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Abstract

Yucatan miniature pigs (YMPs) are similar to humans in spinal cord size as well as physiological and neuroanatomical
features, making them a useful model for human spinal cord injury. However, little is known regarding pig gait kinematics,
especially on a treadmill. In this study, 12 healthy YMPs were assessed during bipedal and/or quadrupedal stepping on a
treadmill at six speeds (1.0, 1.5, 2.0, 2.5, 3.0, and 3.5km/h). Kinematic parameters, including limb coordination and
proximal and distal limb angles, were measured. Findings indicate that YMPs use a lateral sequence footfall pattern across
all speeds. Stride and stance durations decreased with increasing speed whereas swing duration showed no significant
change. Across all speeds assessed, no significant differences were noted between hindlimb stepping parameters for bipedal
or quadrupedal gait with the exception of distal limb angular kinematics. Specifically, significant differences were observed
between locomotor tasks during maximum flexion (quadrupedal > bipedal), total excursion (bipedal > quadrupedal), and the
phase relationship between the timing of maximum extension between the right and left hindlimbs (bipedal > quadrupedal).
Speed also impacted maximum flexion and right-left phase relationships given that significant differences were found
between the fastest speed (3.5 km/h) relative to each of the other speeds. This study establishes a methodology for bipedal
and quadrupedal treadmill-based kinematic testing in healthy YMPs. The treadmill approach used was effective in re-
cruiting primarily the spinal circuitry responsible for the basic stepping patterns as has been shown in cats. We recommend
2.5km/h (0.7m/sec) as a target walking gait for pre-clinical studies using YMPs, which is similar to that used in cats.
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Introduction

SPINAL CORD INJURY (SCI) currently affects >17,000 people
in the United States each year.! Despite many therapeutic ap-
proaches showing promise in rodents, there are currently no con-
vincing efficacious pharmacological treatments for acute and
chronic human SCL*™* Significant anatomical, functional, molec-
ular, and pathological differences between the rodent and human
spinal cords have been cited as possible reasons for failure to
translate rodent trial results to human clinical practice.”'* As a
result of these limitations, there is rising interest in the use of large
mammalian species as intermediary models of SCI to facilitate
research translation for human SCL'" In addition to the cat, canine,
and ovine larger animal models of SCI, >>? a Yucatan miniature
pig model was recently described.>® This pig model has several
features that may have translational relevance, including spinal
cord size, a greater cerebrospinal fluid (CSF) to spinal cord ratio,

and some physiological and neuroanatomical similarities to the
human spinal cord.>% The larger spinal canal and cord of the pig
allows for testing of emerging spinal neuromodulating therapies,
like epidural stimulation, using surgical techniques and neuromo-
dulatory devices similarly sized to those used in humans.?*~2
However, because of its relatively recent introduction to SCI re-
search, very little is known regarding the kinematics of the pig and
how these animals walk on a treadmill.

The Porcine Thoracic Injury Behavioral Scale (PTIBS) has been
used to evaluate behavioral outcomes after SCI*> and is the most
common scale used to evaluate overground locomotor outcomes in
porcine SCI, pre-clinical studies.?®**~3 The PTIBS is similar to the
Basso, Beattie and Bresnahan (BBB) scale used to assess loco-
motion in rats, in that they are both based on visual inspection.*®
Unlike the BBB, which has been combined extensively with ki-
nematic studies to evaluate SCI outcomes in rodents, the sensitivity
of the PTIBS to subtle changes and its correlation with more
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standardized kinematic measures remains untested. In both rodents
and more recently in larger animals, treadmill-based kinematic
parameters have proven valuable for detection of more subtle, as
well as different, improvements brought about by therapeutic in-
terventions.””™** There are multiple advantages to the use of the
treadmill. In particular, the placement of weight-support systems is
simpler than in an open-field arena, speeds can be tightly con-
trolled, and circuitry mediating hindlimb versus forelimb stepping
tested through bipedal and quadrupedal stepping tasks.**

In experimental animal and clinical SCI studies, kinematic and
gait measures depicted as cyclograms have proven valuable ad-
juncts by providing a fuller understanding of both temporal and
spatial changes in stepping after SCI. In fact, they have been pro-
posed as a measure of SCI that may be used to stratify patients for
clinical trials.**~>? Although several studies have evaluated over-
ground porcine gait kinematics,”>> we found only one study that
addressed limb kinematics of the Yucatan miniature pig (YMP) on
the treadmill. Our study extends those initial, but relatively limited,
findings by assessing multiple walking speeds, two gait tasks, and a
larger number of gait-related kinematic parameters.

