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Abstract 

A growing number of spinal cord injury, neuromodulation, and cell therapy studies on porcine 
models, especially the Yucatan minipigs (YMPs), have been recently reported. This is due to the 
large similarities between human and porcine neuroanatomy and biomechanics. To assess 
treatment modalities and locomotor recovery in this model, there is an obvious need for detailed 
characterization of normative overground gait in neurologically intact YMPs. The objective of 
this study was to assess gait biomechanics and the effect of overground walking speed on gait 
parameters, kinematics, and electromyographic (EMG) activity in the hindlimb muscles of 
YMPs. Nine neurologically-intact adult YMPs were trained to walk overground in a straight line. 
Whole-body kinematics and EMG activity of hindlimb muscles were recorded and analyzed at 6 
different speed ranges (0.4-0.59, 0.6-0.79, 0.8-0.99, 1.0-1.19, 1.2-1.39, and 1.4-1.6 m/s). A 
MATLAB program was developed to detect strides and gait events automatically from motion-
captured data. Significant decreases in stride duration, stance and swing times and an increase in 
stride length were observed with increasing speed. A transition in gait pattern occurred at the 
1.0m/s walking speed. Significant increases in the range of motion of the knee and ankle joints 
were observed at higher speeds. Also, the points of minimum and maximum knee and ankle joint 
angles occurred earlier in the gait cycle at higher speeds. The onset of EMG activity in the biceps 
femoris muscle occurred significantly earlier in the gait cycle with increasing speed. A 
comprehensive characterization of overground walking in neurologically-intact YMPs is 
provided. These normative measures set the basis against which the effects of future 
interventions on locomotor capacity in YMPs can be compared.  

Introduction 

Neurological disorders including spinal cord injury (SCI) affect sensorimotor and autonomic 
function and impact the quality of life of millions around the world. In the United States, Hirtz 
et. al.[1] estimated that 4.5 in 100,000 people acquire a SCI annually. SCIs can cause alterations 
in locomotor, cardiovascular, respiratory, or urinary function and increase the risk for secondary 
complications such as pressure injuries[2]. To quantify the nuances of locomotor deficits and 
recovery, gait analysis has become a popular method for both humans and animals[3]. When 
paired with locomotor training after injury, gait analysis can be used to more precisely quantify 
the subtle, yet crucial, changes in gait parameters. 

In developing treatments and devices for neurological disorders, pre-clinical studies in animal 
models are an important step to validate treatment efficacy and safety[4]. Rats and mice are 
common animal models in research; however, dimensional, physiological, pathological, and 
functional differences exist between rodents and humans[5], [6]. This underlies the critical need 
for large animal models in translational research[7]. Several studies have used feline[8], [9] 
canine[10], ovine[11], non-human primates (NHP)[12], and porcine models[6] in various 
experimental contexts. While pigs and cats are different than humans, the size of their spinal 
cords are more comparable to that of a human than rodents[6], [13]. NHPs, the most similar 
animals to humans genetically, can be the best model for behavioral or cognitive-based 
studies[14]. Also, the opposable thumbs in NHPs make them an ideal model for cervical SCI and 
finger movement studies. However, the access to primates and the ability to house them properly 
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present ethical, technical and cost related problems to researchers, limiting the use of NHPs in 
translational experiments[15]. 

Several studies have used porcine models in SCI, traumatic brain injury and neuromodulation 
studies[6], [16], [17]. This is because the gross anatomy of the brain, vertebral column, spinal 
cord, and the ratio of cerebrospinal fluid volume to spinal cord volume in pigs have many 
similarities to that of humans[13]. Moreover, pigs are friendly, easier to handle than primates, 
and their size is well-suited for testing surgical setups and devices designed for humans. 
Therefore, they have been promising candidates for testing different neuromodulation strategies 
such as intraspinal microstimulation[7], [18], epidural stimulation,[19] and photo-
biomodulation[20]. This is done using devices and surgical technologies identical to those 
performed intraoperatively, or intended to be performed, in humans[20], [21]. 

Domestic pigs gain weight non-linearly during their first two years of life and can reach more 
than 300 kg. On the other hand, miniature pig breeds with slower skeletal growth rates, such as: 
Yucatan, Panepinto, Hanfrod, Göttingen, and Vietnamese Pot-Bellied pigs, approach weights of 
55-60 kg as adults, and have recently been widely used as animal models[6], [22], [23]. 
Although the porcine thoracic injury behavioral scale (PTIBS) and the Miami porcine walking 
scale (MPWS) have been widely used for gait analysis, they are based on visual observations and 
mainly qualitative assessments. Recently, Boakye et al.[22] characterized treadmill-based gait 
kinematics of Yucatan minipigs (YMPs). Several differences and similarities between treadmill-
based and overground walking have been previously shown in terms of various spatiotemporal 
gait parameters, muscle activation, and joint kinematics[24]–[28]. Because the ultimate goal of 
treadmill-based training and neuromodulation paradigms is the translation to functional 
overground locomotion, there is a critical need for detailed characterization of overground 
walking parameters in pigs for studies focused on locomotor recovery. In this paper, we analyze 
overground gait kinematics of neurologically-intact adult YMPs using both motion capture and 
recorded EMG data. This information can be used as a standard guide to which future studies on 
injured minipigs undergoing various treatments can be compared. 

Methods 

Experimental Setup 

All procedures were approved by the University of Alberta Animal Care and Use Committee. 
Nine adult female YMPs (weight=39.3±2.89 kg) were trained to traverse a straight 3.5 m 
walkway by following a human experimenter (Figure 1a, c). Twenty-seven reflective motion 
capture markers (Vicon Motion Systems Ltd, Oxford, UK) were mounted on the pigs to mark the 
locations of the left and right hindlimb hoofs, metatarsophalangeal (MTP) joints, ankles, knees, 
hips, iliac crests, forelimb hoofs, metacarpophalangeal (MCP) joints, wrists, elbows, shoulders, 
and scapulae, as well as the sacrum, mid-thoracic spine, and mid-cervical spine (Figure 1b). The 
positions of motion capture markers were recorded by eight cameras. Wireless surface EMG 
(sEMG) electrodes (Noraxon USA Inc., Scottsdale, AZ, USA) were placed on the left and right 
gluteus medius (GM) muscles, the biceps femoris (BF) muscles, and the vastus lateralis (VL) 
muscles (Figure 1b). For each pig, motion capture data (150 frames/sec) and EMG activity (3000 
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Hz) were recorded as the pigs traversed the walkway 20-120 times on a given testing day 
(average number of passes per day=65±28). 

