couplets at
the extended walk (Clayton 1995). Lateral couplets are also a characteristic of the
running walk, a gait performed by some gaited horse breeds. Perhaps this shared gait
adaptation between the dressage extended walk and the four-beat non-walking stepping
gaits allow horses to perform the walk at a faster velocity without changing to a leaping
gait. Gait adaptations will be discussed later in more detail.

The walk of the Missouri Fox Trotter demonstrates a relatively long stance
duration and breakover during which the carpus shows a greater range of internal/external
rotation and the same fetlock adduction/abduction range. In comparison, the fox trot
demonstrated greater or similar ranges of joint motion except for carpal internal/external
rotation, while the horse was rapidly picking up and placing down its hooves at a more
rapid rate, but with a similar stride length. These gait characteristics of the fox trot were
associated with higher vertical forces, which result in more extension of the fetlock as the
joints absorb the forces during stance. Preliminary analysis of ground reaction forces
collected during the Missouri Fox Trotter trials show a slightly higher vertical ground
reaction force at the fox trot than the flat walk, which may be the reason for the slightly
larger fetlock extension found in the fox trot. With a shorter period of breakover during
the fox trot, fetlock flexion is more rapid than in the flat walk. Interestingly, the fetlock

extension profile during stance of the flat walk resembles a normal fetlock trotting
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profile, which may explain why the differences between the vertical ground reaction
forces are not as large as seen between the walk and trot. Larger differences were found
between the mediolateral ground reaction forces of the flat walk and fox trot, which may
be associated with the differences in patterns and amplitudes of adduction/abduction and
axial rotation. Further kinetic analysis of the Missouri Fox Trotter will assist in
explaining the similarities and differences of the flat walk and fox trot.

For both the carpal and fetlock joints, the flat walk and fox trot show similar
ranges of motion, but there are differences in the adduction/abduction patterns. As
described in chapter five, these differences may be explained by the shifting of the horse's
body over the supporting limb and adjustments in the weight shifts between gaits. In the
fox trot, the horse spends most of stance in a diagonal bipedal support phase, similar to
the trot, and spends less time in a tripedal support phase unlike the flat walk.

Therefore, the body has less time to rotate over the limb so the horse lifts up and
over the body instead of a mediolateral shift increasing vertical excursions of the croup
that reaches peak y displacement during swing and decreasing mediolateral range of
motion of the elbow relative to the hoof during stance. This may be an adaptation for
shortening the time taken to rotate over the limb. During breakover, when the body is
shifting from a tripedal to diagonal bipedal support and preparing for lift off of the
forelimb, is when the largest shift in carpal internal rotation and fetlock abduction are
measured. During a diagonal bipedal support phase the weight of the body is more
centralized where as the weight of the body in a tripedal support phase is offset toward
the side that has two limbs on the ground. The longer period of tripedal support during

the flat walk means the weight of the body is more offset throughout the stride.
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Therefore, the differences in limb support and how the body moves over the limb, such as
the longer period of rotation of the body over the limb during the flat walk compared to
the increased vertical excursions and decreased mediolateral limb motion during the fox
trot, may explain differences in adduction/abduction patterns. This adaptation to rapidly
move the body over the limb during the fox trot is also apparent in the rapid flexing of the
fetlock during the breakover as seen in a trotting flexion/extension profile.

In comparing the flat walk to the fox trot, while exhibiting some similarities, both
have unique gait characteristics, particularly in the three-dimensional joint angular
motion. Therefore, using the ranges measured in earlier two-dimensional kinematics of
the walk of non-gaited horses for determining abnormalities in the Missouri Fox Trotter
would be limiting even with the flat walk. In fact, the flat walk demonstrated a larger
range of motion, except for carpal adduction/abduction, than what was measured for the
walk of the non-gaited horse in chapter three. On the other hand, differences between the
walk of the Missouri Fox Trotter compared to the fox trot were small apart from the few
exceptions discussed earlier, which may be useful in the detection and treatment of
lameness. These conclusions emphasize the importance of knowing the normal ranges of
motion for the gaits of the gaited horses in order to distinguish normal and pathological

motion patterns.