The large body of treadmill-based kinematic studies performed in
the cat since the early 1930s provides a roadmap for similar studies
in the pig.">*37® The aim of this study was to characterize
treadmill-based kinematics of healthy YMPs in anticipation of fu-
ture comparisons in animals with SCIs. As has been done in many
rodent and feline studies to establish normal performance features,
we evaluated the effects of treadmill speed on kinematic parameters
and limb coordination.'32!-386:64 Additionally, as in earlier studies,
we also compared bipedal to quadrupedal kinematics.””* The
overall intent is to add treadmill-based kinematics to the PTIBS in
the evaluation of locomotor outcomes in the YMP model of SCL

Methods

The animals used for this study (n=12) were 6-month-old fe-
male YMPs with weights of 20-30kg, purchased from Sinclair
BioResources (Auxvasse, Missouri). Females were used because of
ease of bladder catherization and care relative to males in antici-
pation of their use in SCI studies. This study was approved by the
University of Louisville (UofL) Institutional Animal Care and Use
Committee and conducted in accordance with the Guide for the
Care and Use of Laboratory Animals, 8th edition.*” The UofL
animal care program is accredited by the Association for the As-
sessment and Accreditation of Laboratory Animal Care Interna-
tional. Environmental housing conditions were 72°F (22.2°C), 30—
70% humidity, with 10-15 fresh air changes per hour, and a 12:12-h
light/dark cycle. Animals were housed socially in floor pens with
5-10cm of Cellu-nest™ bedding (Shepherd Specialty Papers,
Watertown, TN) on top of 0.95-cm-thick 1.22 X 1.22 m interlocking
Rubber Gym Tiles (Rubber Flooring Inc., Mesa, AZ) and provided
with environmental enrichment, including toys and videos. Pigs
were fed a standard laboratory mini-pig grower diet (5081; Lab-
Diet, St. Louis, MO) and received filtered tap water.

Upon arrival, pigs were acclimated for 7 days (not including the
day of arrival). During this period, the trainer spent 15 min per day
in the animal’s pen. This period each day allowed pigs to become
acclimated to the trainer, which included hand feeding a portion of
their ration the last 2 days of acclimation.

Training

Once the animals were released from quarantine, they began
positive reinforcement training or clicker training.***¢ Training
consisted of three to four 10- to 20-min sessions for a maximum of
1 h per day for 3 weeks. All animals acclimated well to training.
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Each was trained to complete multiple tasks and achieve the end
goal of walking in a straight line on the treadmill (PetRun
PR720E modified with a clear 0.32-cm-thick polycarbonate panel
in the front that has an 8.89-cm target centered with adjustable
heights) while holding their snout against a target (Table 1). First,
using a SunGrow dog clicker (Luffy Pets Collection, Traverse
City, MI), the pigs were conditioned to recognize that a click
meant they would receive a reward (daily food rations were used
as the reward). This pairing conditioned the click as the rein-
forcement for the desired behaviors. Next, they were trained to
recognize a given name so the trainer could get their attention on
cue. After that, animals were trained to touch and hold their
snouts to a Karen Pryor buoy target (Karen Pryor Clicker
Training, Watham, MA) for up to 1 min as well as follow the
target while walking.

Pigs were then acclimated to the sound of the treadmill and the
movement of the belt. Once acclimated to the treadmill, the animals
were trained to walk while holding their snouts against the target
mounted on the front of the treadmill. Rewards were delivered
through an opening in the panel, located just above the target. Their
behavior was then shaped to step in the center of the treadmill while
keeping their body straight for up to 1 min (30-60 contiguous
steps). Next, a platform was placed across the treadmill and the
animals were conditioned to stand with their forelimbs on the
platform while performing bipedal stepping with their hindlimbs.
Filming took place once the pigs could perform each task consis-
tently. Typically, it took 45 min to an hour per day for 2 weeks for a
pig’s performance to be consistent.

Filming

The day before filming, while pigs were standing and holding
their snout on a target, a red Sharpie® was used to mark the skin
overlying the tuber coxae (C), greater trochanter (G), tibiotarsal
joint (T), and metatarsophalangeal joint (M) of each hindlimb. On
the day of filming, 0.95-cm-diameter, spherical, reflective markers
were placed over the eight Sharpie® marks placed the day before
(Fig. 1). Spherical markers were used because they tracked more
consistently in these positions. Additionally, 1.27-cm-diameter
reflective markers were placed on each hoof with one edge of the
marker touching the coronary band and another edge touching the
ventral aspect of the wall of the hoof.

Pigs were filmed as they stepped on the treadmill for trials of up
to 1 min. Three GoPro Hero 3+ Silver cameras were used to film the
animals, and they were triggered simultaneously with a GoPro re-
mote (GoPro, San Mateo, CA; Fig. 2). Two of the cameras were
positioned 73 cm perpendicularly from the lateral edges of the
treadmill and focused on the walking area for the hindlimbs. The
third camera was placed 89 cm perpendicularly from the back edge
of the treadmill centered with the middle of the belt. The video was
recorded with a resolution of 720 p at 120 frames per second
(120Hz). Animals were filmed at six speeds performing bipedal
and quadrupedal stepping. The six speeds utilized were 1.0, 1.5,
2.0, 2.5, 3.0, and 3.5km/h (0.3, 0.4, 0.6, 0.7, 0.8, and 1.0m/s).
Speeds were determined by the available settings on the treadmill
and were the lowest six settings. The speeds utilized also encom-
pass the normal walking velocity of a YMP.*® During filming, the
goal was =10 steps on each task at each speed while walking in a
straight line with snout on the target. A minimum of three attempts
at each speed for each task were captured.