Automated Stride Detection 

A MATLAB (R2020b, The MathWorks, Inc., Natick, MA, USA) program was developed to 
detect strides from raw motion capture data. Hoof contact (touch-down) and lift-off (toe-off) 
frames were detected by analyzing the kinematic data of the MTP markers for the hindlimbs or 
the MCP markers for the forelimbs. MTP/MCP markers were selected for detecting touch-
down/toe-off events because the toe markers often became detached during the measurement 
sessions. During walking, when the limb is in contact with the ground, the y-values (along the 
horizontal direction of locomotion) remain almost unchanged until the limb is lifted and pushed 
forward again (Figure 2a). Therefore, by detecting the onset and endpoint of the duration when 
the y-values remain constant, the touch-down and toe-off frames can be detected. The y-
coordinate was selected instead of the z-coordinate (vertical height of the marker) due to its 
uniform and repetitive trend, making it a reliable candidate for stride detection. Y-values of the 
MTP/MCP markers were extracted from the CSV files generated by the motion capture software 
and a zero-phase forward and reverse digital IIR filter (5 Hz lowpass) was applied to remove 
noise (Figure 2a). Because during each walkway pass y-values increase or decrease (during left-
to-right or right-to-left walking, respectively), the y-value data corresponding to each pass were 
detrended (Figure 2b). A touch-down or toe-off event was then detected when the y-values of the 
MTP/MCP markers crossed constant, expert-defined thresholds. A sign function was used to 
determine when each touch-down or toe-off had occurred. For each motion captured frame, the 
difference between the magnitude of y-values of the MTP/MCP markers and one of the constant 
thresholds was fed into the sign function. The outputs of the sign function were compared with 
each other to detect appropriate touch-downs or toe-offs. The detected touch-down/toe-off 
frames were then classified to detect a stride. Each stride contained a touch-down, a toe-off and a 
next touch-down frame. Figure 2c shows that left-to-right and right-to-left runs on the walkway 
result in mirrored y-value trends. Because uniform minima were used, two different plots were 
needed: one for detecting touch-downs and one for detecting toe-offs. These two plots are 
inverse (negative) of each other. 

As the pigs turned around at each end of the walkway highly variable data were produced. 
Therefore, the start and end frame of each section of straight walking was manually determined 
for the stride labelling program to work effectively. The program automatically detected the 
desired y-values of MTP/MCP markers for each walkway pass using two CSV files: one 
containing raw motion capture data and another containing the start and end frames of straight 
walking. The reconstructed strides were stored as an array in MATLAB and published as a CSV 
file for further analysis. Each file contained the detected strides of a specific limb for all 
walkway passes from one recording day. The accuracy of the program was validated by three 
experimenters who manually detected the events in motion capture videos. The program was 
deemed to be accurate if the automatically detected stride events were within 4 frames (26.6 ms) 
of the manually detected events. Across the three experimenters, the program was accurate 
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89.3±2.3 % (Mean±SD) of the time. The inaccurately detected events resulted in identified 
outliers in the kinematics data that were removed as explained in the next section. 

Analysis of Kinematic Data 

Kinematic data were stored in CSV files and processed with custom-written MATLAB 
programs. The data were filtered with a zero-phase forward and reverse digital infinite impulse 
response (IIR) 10 Hz lowpass filter to remove vibration artifacts of the markers during walking. 
For each stride, stride speed, stride length, stance time, and swing time were calculated. 
Moreover, the height of the left and right iliac crests (pelvis), MTP height, hindlimb toe height, 
and ankle, knee and hip joint angles were calculated.  

Because the hoof reflective markers were often lost during walking in five out of nine pigs, stride 
speed was calculated based on the left MTP marker. For each pig, strides were sorted into one of 
the 6 speed ranges, and within each speed range, the gait cycle was divided into 50 bins. The 
mean and standard deviation of the joint angles of the forelimbs and hindlimbs were then 
calculated for each bin. All data were plotted in reference to the left hindlimb, normalized to 
100% of the gait cycle. Irregular outlier strides (caused by inaccurate event detection) for each 
pig were identified as strides that differed by greater than 3 standard deviations from the mean in 
the joint angle calculations and were removed. The mean joint angles across all 9 pigs were then 
averaged to provide an overall summary of the joint angles for YMPs during locomotion. If 
fewer than 6 strides were recorded for a given pig at a given speed, these data were excluded 
from the overall average calculation.  

Interlimb coordination (coupling between limbs within a stride) was calculated as the fraction of 
overlap between steps of different limbs during the gait cycle[22]. Diagonal (LF-RH), 
homolateral (LF-LH), and homologous (LF-RF) coupling were calculated for strides within each 
of the 6 speed ranges. All coupling values were calculated with reference to the left forelimb and 
presented in polar plots to show interlimb phase relationships. Joint angle cyclograms were 
created for the left and right knee-ankle, hip-ankle, and hip-knee joints to investigate inter-joint 
coordination in the hindlimbs during overground walking. Cyclogram areas were calculated 
using the polyarea function in MATLAB. Regularity of cyclograms was calculated as a measure 
of repeatability of the steps using the approach described by Tepavac & Field-Fote[29]. Each 
regularity has a value between 0 and 1 that measures how repeatable a group of strides is. A 
score of 0 means that the cyclograms (strides) are nothing alike and a score of 1 means that the 
strides are identical[29]. 

Analysis of EMG Activity 

The EMG data were stored in CSV files and processed using a custom-written MATLAB 
program. The data were bandpass filtered (10 Hz - 450 Hz), full-wave rectified, and lowpass 
filtered at 10 Hz. All filtering was performed with zero-phase forward and reverse digital IIR 
filters to avoid phase distortion and delays. EMG activity was synchronized with the kinematic 
measurements using a common trigger in both the EMG and kinematic data. EMG data for the 
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left and right biceps femoris (BF), vastus lateralis (VL) and gluteus medius (GM) muscles for 
each stride were sorted based on stride speed into one of the 6 defined speed ranges, and 
analyzed to determine the stride onset and offset points. EMG traces that were clipped (i.e., 
saturated the amplifier) along with traces with major artifacts, were manually removed. Outliers 
were removed using the same criteria applied to the kinematic data. If fewer than 6 strides were 
recorded for a given pig at a given speed, these data were excluded from further analysis. 