Gait Adaptations
Measuring only sagittal plane kinematics is not the whole story of the gait. In
some gaits such as the walk, the internal/external rotation may be small, but neglecting

the influence of internal/external rotation can distort the other measurements. In the gaits
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performed by gaited horse breeds, out-of-sagittal plane joint motion is a significant
characteristic of the gait that may help to explain how these horses are able to use
stepping gaits at faster velocities while non-gaited horses switch to the trot. Although
this dissertation only studied a few gaits for a few breeds, each gait demonstrated unique
characteristics that may be described as adaptations. The following section describes
some theories regarding the origins of these adaptations.

Limb interference has been identified as a cue to the horse to make a transition to
another gait (Hildebrand 1978). The larger ranges of flexion/extension, adduction/
abduction, and internal/external rotational motion in the Missouri Fox Trotter may allow
these horses to avoid interference between limbs and to continue using stepping gaits at
faster velocities. Since only forelimb kinematics were measured, the relationship
between hoof placements and interference could not be determined. Future studies
measuring the over-tracking distances and arcs of the distal (hoof) limb movement in the
different planes relative to the position of the hoof that is in stance will assist in
determining the presence of interference. This would be particularly important for the
Tennessee Walking Horse, which is known for having a large amount of over-tracking
with the hind limbs (Imus 1995).

Gaited horses may be able to perform their gaits with this greater range of motion
due to anatomy, training, and/or shoeing. Shoeing studies have shown that the
application of medial/lateral hoof wedges increase the out-of-sagittal plane motion in the
stifle, tarsus, and fore and hind fetlocks (Back et al. 2000; Chateau et al. 2000). The
subjects used in this study had no special training or shoeing, but were described to have

selective breeding. This breeding may have resulted in the inheritance of certain
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conformational traits needed to perform these gaits. Slade (1993) found particular
conformation correlated well with the quality of the performance of the running walk in
several gaited breeds. Similar studies on conformation of the Peruvian Paso and Missouri
Fox Trotter may lead to similar results.

At faster velocities the horse's limbs are subjected to increased vertical ground
reaction forces (Khumsap e al. in press), and increased forces have also been shown to
act as a cue for the horse to switch gaits (Rubin and Lanyon 1982). Horses increase the
flexion/extension of the joints to absorb increased ground reaction forces (Leach 1990).
Preliminary analysis of the Missouri Fox Trotter ground reaction forces found higher
mediolateral ground reaction forces in the fox trot than the flat walk, which suggests that
the increased out-of-sagittal plane motion helps to absorb the out-of-sagittal plane ground
reaction forces. Therefore, the larger range of joint motion outside of the sagittal plane,
may allow the gaited horse to absorb the additional out-of-sagittal plane ground reaction
forces producing stepping gaits at faster speeds without being cued to switch to a leaping
gait. Understanding of the relationship of the mediolateral ground reaction forces and
joint motion outside of the sagittal plane will need to entail further analysis of the kinetics
and net joint moments and joint powers.

Impulse is the amount of force applied over a period of time, such as a stance
phase. If stance duration decreases, the force must increase to maintain the impulse.
Studies of non-gaited horses (Khumsap et al. in press) have shown that as walking
velocity increases, the hind limbs are subjected to significantly higher vertical ground
reaction forces distributed over a shorter stance duration. Conversely, lame horses often

use an increased stance duration as a means of reducing the peak forces by distributing
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the force on the lame limb over a longer period of time (Keegan ez al. 2000). Therefore,
the longer stance duration of the fox trot compared to that reported in the trot (Back ez al.
1994) may decrease the peak vertical ground reaction forces, thus delaying the cue to
switch gaits.