Once the videos were collected, 10 contiguous step cycles that
best represented the animal’s typical stepping behavior were se-
lected. Each step cycle (stride) started with the initial contact of the
hoof with the treadmill, followed by the stance phase that ended at
the hoof lifting from the treadmill, and a swing phase ending the
frame before the next initiation of contact. The determined step
cycles were then digitized using MaxTRAQ 2D software (Innovi-
sion Systems, Marietta, GA). The stance phase was determined by
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TABLE 1. TASKS OR BEHAVIORS IN SEQUENTIAL ORDER AND THE SHAPING FOR EACH TASK

“Charging the
Clicker”

Name Cue

1.

During first training session, allow the animals to acclimate to the training room until they appear comfortable.

2. Click the clicker and immediately reward the animal. The goal is for the pig to understand that click means

reward.

. After clicking and rewarding (C&R) the animal several times, start having the animal look for or move to get

the reward instead of immediately presenting the reward after the click.

. Next, allow the pig’s attention to be focused on something other than the trainer and then click the animal. Once

the pig immediately turns and looks for the treat, when clicked the clicker is charged.

. Get the pig to look up at you and then C&R. Trainer can accomplish this by using his or her hand to get the

animal’s attention and then bringing it up toward his or her face.

. After the trainer can repeatedly get the animal to look up at him or her, say the pig’s designated name que while

it’s looking up and then C&R.

. Once the pig regularly looks up at the trainer when its name is said, allow the pig to wander away or have its

attention elsewhere and then give name cue. When the animal responds to the name by looking up or turning
around, immediately C&R.

. Finally, the trainer needs to allow the animal to walk away or walk away from the animal and say its name.

When the animal starts walking back toward the trainer, he or she should C&R. Continue with several
repetitions until behavior is instant and consistent.

Target Training 1. Present target, and when pig touches target with snout, C&R.
2. Once animal touches target, as soon as target is presented add the cue “Touch.”
3. Name cue can be added as well ‘““Name of animal and touch.”
4. Repeat until animal touches target instantly and consistently on cue.
Hold the Target 1. Give touch cue and allow the pig to touch the target with its snout for at least 2 sec, then C&R.
2. Continue giving touch cue while having the animal touch the target with its snout for longer periods of time
before C&R.
3. Once the pig holds the target for 5-10 sec, only click and treat when it is standing completely still.
4. When the pig holds the target while remaining still for 5sec, add ““Stay” cue. Say touch and when the pig
touches, say ‘‘Stay.”” Only C&R when the animal holds completely still while touching the target.
5. Repeat touch and stay cue and continually have the animal stay for longer periods of time before C&R
(minimum of 15 sec before moving on).
Walk Cue 1. Give touch cue with target at your side, then stay cue when animal touches target. Walk away with target at
your side, and if the animal follows it, C&R.
2. Repeat several times having the pig walk further each time before C&R. (Do not C&R if pig is rooting at
target.)
3. Once the pig walks the length of the training room following the target without rooting at it, add “Walk’’ cue
after ““Stay”” cue and before you take off walking.
Treadmill 1. Have the animal touch the target and stay lined up so it can walk up onto the treadmill. Give walk cue and lead
the pig up on the treadmill. C&R when animal steps onto the treadmill.
2. After the pig gets on and off of the treadmill without hesitation, have it touch target on the front panel of the
treadmill, then C&R.
3. Train the animal to hold the target on the treadmill the same way you trained it to hold target using the cue
“Hold” instead of stay.
4. Acclimate the animal to the treadmill by turning the treadmill on and walking the pig around the treadmill
following the target while C&R until it appears comfortable.
5

. Once it is comfortable with treadmill running, have the pig touch and hold the target while the treadmill is off.

Turn the treadmill on and give walk cue. If the animal takes a step or two, click and treat while turning the
treadmill back off. If the animal does not take a step, repeat the process until it does and then C&R. Do not
allow the pig to fall off the treadmill if it is not stepping right away. Shape the pig’s behavior to walk straight in
the middle of the treadmill while holding the target without rooting at it for at least 10 contiguous steps.

The tasks are trained in the order found to have the most success, and it is important not to move to the next task until the animal has learned the

previous one.

digitizing each hoof marker starting with initial contact on the
treadmill through hoof lift off. The swing phase was the time that
was not digitized until initiation of the next initial contact. Twelve
parallel lines were marked on the treadmill belt (numbered 1-12
starting from the right; Fig. 2). Each line was calibrated based upon
its distance from the right lateral camera.

Video capture with a meter stick marked at 30 cm on each line of
the treadmill gave us a pixel per 30-cm conversion for each line.
This improves the accuracy of spatial measurements, such as stride
and stance distances, given that the step may not always be at a
consistent (same) distance from the camera every time. Videos
were digitized in MaxTRAQ, and a conversion ratio for pixels to
centimeters was calculated for each line. Conversion ratios were
checked for accuracy by two perpendicular lines on the treadmill

belt that were 30cm apart. These lines also were digitized in
MaxTRAQ and, using the conversion tool in the software, were
compared with the predetermined conversion ratio. The 10 step
cycles chosen for analyses were viewed using the caudal camera,
and an average line of calibration was selected. If the hoof fell
between two lines, the average of the selected lines was calculated
and that value used for the calibration of that limb. For intralimb
analysis, the four spherical markers were digitized using the same
10 step cycles that were digitized using the hoof markers.