A threshold was defined based on regions of consistently low muscle activity (mean + 1.5 SD) 
and EMG activity rising above this threshold was identified as an onset point while EMG 
activity dropping below this threshold was identified as an offset point [12]. Bursts that were 
separated by 20% or less of the gait cycle were combined and bursts with durations less than 
10% of the gait cycle were then discarded. Finally, the onset and offset points of all strides 
exhibiting one burst of activity were averaged for each pig. These onset and offset values were 
then averaged across all pigs to determine the mean onset and offset points for all pigs for strides 
within each speed range. 

Statistical Analyses 

Statistical analyses of joint angles, MTP and hind-hoof clearance above ground, the vertical left 
and right displacement of the pelvis and the difference between them (hip-hike), and EMG onset 
and offset points within the different speed ranges were performed using repeated measures 
analysis of variance (ANOVA; IBM SPSS, Build 1.0.0. 1447; IBM Corp., Armonk, N.Y., USA). 
Differences in stride lengths across the 6 speed ranges and between the four limbs within a speed 
range were analyzed using two-way repeated measures ANOVA. Interlimb and inter-joint 
coupling, swing/stance durations, and duty factor values (stance time divided by stride time) 
were compared across all speed ranges using one-way ANOVA. Quadratic, exponential, and 
power curve models were fitted to the swing time, stance time, and stride time distributions at 
different speeds, respectively. In all cases, Bonferroni’s post-hoc t-test was used for multiple 
comparisons. Comparisons with p ≤ 0.05 were considered significant. 

Results 

Joint Angle Kinematics 
Angular kinematics of different joints were similar in the left and right limbs (p>0.05, Figure 
3a); therefore, parameters were compared across speed ranges using the data from the left hind 
limb only (Table 1). The left hind limb was chosen because the maximum and minimum joint 
angles occurred in the middle of the gait cycle, making the comparisons more reliable. 

For the ankle and knee joints, as the speed of walking increased, the crests and troughs in the gait 
cycle increased and decreased, respectively (p<0.001, Table 1). Consequently, the range of 
motion (ROM) for the knee joint increased from 30.1±6.5° at the 0.4-0.59m/s speed to 
39.7±1.3°, 43.9±0.9°, 46.8±0.7°, 47.2±0.9°, and 49.1±0.7° (mean±SE) at the 0.6-0.79m/s, 0.8-
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0.99m/s, 1.0-1.19m/s, 1.2-1.39m/s, and 1.4-1.6m/s speeds, respectively (p<0.001). The ankle 
joint ROM increased from 25.1±3.1° at the 0.4-0.59m/s speed to 31.0±2.5°, 36.4±2.7°, 
41.5±2.7°, 43.4±3.6°, and 44.5±2.5° at the 0.6-0.79m/s, 0.8-0.99m/s, 1.0-1.19m/s, 1.2-1.39m/s, 
and 1.4-1.6m/s speeds, respectively (p<0.001).  In addition, the time points within the gait cycle 
at which maximal extension and maximal flexion occurred differed significantly at different 
speeds for both the knee and ankle, occurring earlier in the gait cycle as the speed increased 
(knee max: p<0.001; knee min: p<0.001; ankle max: p<0.001; ankle min: p<0.001). For the knee 
joint, the percent of the gait cycle at which the crests and troughs occurred moved from 
98.3±0.8% (mean±SE) to 88.6±0.6% and from 73.3±0.6% to 63.6±1.2% with increasing speed 
from 0.4-0.59m/s to 1.4-1.6m/s, respectively (Figure 3a and Table 1). Similarly, for the ankle 
joint, these points moved from 55.6±09% (mean±SE) to 40.3±1.4% and from 81.0±1% to 
69.0±0.8%. For the hip joint, only the percent of gait cycle at which the maximal flexion 
occurred was significantly different with speed (p<0.001). 

Vertical Displacement of the Pelvis and Toe 

The vertical displacement of the left and right pelvic markers above the ground and hip-hike are 
shown in Figure 3c. Hip-hike was calculated by subtracting the left and right pelvic displacement 
at each point in the gait cycle. Left pelvic ROM and range of hip-hike were significantly 
different at different speed ranges (Table 1). The pelvic ROM increased from 20.3±1.7 mm to 
33.5±1.6 mm with increasing speed from 0.4-0.59m/s to 1.4-1.6m/s (p<0.001). In addition, hip-
hike ROM decreased from 24.3±3.8 for the 0.4-0.6m/s speed to 17.7± 2.3 for the 1.4-1.6m/s 
(p<0.001).  

The moment at which the MTP reached its maximal height over the ground occurred 
significantly earlier (p<0.001) at higher speeds. The maximal height of the MTP joint occurred at 
80.7±0.01% of the gait cycle at the lowest speed range; this point shifted to 58.7±0.01% at the 
highest speed range. The vertical ROM of MTP joint and left hind-toe as well as the percent of 
the gait cycle where maximal clearance above the ground occurred for the hind-toe were similar 
across speeds. 

Gait Cycle Parameters 

The mean stride length calculated across all animals showed statistically significant differences 
at all different speed ranges (p<0.001, Table 1, Figure 4a). The mean stride length increased 
from 0.52±0.10m for the 0.4-0.59m/s speed to 0.58±0.005m, 0.63±007m, 0.66±0.007m, 
0.70±0.006m, and 0.74±0.008m (mean±SE) for the 0.6-0.79m/s, 0.8-0.99m/s, 1.0-1.19m/s, 1.2-
1.39m/s, and 1.4-1.6m/s speeds, respectively. No significant variation between the four limbs 
was observed at any of the speed ranges. 

Both the swing and stance times decreased significantly (p<0.0005) with increasing speed. The 
mean swing time changed from 0.36±0.003s to 0.33±0.001s, 0.30±0.001s, 0.28±0.0001s, 
0.27±0.001s, and 0.27±0.001s with increasing speed ranges and the mean stance time for all 
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animals decreased from 0.66±0.006s to 0.52±0.001s, 0.42±0.001s, 0.34±0.001s, 0.27±0.002s, 
and 0.23±0.002s. The duty factor decreased significantly (p<0.0005) with increasing speed from 
0.65±0.003, to 0.61±0.001, 0.58±0.001, 0.55±0.001, 0.50±0.002, and 0.46±0.003. Furthermore, 
the averaged duty factor showed significant differences (p<0.001) between forelimbs (0.54 ± 
0.001) and hindlimbs (0.58 ± 0.001).  