The gaits of the gaited horse are described as being efficient (Imus 1995), and this
is important because energy expenditure has been described as another cue to the horse to
switch gaits (Hoyt and Taylor 1981). In competitive human race walkers, as speed
approaches the upper limit for the walk, efficiency decreases until the walker breaks into
a run by adding a suspension phase. This results in an increase in gait efficiency
(Cavagna and Franzetti 1981). Therefore, it must be questioned whether the faster
stepping gaits of the gaited horse are truly energetically efficient. Although gait
efficiency was not measured in this study, some speculations can be made as to how the
locomotor adaptations of the gaited horse adjust for gait efficiency. As the human
competitive race walker increases speed, the flexion/extension of the joints increases to
take advantage of the elastic properties of the muscles, ligaments, and tendons. This
increased flexion/extension allows for greater storage and release of elastic energy
(Cavagna et al. 1976). By increasing the fetlock extension of the fox trot during the
stance phase, the Missouri Fox Trotter may also be utilizing this elastic property to help
conserve energy. By preserving gait efficiency, the gaited horse can continue stepping
through the gait at faster speeds without adding a suspension phase.

The amount of out-of-sagittal plane motion during stance may also be important
to energy conservation through utilization of the elastic properties of the muscles,

ligaments, and tendons responsible for movement. However, the amount of energy
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conservation is limited due to the small amounts of muscles, ligaments, and tendons
stretching as a consequence of adduction/abduction and internal/external rotation.
Generally, elastic energy storage and release is thought to be more effective in leaping
gaits. Wickler (2000) has studied the gait efficiency of the walk and trot and has made
some observations on the gaits of gaited horses. From preliminary data, the non-walking
stepping gaits were concluded to be inefficient, which suggests other factors such as
training and environment have a greater influence on performance of these gaits than
energy expenditure.

The large amount of out-of-sagittal plane motion in the gaited horse may be
disadvantageous to structural soundness. This additional movement of the joints may be
considered to contribute to instability of the joint, which may make the production of
leaping gaits more difficult and uncomfortable for the horse. Due to the historically
small numbers of gaited breeds, clinical histories are limited. Gaited horse owners have
described suspensory ligament problems with the Peruvian Paso and hip dysplasia with
the Tennessee Walking Horse. It is not known how much heredity and environment
contribute to these problems. Evaluation of the anatomical structures of the limb joints
and histories of joint problcm§ specific to the breeds may give further insight into
anatomical problems associated with these breeds and disadvantages of these gaits.

If gait efficiency is not a driving factor for production of the non-walking
stepping gaits, external conditions may also be influential in gait production. A study of
the effects of incline (Wickler ez al. 1999) and added back weight (Wickler ez al. 2000)
on gait speed selection showed that a 10% incline was associated with a decrease in

preferred speed of 0.31 m/s, whereas carrying extra weight equivalent to increasing body

113



weight by 18.5% was associated with a decrease in preferred speed of 0.16 m/s. A 10%
increase in body weight and a 3.5% increase in treadmill incline increased stride
frequency (Barrey et al. 1993). Along with being described as a mechanism for
decreasing muscle stress (Wickler ez al. 1999), these gait adaptations have been attributed
to a fear of loss of balance (Zatisiorky 1994). Pat Parelli, a nationally recognized horse
trainer, finds training a horse to lie down on cue is the most difficult maneuver to teach
because of their instinctive fear of losing balance (Parelli 2000). This fear motivates the
horse to make adaptations in their body stance so that they will always be balanced
enough to flee from predators. By adding weight to their backs or inclining the terrain,
the horse's balance is shifted and they must make adaptations to their stance and their gait
to maintain balance. Dressage horses performing the half pirouette at the walk adapted
for the loss of balance due to dynamic instability by adjusting the footfalls and support
sequences creating an irregular walking rhythm with a longer hind stance and tripedal
support (Hodson ez al. 1999). The prolongation of hind stance led to increased overlap
with the increased number of hooves on the ground giving a larger base of support. At
slower walking velocities (0.96 m/s) horses increase their overlap and base of support by
having a longer fore (1050 ms) and hind (1033 ms) stance durations and tripedal support
(83% of stride duration). With increased velocity (2.89 m/s), the fore (367 ms) and hind
(383 ms) stance durations and tripedal support (17% of stride duration) decreased
(Nicodemus et al. 2000c). The North American Single-Footing Horse performing the
road gait, a non-walking stepping gait with a regular rhythm, replaced the tripedal
support phase of the walk with a single support phase that made up 41% of the stride

(Nicodemus et al. 2000b). The horse relied more on the dynamic stability of the gait than
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the overlap and the number of hooves on the ground to maintain balance. When looking
back at the history of the breeds studied in this dissertation, the Missouri Fox Trotter and
Peruvian Paso, these breeds were established to move over rugged terrain usually
carrying heavy loads (Imus 1995). These horses were selected and bred to be able to
adapt to these conditions without losing their balance, and so through time, the gaits that
were suited for these conditions were established into the breeds.