Statistical analysis

Each file was saved as a MaxTRAQ ASCII file and then pro-
cessed through a custom Visual Basic for Applications (VBA)
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FIG. 1. Images of the pig displaying (A) bipedal and (B) quadrupedal treadmill stepping during key stepping landmarks. Proximal and
distal angles are labeled to show changes in the angles at these landmarks. Demonstrated by moving right to left: initial contact, yield,

mid stance, lift off, and mid swing.

Excel add-in. The ASCII file contained the location in XY
coordinates and the frame numbers of all markers through the
trial. This add-in calculated multiple parameters (Table 2), as
well as extracting the exact frames of initial contact and lift
off. Kinematic outcome measures of quadrupedal forelimb
stepping at multiple speeds were analyzed using repeated-
measures (RM) analysis of variance (ANOVA). Significant
differences among speeds were compared using Bonferroni’s

[~
A
=

Plexiglass with
Targetandfood hole

LRearCamera{TSB cm)

post-hoc #-tests for multiple comparisons. Analyses of bipedal
and quadrupedal stepping at each speed were analyzed using RM
ANOVA followed by Bonferroni’s post-hoc z-tests. Comparison
of two- or four-limbs differences (2 =hindlimbs only or 4 =fore-
and hindlimbs) and differences among speeds (1.0, 1.5, 2.0, 2.5,
3.0, and 3.5km/h) were analyzed using RM ANOVA followed
by Bonferroni’s post-hoc #-tests. (IBM SPSS v25; IBM Corp.,
Armonk, NY).
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FIG. 2. Image showing (A) the location of the cameras and lights in respect to the treadmill. (B) The target and food hole used for

training.
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FIG. 3. Multiple stepping patterns over time can be illustrated using sine waves of alternating stance and swing cycles (top). Peaks of
the waves represent the moment of maximum forward movement. Lines connecting the peaks of the forelimb with its diagonal hindlimb
show the time lapses between the diagonal limbs. Mean lag time is calculated by taking the average of the sum of the subsequent lag

times subtracted from the first lag time.

In addition, interlimb coordination was assessed by utilizing gait
diagrams of the left forelimb (LF), right forelimb (RF), left hin-
dlimb (LH), and right hindlimb (RH) and determination of ho-
mologous (LF, RF, LH, and RH), homolateral (LF, LH, RF, and
RH), and diagonal (LF, RH, RF, and LH) coupling patterns.?”-%
Coupling measures were calculated as a percentage of the step
cycle using the methods previously described in LeBlond and
colleagues and also depicted using polar glots to assess the distri-
bution and variability at different speeds.?>>%**2 The mean diagonal
coupling interval, a measure of the coordination between the di-
agonal limbs, also was calculated using the list of the horizontal (x)
coordinates of the markers on each hoof as follows: Mean diagonal
coupling interval=Tn — T1/number of steps; Tn is the interval
between the “‘nth” right hindlimb and “‘nth” left forelimb place-
ment, T1 is the interval between the first right hindlimb and first left
forelimb hoof placements*® and was plotted as a function of step
number (n; Fig. 3). Mean diagonal coupling intervals remain vir-
tually zero in normal animals, but once an animal experiences a
disruption in their locomotor capabilities, the time interval grows
with each step.

Traditional intralimb kinematic assessments in other animal
species include the knee.****38° However, because of the ex-
tensive movement of the knee under the skin in many species,
including mini pigs, accurate identification of the knee relies on
triangulation using the known positions of the hip and ankle, and
the known lengths of the femur and tibia. This process can be labor
intensive or require expensive software packages. We therefore
used a two-dimensional (2D) approach previously used for rats to
quantify changes in intralimb kinematics after SCI simply and ef-
fectively.®>°! This approach uses markers on the anterior rim of the
pelvis (1), head of the greater trochanter (H), lateral malleolus of the
ankle (A), and metatarsophalangeal joint of the toe (T) to create a
three-segment (I-H, H-A, and A-T), two-angle (I-H-A and H-A-T)
limb model that easily detects changes in limb movement.®38 The
markers located at C, G, T, and M define three segments (C-G, G-T,
and T-M; Fig. 1), a distal angle (G-T-M; Figs. 1 and 4A), and a
proximal angle (C-G-T; Figs. 1 and 4B).

Using initial hoof contacts, determined visually from the digital
recordings, each trial was divided into individual step cycles. From
these step cycles the maximum (peak =maximum extension) and
minimum (trough = maximum flexion) for each of the two hindlimb
angles was determined. Range of motion across each joint (angular

excursion) was calculated by subtracting the trough values from the
peak values. In addition, the phase relationship between the two
angles was calculated by using the ratio of the peak to peak times
relative to the step cycle duration. The proximal angle describes the
range of motion across the hip and knee, whereas the distal angle
reflects the motion of the knee and ankle. Using this approach,
subtle differences can be detected in the proximal and/or distal
angles (Fig. 4A,B), changes in the maximal extension and flexion
angles, and excursions of both proximal and distal limb angles, and
changes in the shape and structure of the angle-angle plots
(Fig. 4C). These figures also give us the opportunity to observe the
extension and flexion intervals and how they can change. This
method allows us to use an inexpensive camera/software combi-
nation to capture the animal in 2D, digitize each video in ~ 10 min,
and (through a custom VBA Excel add-in) extract the data quickly,
all resulting in a relatively high throughput.