The mean stride time significantly decreased with increasing speed (p<0.0005). A decrease from 
1.02±0.007s to 0.86±0.002s, 0.73±0.001s, 0.62±0.001s, 0.54±0.001s, and 0.50±0.001s was 
observed for mean stride time with increasing speed; the differences were significant between all 
possible pairs at various speed ranges (Figure 4c and Table 1) 

Interlimb and Inter-joint Coordination 
Interlimb coupling was calculated between the four limbs (Figure 5a). While diagonal (Figure 
5b) and homolateral (Figure 5d) coupling showed significant differences between the various 
speed ranges (p<0.0005), no significant differences for homologous coupling (Figure 5c) was 
detected between speed ranges. Diagonal coupling decreased with increasing speed from 
24.2±0.33% to 23.6±0.11%, 22.0±0.10%, 18.6±0.19%, 12.4±0.34%, and 7.2±0.38%. Similarly, 
homolateral coupling decreased from 75.3±0.35% to 73.7±0.09%, 71.6±0.10%, 67.6±0.19%, 
60.4±0.31% and 54.3±0.27% with increasing walking speed. 

Cyclograms of knee-ankle, hip-ankle, and hip-knee inter-joint coordination during the gait cycle 
are shown for one representative pig (Figure 6a) and averaged across all pigs (Figure 6b). Table 
1 shows the mean area of the cyclograms of various joints at different speed ranges. The left 
knee vs ankle cyclograms mean area increased from 562.45±61.6(deg2) to 691.56±55.5(deg2), 
849.49±48.9(deg2), and 911.06±73.9(deg2) with increasing speed range from 0.4-0.59m/s to 1-
1.19m/s and decreased to 849.31±82.1(deg2) and 783.89±63.7(deg2) at speed ranges of 1.2-
1.39m/s and 1.4-1.59m/s, respectively (p<0.05). Similarly, the mean area of the right knee vs 
ankle increased from 680.18±43.0(deg2) to 758.31±42.1(deg2), 899.30±32.4(deg2), and 
966.31±59.3(deg2), as the overground walking speed increased from 0.4-0.59m/s to 1-1.19m/s 
and then decreased to 909.96±45.2(deg2) and 889.01±54.3(deg2) at the speed ranges of 1.2-
1.39m/s and 1.4-1.59m/s, respectively (p<0.05). 

Pairwise comparisons only demonstrated significant differences at given speeds for the area of 
left and right knee vs ankle cyclograms (p<0.05 with Bonferroni adjustment). The cyclogram 
areas of left knee vs ankle showed significant differences between 0.4-0.59m/s and 0.8-0.99m/s, 
0.4-0.59m/s and 1.0-1.19m/s, 0.4-0.59m/s and 1.2-1.39m/s, 0.4-0.59m/s and 1.4-1.59m/s, 0.6-
0.79m/s and 0.8-0.99m/s, 1.0-1.19m/s and 1.2-1.39m/s, and 1.0-1.19m/s and 1.4-1.59m/s. The 
right knee vs ankle cyclogram area showed significant differences between 0.4-0.59m/s and 0.8-
0.99m/s, 0.4-0.59m/s and 1.0-1.19m/s, and 0.4-0.59m/s and 1.2-1.39m/s (Table 1).  

Left knee vs hip cyclogram regularity values increased from 0.40±0.040 to 0.50±0.026, 
0.53±0.023, 0.53±0.020, 0.51±0.028, and 0.53±0.026 with increasing speed from 0.4-0.59m/s to 
1.2-1.4m/s (p<0.05). The left hip vs ankle regularity scores increased from 0.35±0.044 to 
0.45±0.022, 0.49±0.026, 0.50±0.017, 0.49±0.022, and 0.52±0.027 with increasing speed of 
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walking (p<0.05). In addition, the left hip vs knee cyclogram regularities increased with 
increasing walking speed from 0.38±0.034, to 0.47±0.028, 0.51±0.025, 0.52±0.018, 0.52±0.023, 
and 0.55±0.032. Furthermore, the right knee vs ankle, right hip vs ankle, and right hip vs knee 
cyclogram regularity values experienced similar increases as the walking speed increased from 
0.4-0.59m/s to 1.2-1.4m/s (Table 1). 

The regularities of cyclograms showed significantly different values across all speed ranges. The 
left knee vs ankle regularity values were significantly different between 0.4-0.59m/s and 0.8-
0.99m/s speed ranges. For the right knee vs ankle cyclogram, the regularities were significantly 
different at 0.4-0.59m/s and 0.6-0.79m/s, and 0.4-0.59m/s and 0.8-0.99m/s speed ranges. For the 
hip vs ankle cyclograms, the regularities of the left side were significantly different between 0.4-
0.59m/s and 0.8-0.99m/s, and for the right side, the regularity scores at 0.4-0.59m/s was 
significantly different from all other speed ranges except 1.2-1.39m/s. Lastly, both the right and 
left hip vs knee cyclograms had significantly different regularity scores between 0.4-0.59m/s and 
0.8-0.99m/s speed ranges (Table 1). 

EMG Activity 
An example of EMG activity recorded from the GM, BF and VL muscles in one pig is shown in 
Figure 7. Changes in the activation patterns, particularly the onset and offset points of EMG 
activity, were determined and compared across speed ranges. The low-activity regions shown 
with dashed green lines occurred 60-90% of the gait cycle for the left GM, 10-40% of the gait 
cycle for the right GM, 50-90% of the gait cycle for the left VL, 0-40% of the gait cycle for the 
right VL, 30-50% of the gait cycle for the left BF, and 80-100% of the gait cycle for the right 
BF. 

Generally, all muscles exhibited one burst of activity during the gait cycle. The GM and VL 
muscles were activated primarily during the stance phase. For the BF muscles, activity began 
during the swing phase and terminated shortly after the beginning of the stance phase. The left 
BF muscle often exhibited a distinct two-burst pattern (Figure 7a), with the swing and stance 
bursts separated by a brief period of inactivity. In the right BF muscles, these two bursts were 
almost always overlapping and formed one sustained burst of activity. This left-right variability 
of the BF muscles may have been due to variable placement of the sEMG electrodes on each pig. 