This balance is maintained through the longer stance duration, comparative to the
trot as discussed earlier, and the presence of tn’pedal support phases during the gait. The
longer period of diagonal bipedal support of the fox trot (Clayton and Bradbury 1995)
also maintains balance during locomotion because the line of support runs close to the
horse's center of gravity (Hodson er al. 1998). These gait adaptations are necessary to
maintain balance over uneven terrain.

Most of the studies on animal adaptations for balance have utilized deccerebrate
cats in which the stepping patterns are adapted in accordance with changes in the nature
of ground support (Yanagihara et al. 1993). Adjustment of limb patterns in an attempt to
achieve dynamic stability is a learning process, especially in more complex adaptations.
It involves several structures of the body including the head, vertebrae, and limbs.
Studies of postural adjustment of cats with forelimb movement determined two patterns.
A diagonal bipedal limb support initially was detected as a forelimb of the cat was
moved. This limb support phase represented the least displacement of the center of
gravity. After several trials, cats made a postural adjustment by shifting the head to the
opposite forelimb and leaving three instead of two limbs on the ground (Bush and Clarac

1985). Although a learned process, it was more stable because the vertebral column
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flexed laterally, which shifted the center of gravity to the center of the triangle formed by
the three supporting limbs. Similar adaptations may be used by the gaited horses in the
non-walking stepping gaits with complex postural adjustments being learned through
adjusting the head, vertebrae, and limbs to find the most stable position.

This adaptation for increased stability may have been learned for survival in
rugged terrain in breeds including the Missouri Fox Trotter and Peruvian Paso that
originated from such an environment. This postural adaptation is seen in the Missouri
Fox Trotter as each hind limb hits the ground the head shifts toward the single forelimb
already on the ground (Nicodemus ez al. 2000a). This action shifts to the center of the
horse into the triangular base of support comprised of one fore and two hind hooves.

This adjustment of the head and vertebrae is also an adaptation seen in equine forelimb
lameness (Peloso et al. 1993), which further demonstrates the highly adaptive ability of
the horse. Although terrain may not be a factor for gait adaptation for the modemn
Missouri Fox Trotter or Peruvian Paso, human interaction through training may remain as
the driving force in encouraging these horses to make these adaptations, as seen in the
temporal variables and three-dimensional joint motion, to prociuce the non-walking

stepping gaits.

Recommendation for Future Studies

The application of three-dimensional analysis is necessary for quantifying such
gait adaptations as out-of-sagittal plane joint motion. Furthermore, since multi-planar
analysis was found inaccurate for measuring adduction/abduction and did not measure

internal/external rotation, a joint coordinate system using the virtual marker methodology
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is more suitable for the comprehensive and accurate measurement of joint motion. In all
three experiments described in this dissertation, out-of-sagittal plane joint motion was
detected and for each gait the pattern of joint motion was quite unique. For example,
even in the walk of each of the three breeds in this dissertation showed different joint
patterns and amplitudes of motion. The ability to measure movements outside of the
sagittal plane is important in the complete understanding of the locomotion of the gaited
horse. Furthermore, as seen in chapter three (Experiment I), even in the non-gaited horse
joint motion outside of the sagittal plane is evident so that the non-gaited horse would
benefit from three-dimensional analysis. Interestingly, the non-gaited horse
demonstrated the largest range of carpal adduction/abduction measured in this
dissertation and showed more adduction/abduction than earlier measurements of the non-
gaited horse's walk (Heleski 1991). The differences in carpal adduction/abduction may be
related to such factors as age and should be further investigated. Although adduction/
abduction differences between horses could be measured using MPA, in chapter four
(Experiment II) this technique was found to create error that is a function of flexion and
axial rotation in frontal plane measurements. The axial rotation measured for the walk of
the non-gaited horse is small, but as determined in chapter four any amount of this
rotation will create adduction/abduction error using MPA. Therefore, further three-
dimensional analysis studies of both gaited and non-gaited horses should include the use
of aJCS.