Results
Step cycle parameters

Step cycle durations for each limb were obtained at multiple
treadmill speeds in all 12 pigs. Figure 5 shows step cycle durations
as a function of speeds ranging from 1.0 to 3.5 km/h. Average step
cycle durations are summarized in Table 2. At a speed of 2.5 km/h,
the average step cycle duration was 0.80%0.069 sec with a percent
stance (duty factor) of 68.91+3.01%. Stride (stance + swing) and
stance durations decreased with increasing speed (stride: F =145,
df=5,19, p<0.001; stance: F =276, df=5,15, p<0.001; Fig. 5A,C)
whereas the swing duration showed no statistically significant
change (F'=1.7, df=5,13, p>0.05; Figure 5B). For the forelimbs,
significant differences in stance time (F=71.3, df=5.,9, p<0.001),
stride time (F=64.4, df=5,9, p<0.001), and percent stance and
swing (F'=55.3, df=5,6, p<0.001) were observed between the two
lowest speeds and all other speeds (1.0 vs. 1.5-3.5km/h and 1.5 vs.
2.0-3.5km/h). Step cycle parameters were stable with no differ-
ences between 2.0 and 2.5 km/h (all, p >0.05); however, significant
differences emerged between 2.0 and 2.5km/h with 3.0 and
3.5km/h (all comparisons: p <0.05). There were no differences in
stance distances between left and right hindlimbs at any speed
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FIG. 4. Graphs of (A) distal angle, (B) proximal angle, and (C) proximal-distal angles during treadmill stepping showing the changes
in the angles during movement during a period of 10 step cycles. (A) In a graph of the distal angle over time, the stepping landmarks of
initial contact, yield, and lift off can be identified. (B) Similar to the distal angle over time, the initial contact and lift off are identifiable
in the proximal angle over time. (C) When the angles are plotted against one another, you can see a distinctive shape and change in angle
relationship between stance and swing. The red lines are the plots of 10 consecutive step cycles, with the blue line showing a typical

single step cycle.

tested (all speeds, p>0.05). Significant differences in stride dis-
tances were observed between 1.5 and 2.0km/h with 3.5 km/h
(both, p<0.05).

For both bipedal and quadrupedal stepping, stance time, stride
time, percent stance, and percent swing of the hindlimbs varied
significantly with speed (p <0.0.05), with the exception of stride
duration during quadrupedal stepping between 2.0 and 2.5 km/h
(p=0.076). There were significant differences in stride distance
between 1.0 km/h and all speeds, as well as between 1.5 and 2.0 and
3.5km/h (all, p<0.05). Similar to the forelimbs, there were no

speed-related significant differences in swing duration (F=1.7,
df=5,13, p>0.05) and stance distance (F'=4.1, df=5,19, p=.012),
but there were no significant post-hoc comparisons. At each speed,
there were no significant differences between bipedal and qua-
drupedal hindlimb stepping parameters (all, p >0.05).
Importantly, this shows that the testing was sensitive enough to
show differences between speeds in the speed related measures.
Second, it also shows that the speeds from 2.0 to 3.0 km/h were the
least variable in the non-speed-related measures. Third, it depicts
the lack of differences in these kinematic stepping parameters
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FIG. 5. Kinematic outcome measures of the (A) stance,

(B) swing, and (C) stride duration during treadmill stepping

comparing changes in speed. Quadrupedal and bipedal duration

means and standard deviations illustrate that there is no influence

of speed on the duration of swing either quadrupedal or bipedal

while both stance and stride time steadily decrease in both qua-
drupedal and bipedal stepping as speed increases.
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FIG. 6. Kinematic analysis of treadmill stepping is shown for a
representative normal uninjured animal at 2.5km/h. Example
shown was taken from the right limb of an animal walking bi-
pedally. Stick figure diagrams of the stance (A) and swing
(B) cycles of one step cycle at 15Hz (darker lines) and 10 step
cycles at 120Hz (lighter color) during stepping illustrate the
movement across the hip and ankle.

between bipedal and quadrupedal stepping in the normal YMP.
Collectively, these findings suggest that comparison across simi-
larly sized YMPs at the same treadmill speed to a common (nor-
mative) baseline measure may be reasonable if an animal does not
complete a stepping task (i.e., not tested) or data are lost or com-
promised during normative testing.
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FIG.7. A duty graph of quadrupedal stepping shows alternating patterns of the hindlimbs (LHL, RHL) and forelimbs (LFL, RFL) for
the left and right sides (2.5 km/h). Diagonal coupling is shown by the initial contact of the right hindlimb (RHL) after the swing phase in
relation to the cycle of the alternate left side forelimb (LFL) illustrated by the vertical dashed line. Homolateral right side steps are
illustrated from the initial contact of the left side hindlimb (LHL) in relation with the cycle of the LFL (middle dashed line). Alternation
of forelimbs is shown using the placement of the right-side forelimb (RFL) after the swing phase in relation to the cycle of the LFL
(homologous) represented by the third dashed line. In addition to the other measure, by following the order of step initiation in the graph

you can observe a lateral sequence of RHL, RFL, LHL, LFL.