Figure 7b shows how muscle onset and offset points varied for strides within each speed range. 
At mid-speed (0.8-.0.99m/s), the mean onset and offset points (mean±SE) of each muscle were: 
99±4% and 40±1% for the left GM, 45±3% and 89±7% for the right GM, 93±2% and 24±3% for 
the left VL, 44±1% and 83±6% for the right VL, 74±6% and 22±1% for the left BF, and 34±5% 
and 69±6% for the right BF. At different speeds, these values remained largely unchanged. 
Significant differences were only detected for the left BF onset and left BF offset points across 
the 6 speed ranges (p<0.05). Pairwise comparisons for the left BF onset showed significant 
differences at 0.4-0.6m/s (84±6%) and at 1.2-1.4m/s, (66±5%). Pairwise comparisons for the left 
BF offset values resulted in no significant differences. 
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Discussion 

This is the first study that focuses on analyzing the spatiotemporal parameters, kinematics, and 
EMG activity of overground walking in neurologically-intact adult YMPs. The results are critical 
for evaluating the role of sensorimotor neural circuits in controlling locomotion, and for 
quantifying the effects of neural injury and novel interventions on overground walking. The 6 
different speed ranges chosen for gait analysis in this study encompass most of the speed ranges 
used in previous animal studies[22], [30]–[32]. Monitoring gait parameters over a wide range of 
overground walking speeds is particularly valuable not only for understanding the mechanisms 
of neural control during typical walking, but for understanding the manner in which locomotor 
patterns, kinematics, and muscle activation patterns change as a result of increasing walking 
speed. 

Overground Walking Parameters 

A decrease in duration of step cycle was observed as the walking speed increased. Also, a 
significant decrease in swing time (~25% from 0.36±0.003s to 0.27±0.001s) was detected during 
increasing speed from 0.4-0.59m/s to 1.2-1.39m/s. Several previous studies in humans and 
animals have reported a similar effect of speed on the duration of the step cycle[22], [24], [31]–
[35]. In addition, the effects of walking speed on swing time in YMPs obtained here are 
consistent with previous studies in cats[33], [36], [37], where a 21-22% reduction in swing time 
is reported as the cats speed up from walking to trotting. 

The lateral sequence of footfall pattern (i.e., the limb to move after a hindlimb is the ipsilateral 
forelimb: RH, RF, LH, LF) shown in Figure 5a is also seen in gait patterns of other mammals 
such as cats, dogs, some primates, and infant/adult humans during crawling[34], [38]–[41]. 
Interestingly, a shift to a diagonal sequence was observed (RH, LF, LH, RF) at higher speeds in 
which the hindlimb was followed by the contralateral forelimb (Figure 5b). Generally, gait 
parameters showed higher variability in the lowermost walking speed ranges. A higher 
variability was also seen at the highest speed range; however, that was likely due to the lower 
number of strides taken at this speed. In addition, interlimb coordination indicated a gait 
transition at ~1m/s, confirming observations seen in treadmill-based walking for YMPs[22]. 
Thus, it is recommended that the speed range 0.8-1.19m/s be included when analyzing 
overground gait in YMPs.  

Compared with treadmill-based walking of YMPs[22], the stride length for overground walking, 
measured at similar speeds to treadmill walking, was longer. However, a higher duty factor was 
reported in treadmill-based walking than in the overground walking in this study. Similar 
differences between overground walking and treadmill walking have been previously reported in 
humans and cats[24], [26], [42], [43]. In treadmill-based walking, once the treadmill belt starts 
moving, limbs are pulled back causing extension/flexion in different joints as well as tension in 
different muscles. These changes produce regular frequencies of afferent impulses from Golgi 
tendon organs, muscle spindles, and cutaneous receptors into the spinal central pattern generator 
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(CPG), a network of neurons which controls locomotion. Furthermore, while the placement of a 
food tray in front of the pig during treadmill walking might influence head position, natural 
deviations in head position during overground walking often occur, inducing differences in neck 
and vestibular-ocular reflexes from those induced during treadmill walking. Finally, in contrast 
to treadmill walking, the pig does not need to adjust its walking velocity to match external 
measures (i.e., speed of treadmill belt) during overground walking. Nonetheless, in overground 
walking, several different descending inputs such as visual and vestibular signals influence the 
CPG, causing more irregular walking patterns[26]. 

Interlimb and Inter-joint Coordination 

Interlimb coordination is an important component for maintaining dynamic stability of 
movement and to satisfy the demands of various tasks (such as gait pattern transitions) in 
constantly changing environments[44]. It is well established that limb coordination during 
locomotion is governed by the CPG[35], [45]. Studies in mammalian quadrupeds demonstrated 
that movement of each of the four limbs is coordinated by separate spinal neuronal networks[46]. 
The main elements of forelimb and hindlimb CPGs are located at low cervical-high thoracic and 
upper to mid-lumbar spinal segments, respectively[47]. In addition, a distribution of 
propriospinal pathways communicate between the CPGs controlling fore/hindlimbs through 
long/short and ascending/descending pathways[48]. Somatosensory feedback has an important 
role in the activation of inhibitory and excitatory propriospinal tracts[49]. These pathways which 
project diagonally and homolateraly to the neural networks, influence the locomotor pattern by 
modulating forelimb/hindlimb coordination, gait transition, and adjustments in trajectory in 
response to perturbations[50], [51]. Supraspinal descending signals also control limb 
coordination and the temporal sequence of muscle activity in the four limbs. Studies in YMPs 
have shown that stimulation of the mesencephalic locomotor region can evoke responses in 
extensor and flexor muscles of all limbs and generate various gait patterns and speeds[15]. 

In the current study, a gait transition from walking to trotting occurred at speeds around 1.0m/s. 
However, the 180 degree phase difference between left and right limbs remained unchanged, 
similarly to what has been reported in overground locomotion of cats[52]. The homologous 
coupling showed no further gait transition (from symmetrical gait patterns such as walk or trot to 
asymmetrical gaits like pace, gallop, or bound) at the speeds tested. These results can be used for 
evaluating the functionality of neural and biomechanical mechanisms ruling interlimb 
coordination in injured YMPs. 

Cyclograms are useful for diagnosis and tracking recovery following surgery or SCI[22], [53]. 
They have been used to qualitatively analyze inter-joint coordination in animal studies[30]. The 
cyclogram shapes are highly responsive to walking speed and abnormalities[54]. Recently, 
Boakye et al.[22] reported no difference in joint angles (distal and proximal), and no differences 
in cyclogram patterns, across varying speeds for treadmill-based walking of YMPs; this 
indicated that the inter-joint coordination was consistent from step to step. However, the 
cyclograms for treadmill walking of Japanese macaque monkeys showed that while the temporal 
components of locomotion were well-coordinated, there were differences in the pattern of the 
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gait[55]. In the present study, as a general trend, the areas associated with all cyclograms 
increased from the slowest speed 0.4-0.59m/s to the 0.8-0.99m/s speed range. Generally, as the 
speed of walking increases the joint ROMs increases, leading to an increase in the area of the 
cyclograms[54], which was also seen in this study. This has also been shown in humans where 
the area of the hip vs knee cyclograms increases linearly with the walking speed[56]. 