In the Missouri Fox Trotter, the flat walk and fox trot demonstrated similar
patterns of joint motion, especially in the sagittal plane, which may explain why the fox

trot is described as the horse walking on the forelimbs. Both gaits demonstrated similar
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stride length and similar motion characteristics in that during stance the carpus extended,
abducted, and externally rotated and the fetlock extended, and during swing the carpus
flexed and internally rotated and the fetlock flexed and externally rotated. At the fox trot,
an increase in velocity was associated with decreases in stride duration, fore and hind
limb stance durations and tripedal limb support, while diagonal bipedal support
increased. These changes in temporal characteristics from the flat walk to the fox trot
coincide with kinematic differences in that the fetlock adduction/abduction pattern is
flipped so that peak values of adduction/abduction occur at different phases of the stride
and the carpus demonstrates a peak of abduction during swing. The fetlock extension
peak occurred later in the stance phase for the fox trot than the flat walk, after which the
fetlock began to flex rapidly during breakover and early swing. At the same time there
was a change from tripedal support to diagonal bipedal support. These kinematic
changes in joint motion patterns gave the appearance that the horse was walking on the
forelimbs. Further analysis of the fox trotting hind limbs may find joint motion similar to
a trot as indicated by the increase in vertical excursions of the croup during the fox trot.
Differences such as the adduction/abduction patterns between gaits give insight into the
joint mechanics for performing the two gaits, but further research on the muscle
contribution and the effects of external conditions would give greater insight into the
gaits of the Missouri Fox Trotter. Kinematics of other non-walking stepping gaits should
be measured including further research on the Peruvian Paso. Research conceming the
gaits of the gaited horse are important as the gaited horse population in the United States
is growing rapidly. The number of veterinarians that are knowledgeable of these gaits is

limited so that this research can assist in objectively describing the gaits and be a tool for
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lameness and treatment evaluations. As seen in the flat walk and fox trot, the differences
between gaits may be small, but these differences may prove to be important in assessing
the quality of the gait or in the detection of lameness.

In all gaits, particularly those of the gaited horse in which gait adaptations are
made so that the horse can continue the stepping gait at faster speeds, the application of
three-dimensional analysis using a JCS is necessary for a complete picture of the gaits
and these adaptations. With these special gait characteristics may come unique problems
concerning both the health and the performance of the gaited horse that can only be fully
addressed through analysis of motion outside of the sagittal plane. However, after
finding measurable amounts of out-of-sagittal plane motion in the non-gaited walk and
determining that differences in adduction/abduction measurements may be related to such
factors as age, training and shoeing, it is the recommendation of this researcher that three-
dimensional analysis should not exclude the non-gaited horse. Three-dimensional
analysis using a JCS is recommended since MPA is restrictive due to corrections for the
horse's angle of travel for flexion/extension measurements is needed, frontal plane
measurements are skewed, and axial rotation can not be measured. Nevertheless, through
these experiments it has come to the attention of this researcher that the following aspects
of the JCS technique need to be further improved including the development of 3-D
correction algorithms for skin displacement that encompass many different gaits and
breeds and development of computer programs to facilitate tracking and processing three-
dimensional data. As for the clinical application of a JCS, along with determining the
ranges of normal joint motion of various gaits, it is necessary to develop graphing

programs to assist in the visualization of three-dimensional motion. The JCS
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methodology presented in this dissertation offers an opportunity to gain a more complete
understanding of joint motion, which is important in differentiating between the non-

walking stepping gaits of gaited horses for both clinical and performance applications.