Angular kinematics

Stick figure representations of the hindlimbs showed consistent
patterns across multiple step cycles with little variability in the
stance (Fig. 6A) and swing (Fig. 6B) phases. Figure 4 shows the
distal (Fig. 4A) and proximal angles (Fig. 4B) for 10 step cycles.
Distal and proximal angle-angle cyclograms also showed consis-
tent angular movement patterns, reflecting consistent intralimb
coordination, during stepping (Fig. 4C). Significant differences
(Table 2) were observed between bipedal and quadrupedal distal
angles at the trough (bipedal > quadrupedal), excursion of the distal
angle (bipedal > quadrupedal), and phase relation between the two
angles (bipedal > quadrupedal). The differences observed between
bipedal and quadrupedal in angular kinematics could be inaccurate
because of a couple of observations. The first cause might be a
result of the elevation of the forelimbs (2 cm) on the resting plat-
form during bipedal stepping changing the overall body angle.
Alternatively, the great consistency of the data may explain some of
the difference. For example, you can see in Table 2 that the phase
relationship of bipedal at 2.5 km/h is 0.96+0.02 and for quadru-
pedal it is 0.93 £0.02. Future studies should take this into consid-
eration if comparing bipedal to quadrupedal stepping.

Interlimb coordination

Throughout all the tested quadrupedal walking speeds, animals
displayed a lateral footfall sequence of RH, RF, LH, and LF
(Fig. 7), consistent with a walking gait in which initiation of
hindlimb swing (limb lift) is followed by swing initiation (lifting)
of the ipsilateral forelimb.”®>%* During stepping, an average
50.4%2.74% for homologous coupling was observed (Fig.7), as
well as 28.5+£3.59% diagonal and 77.7+3.8% homolateral cou-
plings observed, in the hindlimbs at all speeds (Table 2). There
were no significant differences among coupling measures between
any of the speeds tested, or in homologous hindlimb coupling be-
tween bipedal and quadrupedal stepping. Mean diagonal coupling

(mean lag time; Fig. 3) was 0.008 £0.005sec (each frame is
0.00833 sec) at 2.5 km/h and was unchanged over all speeds tested.
Figure 8 shows polar plots of the coupling measures for every step
cycle for every animal. These plots show that at the speeds 1.0,
1.5, and 3.5 km/h, there is a greater variability than at the speeds
2.0, 2.5, and 3.0 km/h. This follows previously published data and
demonstrates that you increase the consistency of stepping by
choosing a speed within the range of 2.0 to 3.0 km/h.** The mean
lag time at 2.5 km/h also shows consistency (low variability), in
that the lag time of the first step remained relatively unchanged
throughout the trial.

Discussion

In this study, we established the methodology for conducting
treadmill-based kinematic testing in the healthy YMP and, in a
series of 12 animals, have quantified effects of treadmill speed
and differences between bipedal and quadrupedal locomotion.
Bipedal and quadrupedal kinematic parameters of the pig were
easily obtainable at multiple speeds on the treadmill using digital
video capture and established kinematic analyses. Importantly,
with the approaches used, no differences in key kinematic pa-
rameters of hindlimb stepping were identified between bipedal
and quadrupedal locomotion. This suggests that the treadmill
approach used was effective in recruiting primarily the spinal
circuitry responsible for the basic stepping patterns as has been
shown in cats, 2201:64.68.71.74.76.94.95 Tpe recylts demonstrate rel-
ative ease of training pigs to perform bipedal or quadrupedal
stepping on a treadmill as an excellent model to test spinal cir-
cuitry responses to rehabilitative protocols with translational
relevance similar to those used in the NeuroRecovery Networks®
(NRN; The Reeve Foundation) locomotor training paradigms.®®
Both bipedal and quadrupedal training modes can be useful in
injured animals to decipher intraspinal circuitry and impact of
descending inputs.**
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Step cycle summary and effects of speed

In rats and cats, an increase in treadmill speed from 7 to 15 cm/s
(rats) and from 0.3 to 1.0 m/s (cats) was accompanied by shortening
of stance durations and increases in stride distances with no
changes in hindlimb swing durations.'®?"#+97%° These findings
also have been observed in dogs'® and chimpanzees.®' Similarly,
we observed that stride and stance durations decreased with in-
creasing speed whereas the swing durations were not significantly
affected. Whereas gait measures were more stable between 2.0
and 3.0 km/h (0.56-0.83 m/s), the stride distance began to elon-
gate at 3.5 km/h (0.97 m/s), possibly indicating an impending to
gait transition. We tested a single pig up to 5.5km/h (unpub-
lished data); whereas the pattern was still a walking pattern, a
shift to a diagonal gait pattern was observed in which the con-
tralateral forelimb follows the hindlimb.*® This supports the
speculation of an approaching gait transition at 3.5 km/h. The
variability of stepping was higher at the lower speeds, and the
animals reached a greater consistency ~2.0-3.0 km/h. This also
is illustrated by the polar plots, which show greater spread of the
interlimb phase relationships at speeds 1.0, 1.5, and 3.5 km/h
compared to between 2.0 and 2.5 km/h (Fig. 4). Based on these
results a speed of 2.5km/h (0.7 m/s) is recommended for pre-
clinical studies.