Regularity measures provide a quantitative assessment of the relationship between step cycles 
and provide information on the mechanisms underlying the control of movement[29]. Regularity 
of cyclograms has been used to examine changes in gait following rehabilitation programs in 
persons with incomplete SCI; the higher post-training regularity scores indicated higher 
consistency in the walking pattern [57]. Cyclogram regularity has been also used as a measure 
for comparing the walking patterns of neurologically-intact study participants and participants 
with incomplete SCI[58]. Neurologically-intact participants had higher regularity scores 
compared with participants with incomplete SCI. In addition, the hip-knee cyclogram regularity 
values increased in both groups when moving from slow to faster walking speeds[58].  

Angular Joint Kinematics 

Four subphases defined for a gait cycle, F and E1 (swing phase), and E2 and E3 (stance phase) 
were originally proposed by Philippson[59]. At the hip joint, these four subphases can be divided 
into two major phases of extension and flexion[37] (Figure 3b). At the onset of the stance phase 
(0% gait cycle for the left hindlimb), the ankle flexes a few degrees to preserve limb progression, 
the knee flexes to absorb the shock in loading response to the weight acceptance, and the hip 
joint extends (E2). During midstance, the ankle and knee joints extend (E3); for the ankle and hip 
joints the maximum extension occurs ~40%-60% of the gait cycle. At the onset of the swing 
phase (F) flexion of the hip, knee, and ankle takes place to elevate the limb for toe-off (Figure 
3b, 1d) and advance the limb through space. The flexion of joints continues until the middle of 
the swing phase (F). In the final advancement of the limb forward (E1) the knee and ankle joints 
extend, the limb is lowered for another touchdown to start the next step cycle. In the present 
study, knee flexion at the start of the swing phase (F) showed a faster rate of flexion at higher 
speeds of walking (steeper slope can be seen for left knee joint angles in Figure 3b), while in the 
E1 phase the knee and ankle extension at different speeds of walking occurred at the same rate.  

Hip-hike curves show that at speed ranges from 0.4-0.59m/s to 0.8-0.99m/s the difference 
between left or right pelvic vertical displacement increases for higher speeds. At speeds greater 
than 1.0m/s however, the absolute values of the hip-hike begin to decrease. These findings 
further support the transition in gait patterns at ~1.0m/s. During symmetrical (walk, trot or pace) 
to asymmetrical (bound or gallop) gait transition, the pelvic girdles begin to move 
synchronously[44]. Although here we did not detect any asymmetrical gait patterns, the left and 
right pelvises showed in-phase vertical movement at speeds greater than 1.0m/s. 
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Muscle Activation Pattern 

The GM and VL muscles primarily exhibited a single burst of activity during the gait cycle at the 
beginning of the stance phase. Although no significant differences were detected in the EMG 
activity onset or offset points for the left and right GM and VL muscles, or right BF muscle, the 
left BF muscle did experience a significantly earlier onset point at faster walking speeds (1.2-
1.39m/s) when compared to walking at slower speeds (0.4-0.59m/s). Considerable EMG 
variability was observed across all pigs, likely due to variable placement of the sEMG electrodes 
from animal to animal. The activity pattern of GM and VL aligned well with activity seen in 
many species, where different muscles contribute synergistically to flexion or extension around 
different joints[12], [45], [60], [61]. These similarities likely owe to conserved evolutionary 
development of the CPG circuits which drive locomotion in vertebrates[62]–[65]. Others have 
noted that at higher velocities, muscle activation peaks tend to undergo a phase shift similar to 
that of the toe-off time, occurring earlier in the gait cycle[60] [60]. Lastly, the BF muscles 
displayed one to two bursts of activity during the gait cycle, one in the swing phase and another 
in the stance phase. This activity pattern aligns with observations in other species for biarticulate 
muscles such as the BF and semitendinosus muscles in the cat, where the anterior and posterior 
portions of the muscle may contribute to separate phases of the gait cycle[66], [67]. 

Limitations 
Minor limitations were identified in this study which did not affect the overall outcomes. First, 
force plates or pressure mats were not utilized; therefore, the magnitude and patterns of ground 
reaction forces at different speeds of walking were not quantified. Second, the hoof reflective 
markers were frequently lost bilaterally during walking, limiting our ability to identify toe-height 
accurately; nonetheless, the use of the MTP markers provided a very close surrogate. Finally, 
EMG activity was recorded from only three muscles acting on the hip (abduction and extension) 
and knee (flexion and extension) in each hindlimb, and no EMG activity was recorded from hip 
flexors or muscles acting on the ankle. This was because those muscles could not be easily 
targeted with sEMG. To record activity from the hip flexors or muscles acting on the ankle (e.g., 
triceps surae and tibialis anterior), percutaneous needle electrodes[68] or implanted electrodes 
would need to be utilized. 

Conclusions 
This study established a baseline of typical quadrupedal locomotion in YMPs. Significant 
differences in angular kinematics and walking parameters (i.e., stride, swing, and stance 
duration) were observed as a result of changes in walking speed. Interlimb coordination showed 
significant changes in both contralateral forelimb-hindlimb and ipsilateral forelimb-hindlimb 
coordination at increased speed ranges. The muscle activation patterns for the GM, VL, and BF 
muscles were quantified and only minor differences in onset and offset points were observed 
with increasing speeds. This study provides normative data against which future studies can 
detect alterations in the walking metrics of YMPs after SCI and/or neuromodulation in order to 
assess the effect of interventions on neuroplasticity and functional recovery of locomotion. 
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Table 1. Comparison of different parameters of overground walking at each speed range (Mean ± standard error). 