Final Conclusions

The aim of this disscrtati.:)n was to contribute to the discipline of equine
biomechanics by developing a methodology for quantifying the locomotion of the gaited
horse. A virtual marker methodology to facilitate three-dimensional analysis using a JCS
was developed for the carpal and fetlock joints. The virtual marker methodology was
found to be feasible and practical for three-dimensional analysis and the carpal and
fetlock joint angles were repeatable over several strides. Comparisons were made
between flexion/extension and adduction/abduction measurements using a JCS and MPA.
The results showed that MPA was acceptable for flexion/extension measurements if the
horse was moving parallel to the plane of calibration. Adduction/abduction error was
found with MPA that contributed to axial rotations and segmental orientations along with
differences in the JCS and MPA adduction/abduction axes. Three-dimensional analysis
using a JCS was applied to the carpus and fetlock of the Missouri Fox Trotter during the
flat walk and fox trot. Although stride length and carpal and fetlock ranges of motion ‘
were similar, velocity, stride and stance durations, diagona.l step dufation, carpal external
rotation peaks, and carpal and fetlock adduction/abduction patterns were different
between the gaits. Further application of a JCS using the virtual marker methodology as

described in this dissertation is recommended for the continued development of the

understanding of the gaits of the gaited horse.
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APPENDIX A: EXPERIMENT I
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Figure A.1. JCS carpal flexion (-)/ extension (+) angles (°) measured for Peruvian
walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.2. MPA carpal flexion (-)/ extension (+) angles (°) measured for Peruvian
walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.3. JCS carpal adduction (-)/ abduction (+) angles (°) measured for Peruvian
walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.4. MPA carpal adduction (-)/ abduction (+) angles (°) measured for Peruvian
walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.5. JCS carpal internal (-)/ external (+) rotation angles (°) measured for
Peruvian walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.6. Carpal absolute difference between JCS and MPA adduction (-)/

abduction (+) angles (°) measured for Peruvian walking trial 1 (black line), 2 (dark gray
line), and 3 (light gray line).
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Figure A.7. JCS fetlock flexion (-)/ extension (+) angles (°) measured for Peruvian
walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.8. MPA fetlock flexion (-)/ extension (+) angles (°) measured for Peruvian
walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.9. JCS fetlock adduction (-)/ abduction (+) angles (°) measured for
Peruvian walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.10. MPA fetlock adduction (-)/ abduction (+) angles (°) measured for
Peruvian walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.11. JCS fetlock internal (-)/ external (+) rotation angles (°) measured for
Peruvian walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.12. Fetlock absolute difference between JCS and MPA adduction (-)/

abduction (+) angles (°) measured for Peruvian walking trial 1 (black line), 2
(dark gray line), and 3 (light gray line).

127



<— Stance Phase —»[€¢—Swing Phase —»

Angle (°)

0 20 40 60 80 100
Stride (%)

Figure A.13. Radius segmental flexion (-)/ extension (+) angles (°) measured for
Peruvian walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.14. Metacarpal segmental flexion (-)/ extension (+) angles (°) measured
for Peruvian walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.15. Pastern segmental flexion (-)/ extension (+) angles (°) measured for
Peruvian walking trial 1 (black line), 2 (dark gray line), and 3 (light gray line).
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Figure A.16. Differences (cm) between the z-coordinates of the proximal and distal
markers of the radius segment during Peruvian walking trial 1 (black line), 2 (dark
gray line), and 3 (light gray line).
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Figure A.17. Differences (cm) between the z-coordinates of the proximal and distal

markers of the metacarpal segment during Peruvian walking trial 1 (black line), 2
(dark gray line), and 3 (light gray line).
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Figure A.18. Differences (cm) between the z-coordinates of the proximal and
distal markers of the pastern segment during Peruvian walking trial 1 (black line),
2 (dark gray line), and 3 (light gray line).

130



<— Stance Phase —»|€¢—Swing Phase —p
40
20 A
<
@
F;
< O L T T
-20

0 20 40 60 80 100
Stride (%)

Figure A.19. Angles (°) measured between the JCS carpal flexion/extension axes
and the GCS z-axis for Peruvian walking trial 1 (black line), 2 (dark gray line),
and 3 (light gray line).