The variance in kinematic features observed at the lower gait
speeds tested suggests that there is limited value in capturing gait
performance at <2 km/h in the YMP as a baseline for comparisons
with models in which gait is disrupted. Similarly, the higher speed
tested (3.5km/h) also may have limited value because of its
proximity to a gait change. However, faster speeds (>3.5 km/h) may
be valuable in testing an animal’s ability to make speed-related
transitions across gaits. The ability to transition reflects the integ-
rity of underlying neural mechanisms, which support interlimb
coordination involved in different gait patterns (e.g., walk, trot, and
gallop in quadrupeds).’®%%-101-103

Training paradigms involving all four limbs have been used to
enhance locomotor recovery after SCL°>1°119% The general idea
has been that recruitment of networks above the injury that com-
municate with those below the injury area may help with ambula-
tory recovery after injury.'* Several studies reported differences in
kinematics of bipedal versus quadrupedal treadmill walking.” In
chimpanzees and macaques, a bipedal gait was associated with
smaller step length, decreased step cycle duration, and increased
duty factor.””®' In our study, we found no difference between
quadrupedal and bipedal gait parameters at any speed. The percent
stance or duty factor decreased with increasing speed and was
greater (although not statistically significant) for bipedal at the
higher speeds. These differences in bipedal versus quadrupedal
treadmill kinematics between pigs and primates are not surprising
given that the pig is a wholly quadrupedal animal. Its kinematics are

>

FIG. 8. Polar plots illustrating the coupling patterns of (A) di-
agonal, (B) homolateral, and (C) homologous hindlimb locomo-
tion. Diagonal coupling shows the relationship of the hindlimb to
its contralateral forelimb. Homolateral coupling shows the rela-
tionship between the hindlimb to its ipsilateral forelimb. Homo-
logous coupling shows the relationship of the two hindlimbs to
one another. In all three, there is a clear pattern of greater spread
in 1.0-, 1.5-, and 3.5-km/h data (blue) compared to the tighter
responses observed in the 2.0-, 2.5-, and 3.0-km/h data (red).
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more similar to the cat, which showed similar indifferences be-
tween bipedal and quadrupedal gait,3>87-104105

Overall, the results demonstrate that multiple hindlimb gait
features are consistent across bipedal and quadrupedal stepping on
a treadmill in the YMP. Inclusion of both bipedal and quadrupedal
locomotion in future studies can help decipher intraspinal circuitry
and impact of descending inputs. The angular kinematics tested in
the present study were limited to two non-traditional angles not
used in cats, primates, or humans. Therefore, we cannot rule out
differences relative to more traditional angular kinematic measures
used previously in those species.

Kinematics

Treadmill speed had no significant effect on the peaks, troughs,
or excursions of the proximal and distal angles. This produced very
similar angle-angle plots (cyclograms), which could be used to
quantify differences post-injury by using elliptical Fourier analysis
or a similar approach. These cyclograms also are a very informative
graphic that can be used to depict recovery of range of motion
across the joints, or overall limb movement. With the distal angle,
we were able to identify the key step cycle parameters of initial
contact, lift off, and yield. Yield, which involves the knee, is very
important because it shows that even though we are not marking the
knee, we are still able to identify loading of the limb.”>'% Yield is
an important part of a stable gait because it smooths out vertical
movement, and it could be lost or diminished with spinal injury,
resulting in poorer weight support and/or inappropriate stiffness of
the limb resulting in disruption of stepping.

As with all the gait data, the angle kinematics were very con-
sistent across all animals with little interanimal variability. The
angles were so consistent that even a 6-degree mean difference
between the bipedal distal angle trough and the quadrupedal distal
angle trough was significant. The angle consistency may or may
not be related to the single or multiple joints it encompasses. The
high degree of consistency may be attributable to the reproduc-
ibility of key gait features and the 3 weeks of daily training the
pigs received. Overall, the consistency of angle data support re-
producibility because not all animals were recorded on the same
day, and the range in animal size was 10 kg. Although the prox-
imal and distal angles used here differ from more traditional an-
gular kinematic measures, they are much easier to obtain and
appear to be a good alternative to traditional four-segment, three-
angle kinematics where the whole limb movement cannot be
described by a single 2D angle-angle plot.

If the peak, trough, and angle excursions for bipedal movement
are to be compared to those for quadrupedal movement, a nor-
malization must be done to account for the change in body angle
caused by the forelimb platform. These differences were attributed
to the change in overall body angle of the pig caused by the in-
creased elevation of the forelimb platform.