Measure Parameter 0.4-0.59 
  (m/s) 

0.6-0.79 
  (m/s) 

0.8-0.99 
   (m/s) 

1-1.19       
(m/s) 

1.2-1.39 
   (m/s) 

1.4-1.6 
  (m/s) Sig 

Hip joint 
(n=6) 

Minimum angle (deg) 94.7±2.5a 92.8±2.4ab 92.0±2.8bc 93.4±2.8a 94.9±2.7a 94.5±3.0ac * 
Maximum angle (deg) 109.8±4.1a 111.4±1.0a 111.8±3.8a 112.0±3.7a 111.9±3.8a 112.2±3.7a - 
ROM (deg) 15.0±2.7a 18.6±2.1a 19.8±1.7a 18.6±1.7a 17.0±1.7a 17.7±1.4a - 
Gait percentage of max angle 57.3±2.6a 53.0±1.6a 52.3±0.9a 50.0±0.8a 47.0±1.9a 46.0±2.8a - 
Gait percentage of min angle 94.6±1.9a 94.3±0.8a 93.3±0.6a 93.3±0.9a 93.3±0.6a 93.3±1.1a - 

Knee 
joint 
(n=6) 

Minimum angle (deg) 107.6±2.5a 105.1±2.6ab 101.5±2.2bc 99.5±2.4cd 98.7±3.2bd 99.2±2.9bd ** 
Maximum angle (deg) 137.7±3.8a 144.5±2.2a 145.5±2.4a 146.3±2.6a 146.0±2.7a 148.3±3.3a ** 
ROM (deg) 30.1±6.5ac 39.7±1.3abc 43.9±0.9ac 46.8±0.7b 47.2±0.9abc 49.1±0.7abc ** 
Gait percentage of max angle 98.3±0.8a 94.0±0.8b 91.6±0.3bc 90.6±0.4abc 89.3±0.4bc 88.6±0.6c ** 
Gait percentage of min angle 73.3±0.6  68.3±0.9a 65.6±0.9b 64.3±0.9b 63.6±1.4ab 63.6±1.2ab ** 

Ankle 
joint 
(n=6) 

Minimum angle (deg) 120.1±6.0a 117.1±5.2a 113.7±5.4b 109.7±5.5c 107.8±5.5bc 107.7±5.3bc ** 
Maximum angle (deg) 145.2±3.5ab 148.2±3.9ab 150.1±3.6a 151.3±3.4ab 151.3±3.0ab 152.2±3.5b ** 
ROM (deg) 25.1±3.1a 31.0±2.5a 36.4±2.7b 41.5±2.7c 43.4±3.6bc 44.5±2.5c ** 
Gait percentage of max angle 55.6±09a 52.3±1.2a 49.6±1.3ab 45.3±1.1bc 42.3±1.2bc 40.3±1.4bc ** 
Gait percentage of min angle 81.0±1.1  77.0±0.6a 73.6±0.6ab 71.3±0.6b 69.6±0.6b 69.0±0.8b ** 

MTP 
(n=6) 

Gait percentage of max height 80.7±0.01a 75.7±0.01b 70.3±0.01c 66.0±0.02bcd 62.0±0.02cd 58.7±0.01d ** 

ROM (mm) 43.8±2.8a 46.5±2.1a 46.3±3.1a 48.5±3.2a 53.2±4.1a 56.1±3.5a - 

Toe  
(n=3) 

Gait percentage of max height 89.3±0.02a 87.3±0.04a 73.3±0.9a 71.3±0.08a 68.0±0.1a 66.0±0.1a - 

ROM (mm) 20.8±2.1a 22.1±2.0a 22.3±1.2a 25.0±1.2a 26.6±2.0a 30.1±3.9a - 

Pelvis 
(n=6) 

ROM (mm) 20.3±1.7a 24.6±0.6a 23.7±1.2a 25.4±0.9ab 28.8±0.9ab 33.5±1.6b * 

Hip-Hike ROM (mm) 24.3±3.8ab 31.2±2.7ab 28.7±2.3ab 21.2±1.8a 14.3±1.6 a 17.7±2.3a ** 

Stride 
data 

Stride length (m) 0.52±0.10 0.58±0.005 0.63±007 0.66±0.007 0.70±0.006 0.74±0.008 ** 
Swing time (s) 0.36±0.003 0.33±0.001 0.30±0.001 0.28±0.0001 0.27±0.001a 0.27±0.001a *** 
Stance time (s) 0.66±0.006 0.52±0.001 0.42±0.001 0.34±0.001 0.27±0.002 0.23±0.002 *** 
Stride time (s) 1.02±0.007 0.86±0.002 0.73±0.001 0.62±0.001 0.54±0.001 0.50±0.001 *** 
Duty factor (four limbs) 0.65±0.003 0.61±0.001 0.58±0.001 0.55±0.001 0.50±0.002 0.46±0.003 *** 
Duty 
factor 

Hindlimbs 0.63±0.003 0.60±0.001 0.57±0.001 0.53±0.002 0.46±0.002 0.43±0.002 *** 
forelimbs 0.66±0.003 0.62±0.001 0.60±0.001 0.57±0.002 0.54±0.002 0.49±0.002 *** 

coupling 
Diagonal coupling (%) 24.2±0.33a 23.6±0.11a 22.0±0.10 18.6±0.19 12.4±0.34 7.2±0.38 *** 
Homolateral coupling (%) 75.3±0.35 73.7±0.09 71.6±0.10 67.6±0.19 60.4±0.31 54.3±0.27 *** 
Homologous coupling (%) 49.4±0.41a 50.2±0.12a 50.2±0.09a 50.4±0.09a 50.2±0.14a 50.2±0.14a - 

Cyclogram 
Area 

Left knee vs ankle (deg 2) 562.45±61.6a 691.56±55.5abcd 849.49±48.9ef 911.06±73.9be 849.31±82.1cf 783.89±63.7df * 
Left hip vs ankle (deg 2) 206.61±57.5a 235.29±64.9a 290.69±74.5a 294.47±73.1a 259.06±61.7a 241.05±55.4a - 
Left hip vs knee (deg 2) 187.27±48.4a 213.50±52.8a 250.28±61.1a 254.59±63.2a 230.54±55.7a 227.28±54.6a - 
Right knee vs ankle (deg 2) 680.18±43.0a 758.31±42.1ac 899.30±32.4c 966.31±59.3c 909.96±45.2c 889.01±54.3ac * 
Right hip vs ankle (deg 2) 225.91±33.5a 252.97±46.7a 290.89±58.2 a 282.43±48.6a 264.46±31.2a 252.49±28.6a - 
Right hip vs knee (deg 2) 190.05±36.8a 212.86±51.8a 232.62±61.4a 231.87±54.0a 215.91±47.2a 205.16±45.9a - 