<— Stance Phase —>|4—Swing Phase —»

60
'S 40
@
)
=
< 70 -

O v L J L L8

0 20 40 60 80 100

Stride (%)

Figure A.20. Angles (°) measured between the JCS carpal adduction/abduction
axes and the GCS x-axis for Peruvian walking trial 1 (black line), 2 (dark gray
line), and 3 (light gray line).
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Figure A.21. Angles (°) measured between the JCS fetlock flexion/extension axes

and the GCS z-axis for Peruvian walking trial 1 (black line), 2 (dark gray line), and
3 (light gray line).
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Figure A.22. Angles (°) measured between the JCS fetlock adduction/abduction axis

and the GCS x-axis for Peruvian walking trial 1 (black line), 2 (dark gray line), and 3
(light gray line).
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APPENDIX B: EXPERIMENT II (DERIVATION)

Adduction/Abduction Error Derivation Steps. The following illustrates and describes the
derivation of the 3-D surface graph (Figure 4.16). The illustration shows the angle and
orientation of two lines viewed from the side, the front, and the top before (solid line) and
after (dotted line) a rotation of the top line. The angle of flexion (©y) is determined from
the side view by subtracting the known flexion angle between the two lines from 180°.
Since the rotation is given, the rotation angle (6,) is known for the top view. The angle
of adduction/abduction error (©,) due to the rotation is calculated in the following steps:

< H
® @
y e y z
D
X z
X
Side View Front View Top View

The length (L) of the lower line in the sagittal view is known, which is used with ©¢to
determine the distance (S) from the location of the lower line before the rotation to a line
perpendicular to the ground before the rotation.

1
S=sin@,L M

This distance (S) represents the length of the lower line before and after rotation in the
top view. Using the determined S value and the known rotation in the top view, the
distance the line rotates (D) is calculated.

D =sin®_S @)

133

-



When S from equation 1 is substituted into equation 2, D becomes a function of © and
6,.

D=sin®,sin®©,L G)

The height (H) of the line in the front view is determined from ©fand the length of lower
line as measured from the side view.

H =cos®fL )

From the determined distance (D) and the height (H), the angle of error is determined.
Therefore, the angle of error is a function of the flexion and rotation angles as shown on

Figure 4.15.

D (&)
tan®, = —
H
in® sin®,L ©
tanG),:sm ,sin®,
cos@fL
@)

tan®, =sin©, tan O,
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APPENDIX C: EXPERIMENT III
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Figure C.1. Fox Trotter #1 carpal mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.2. Fox Trotter #1 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.3. Fox Trotter #1 carpal mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.4. Fox Trotter #1 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.5. Fox Trotter #2 carpal mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.6. Fox Trotter #2 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.7. Fox Trotter #2 carpal mean (thick line) and SD +/- (thin line) flexion
(-)Vextension (+) (black line), adduction (-)abduction (+) (dark gray line), internal
(-Vexternal (+) rotation (light gray line) of the fox trot.
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Figure C.8. Fox Trotter #2 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.9. Fox Trotter #3 carpal mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.10. Fox Trotter #3 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.11. Fox Trotter #3 carpal mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.12. Fox Trotter #3 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.13. Fox Trotter #4 carpal mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.14. Fox Trotter #4 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.15. Fox Trotter #4 carpal mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.16. Fox Trotter #4 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.17. Fox Trotter #5 carpal mean (thick line) and SD +/- (thin line) flexion

(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.18. Fox Trotter #5 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.19. Fox Trotter #5 carpal mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.20. Fox Trotter #5 fetlock mean (thick line) and SD +/- (thin line) flexion
(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.21. Fox Trotter #6 carpal mean (thick line) and SD +/- (thin line) flexion

(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.22. Fox Trotter #6 fetlock mean (thick line) and SD +/- (thin line) flexion

(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the flat walk.
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Figure C.23. Fox Trotter #6 carpal mean (thick line) and SD +/- (thin line) flexion
(-Yextension (+) (black line), adduction (-)abduction (+) (dark gray line), internal
(-)/external (+) rotation (light gray line) of the fox trot.
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Figure C.24. Fox Trotter #6 fetlock mean (thick line) and SD +/- (thin line) flexion

(-)/extension (+) (black line), adduction (-)/abduction (+) (dark gray line), internal
(-Vexternal (+) rotation (light gray line) of the fox trot.
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