Intra- and interlimb coordination

In order to identify measures of coordination that could be used in
future longitudinal studies, we quantified homologous, homolateral,
and diagonal coupling parameters used in earlier studies in rodents
and cats,!700-62:64.68.107 Thege measures have been used in many
longitudinal kinematic studies in SCI animals'”-38:60-61.6667.107, £,
example, the homolateral coupling is perturbed by cord hemisec-
tions.”® The homolateral coupling between hindlimbs and forelimbs
ranged between 76% and 80% for all speeds, and the diagonal
couplings ranged between 26% and 31%, which are similar to those
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reported in cats.>!** Diagonal interlimb coordination also was
evaluated using the mean diagonal coupling (MDC) parameter
described by Hamilton and colleagues.*® In agreement, we observed
that the MDC value was nearly zero at all speeds tested. The MDC
has been shown to be sensitive to SCI-induced changes in interlimb
coordination without being affected by abdominal support bands
that are used to maintain normal posture and optimization of step-
ping in dogs.*® Although the amount of diagonal coupling may vary
among individual animals, the MDC appears to be less variable and
has been proposed as a good parameter for canine clinical tri-
als.'>?*8283 1 addition to the interlimb couplings, the MDC is a
parameter suitable for tracking outcome in porcine clinical trials.

Applications to study of kinematics in injured pigs

Utilization of the methods proposed here does require some
weight-bearing capacity in the injured pig. In the original de-
scription of the porcine thoracic injury model, the 20-cm height
drop with 5-min compression with a 100-g weight was re-
commended for testing of putative interventions.>* This leads to a
severe injury without weight-bearing capacity and limited sponta-
neous motor recovery (maximum PTIBS of 3-4). In animals with
such severe injuries and insufficient spontaneous neurological re-
covery to allow sufficient weight-bearing capacity, varying degrees
of body weight support may be necessary in order to assess gait
kinematics on the treadmill. Many feline studies have demonstrated
the ability to recover weight support after severe SCI or complete
spinalization. Further, step training on the treadmill has been used
to significantly improve walking in both the treadmill and over-
ground environments.’-666% 198111 Barly preliminary data from
ongoing studies in our laboratory show that pigs with moderate
SClIs (10-cm height drop with 5-min compression) do recover some
overground walking capacity, suggesting the feasibility of captur-
ing treadmill-based gait in this group. These studies are being
pursued as we work toward establishing a clinically relevant por-
cine SCI model.

In the more severely injured pig, however, a special harness can
be designed and used for weight support. Indeed, in a pre-clinical
study evaluating efficacy of magnesium chloride within polyeth-
ylene glycol formulation on recovery after SCI, Streijger and col-
leagues used a harness to provide weight support. This allowed
collection of kinematic data while stepping on the treadmill in 3 of
6 pigs who had undergone 20-cm severe injuries.>> The kinematic
data analysis was possible with pigs that achieved a PTIBS score of
4, but not those with lower scores. Parameters measured included
swing and stance durations and vertical and horizontal displace-
ments of the hock and fetlock. Our study provides an expanded set
of kinematic parameters, which include limb angles and measure-
ments of interlimb coordination.

To date, the effects of training and gait rehabilitation ap-
proaches have not been tested in the porcine model. As an
emerging model for SCI, it will be critical to assess the respon-
siveness of the injured pig to existing and evolving therapies, in-
cluding locomotor training and epidural stimulation that have been
shown to enhance motor recovery in other experimental species
and humans. It is anticipated that these treatments, as in other
species, will enhance weight support and allow gait assessment
using a motorized treadmill in the pig. The results provided here in
the normal YMP begin to establish a baseline for future study of
kinematics across a range of SCI magnitudes in pigs. Further, they
also provide a baseline for other existing and evolving neurolog-
ical injury models in the pig, including stroke and traumatic brain
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injury.''>"1% Such animals showed sufficient weight bearing in
recent reports.''>!'* Treadmill-based gait assessment has multiple
advantages. It allows easy testing across gait speeds, permits as-
sessment of both bipedal and quadrupedal forms of locomotion, is
well suited to use of a body-weight support system, and permits
rapid collection of a number of contiguous steps.

Limitations

The main limitation of our report is the use of proximal and distal
angles not traditionally used in cat or human literature. A second
limitation has been in the use of km/h attributed to pre-
programming of our treadmill speeds in km/h whereas most cat
literature uses m/s. The speeds used here—1.0km/h (0.28 m/s)
through 3.5km/h (1 m/s)—are similar to previously used speeds
(0.1-1.0 m/s) in cat kinematic studies.'®21557 A third limitation
is the use of female pigs only. Performing these experiments on
female animals exclusively facilitates post-SCI bladder care and
urodynamic studies, given that urinary catheters cannot be placed
into the bladder retrograde with the urethra of male pigs because of
the urogenital anatomy.

Conclusion

We provided here treadmill-based kinematic data for healthy
YMPs and quantified effects of treadmill speed and differences
between bipedal and quadrupedal locomotion. The interlimb
couplings—G-T-M distal angle and C-G-T proximal angles—and
MDC are useful outcome variables that can be used to track outcomes
in porcine studies and clinical trials in addition to the PTIBS used to
assess overground gait. A speed of 2.5km/h on the treadmill is re-
commended for pre-clinical studies. Future studies will focus on how
these parameters are altered after SCI and examine correlations be-
tween these treadmill-based parameters and PTIBS scores.
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