Cyclogram 
regularity 

Left knee vs ankle 0.40±0.040a 0.50±0.026ab 0.53±0.023b 0.53±0.020ab 0.51±0.028ab 0.53±0.026ab * 
Left hip vs ankle 0.35±0.044a 0.45±0.022ac 0.49±0.026c 0.50±0.017ac 0.49±0.022ac 0.52±0.027ac * 
Left hip vs knee 0.38±0.034a 0.47±0.028ab 0.51±0.025b 0.52±0.018ab 0.52±0.023ab 0.55±0.032ab * 
Right knee vs ankle 0.33±0.042a 0.48±0.032b 0.52±0.022b 0.53±0.019ab 0.52±0.018ab 0.53±0.023ab * 
Right hip vs ankle 0.28±0.035a 0.41±0.034b 0.45±0.026b 0.49±0.016b 0.49±0.015ab 0.51±0.019b * 
Right hip vs knee 0.34±0.044a 0.48±0.029ab 0.51±0.023b 0.53±0.015ab 0.52±0.017ab 0.53±0.022ab * 

a,b,c,d mean values not sharing superscripts differ significantly with Bonferroni adjustment 
*p < 0.05, **p < 0.001, ***p<0.0005 
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Figure 1. Experimental setup. An image (a) and schematic diagram (c) of the overground walkway used for 
characterizing YMP kinematics and EMG activity. (b) Position of motion capture markers and sEMG electrodes 
placed on a YMP. 
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Figure 2. Y-values of a MCP joint reflective marker for walking from the left to the right end of the walkway. (a) 
Raw (○) and filtered (×) values. (b) Two detrended plots; one for detecting touch-down (▷) and one for detecting 
toe-off (×). Solid horizontal lines show the chosen thresholds for detection of the stride events. Once the marker y-
value passed its preset threshold, its respective frame number was considered as a touch-down (green points) or a 
toe-off (black points). (c) An example of y-values in a back-and-forth movement across the walkway. In (c1), 
walking left to right, y-values had an incremental trend. After detrending, the plot was used for toe-off detection 
(c2). The plot was then flipped horizontally for touch-down detection (c3). The opposite picture can be seen on the 
for walking right to left (c4) where the y-values have a decremental trend. After detrending (c5), the plot was used 
for touch-down detection, and then horizontally flipped (c6) for toe-off detection. Note that 2 unique thresholds, 
one for touch-down and one for toe-off are used. The thresholds are depicted as horizontal lines in (b); threshold 
crossings are depicted by vertical lines (in c) for increased clarity. 
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Figure 3. Summary of hindlimb kinematics for overground walking at different speeds. (a) Left hindlimb stick 
figures showing the changes in joint angles during the gait cycle and how the angles were calculated across six 
different speed ranges. (b) Mean joint angles of hip, knee, and ankle of left (left column) and right (right column) 
limbs (n= {9, 9, 9, 6, 6, 6} – n represents the number of animals included in the average joint angles at 0.4-0.6 m/s, 
0.6-0.8 m/s, 0.8-1.0 m/s, 1.0-1.2 m/s, 1.2-1.4 m/s, and 1.4-1.6 m/s, respectively). (c) Change in the left and right 
pelvic heights and hip-hike (left pelvic height – right pelvic height) with speed (n= {9, 9, 9, 6, 6, 6}). (d) Clearance 
over ground of the MTP joint n= {9, 9, 9, 7, 6, 6} and hind toe n= {4, 4, 4, 3, 3, 3} for the left and right limbs 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 20, 2021. ; https://doi.org/10.1101/2021.10.19.465020doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.19.465020


 

 
Figure 4. Summary of gait parameters for different overground walking speeds. (a) Mean values of stride length for 
all four limbs at different speed ranges (mean ± standard error; * p<0.05, **p<0.001, with Bonferroni correction). 
(b) The duration of swing time and stance time for all four limbs with curves fitted (fit equations for swing phases, 
LF: y= 0.132 x2 - 0.375 x + 0.521 (r = 0.53), RF: y= 0.072 x2 - 0.250 x + 0.460 (r = 0.65), LH: y= 0.092 x2 - 0.285 x + 
0.498 (r =0.56), RH: y= 0.099 x2 - 0.294 x + 0.501 (r = 0.52) and stance phase, LF: y= 1.095 e(-1.023 x) (r = 90), RF: y= 
1.081 e(-1.019 x) (r = 0.90), LH: y= 1.203 e(-1.204 x) (r = 0.91), RH: y= 1.221 e(-1.223 x) (r = 0.91)). (c) The duration of stride 
time and duty factor values for all four limbs with curves fitted for the stride time (LF: y= -0.511 ln(x)+0.680 (r = 
0.91), RF: y= -0.508 ln(x)+0.676 (r = 0.91), LH: y= -0.532 ln(x)+0.675 (r = 0.93), RH: y= -0.526 ln(x)+0.676 (r = 0.92)).  
LF – left forelimb; RF – right forelimb; LH – left hindlimb; RH – right hindlimb. 
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Figure 5. Summary of Interlimb coupling during overground walking at different speeds. (a) Duty cycle diagram 
shows how the coupling between the different limbs were calculated (stepping sequences are plotted for the 0.69 
m/s overground walking speed). (b) Diagonal coupling between the right hindlimb (RH) and left forelimb (LF). At 
lower speeds, the RH leads the LF by 270°; this phase angle approaches 0° at higher speeds. (c) Homologous 
coupling of the right forelimb (RF) and LF. The RF consistently leads the LF by 180° at all speeds. (d) Homolateral 
coupling between the left hindlimb (LH) and LF. The LH leads the LF by 90°, although this phase angle approaches 
180° at higher speeds. Gait transitions from a lateral sequence to a diagonal sequence at walking speed of around 
1.0 m/s (b and d). 
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Figure 6. Cyclograms indicating inter-joint coupling in a representative animal (a), and average across all animals 
(b) for knee-ankle, hip-ankle, and hip-knee joints at each speed range. 
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Figure 7. Summary of EMG activity during different speeds of overground walking. (a) Muscle activity of left and 
right gluteus medius (GM), biceps femoris (BF), and vastus lateralis (VL) muscles from one pig walking at 1.00-1.19 
m/s. A muscle was considered to be active if the EMG activity exceeded a threshold identified based on low-
activity region (represented by the green horizontal lines). (b) Average muscle activation patterns across 4 pigs, 
including onset and offset points, for each muscle across the gait cycle within each speed range. 
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