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Abstract

Objective—In rodent osteoarthritis models, behavioral changes are often subtle and require
highly sensitive methods to detect these changes. Gait analysis is one assay that may provide
sensitive, quantitative measurement of these behavioral changes®. To increase detection sensitivity
of gait assessments relative to spatiotemporal gait collection alone, we combined our
spatiotemporal and dynamic gait collection systems. Using this combined system, gait was
assessed in the rat medial meniscus transection model and monoiodoacetate injection model of
knee osteoarthritis.

Design—36 male Lewis rats were separated into medial meniscus transection (n=8), medial
collateral ligament transection (n=8), skin incision (n=4), monoiodoacetate injection (n=8), and
saline injection (n=8) groups. After initiation of osteoarthritis, gait data were collected weekly in
each group out to 4 weeks.

Results—The medial meniscus transection and monoiodoacetate injection models produced
unique pathologic gait profiles, with medial meniscus transection animals developing a shuffling
gait and monoiodoacetate injection animals exhibiting antalgic gait. Spatiotemporal changes were
also observed in the medial meniscus transection model at week 1 (p<0.01), but were not observed
in the monoiodoacetate injection model until week 3 (p<0.01). Dynamic gait changes were
observed in both models as early as 1 week post-surgery (p<0.01).
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Conclusion—Combined analysis of spatiotemporal and dynamic gait data increased detection
sensitivity for gait modification in two rat osteoarthritis models. Analyzing the combined gait data
provided a robust characterization of the pathologic gait produced by each model. Furthermore,
this characterization revealed different patterns of gait compensations in two common rat models
of knee osteoarthritis.
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Introduction

Preclinical animal models are the basis for research and development of many clinical
treatments. For some diseases, the preclinical model is analogous to a clinical condition, and
the efficacy of a treatment, or lack thereof, is apparent. Unfortunately, translation of
osteoarthritis (OA) therapies is complicated by unknown and diverse etiologies, as well as
complex relationships between joint degeneration and OA-related pain and disability.

OA is characterized by progressive cartilage breakdown and maladaptive repair throughout
the joint, which may ultimately lead to pain and disability. Clinical diagnosis for OA
primarily revolves around patient reported pain2=, and clinical treatments are primarily
palliative care for painful symptoms. Meanwhile, preclinical OA research has heavily
focused on prevention of cartilage loss. However, the severity of cartilage damage does not
correlate to patient reports of pain®; thus, a disparity in focus, or a conflict in defining
efficacious treatments between the clinic and preclinical research, has contributed to
challenges in successful OA therapy development.

Fortunately, preclinical OA research is shifting to include pain measures in the evaluation of
emerging OA therapies®-8. However, quantification of pain and disability in animals is
challenging®11. Significant attention has been given to the development of pain
assessments82:12-14 and while some of these assessments have been useful for OA models,
pain and disability related to OA are often very subtle in rodents. Thus, many behavioral
assays developed for acute pain may not translate to OA, and new behavioral techniques
may be needed.

Toward this goal, gait analysis may be used as a sensitive quantitative measure of behavioral
changes related to knee OAL. While past methods to quantify spatiotemporal gait patterns in
rodent OA models have described compensatory behaviors, direct measure of ground
reaction forces may provide an even more sensitive measurement of gait
compensations:1518, To this end, our group has developed a gait analysis system called the
Experimental Dynamic Gait Arena for Rodents (EDGAR). EDGAR allows simultaneous
characterization of spatiotemporal and dynamic gait parameters in a single trial. By
combining spatiotemporal and dynamic gait analysis, we hypothesized an increase in
detection sensitivity for behavioral changes could be achieved in common OA models. To
test EDGAR, the behavioral consequences of joint disease were investigated in a surgically-
and chemically-induced model of knee OA.
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Experimental Design

All experiments were conducted under approved Institutional Animal Care and Use
Committee protocols at the University of Florida. Experiments conducted maintained
uniform testing schedules for all animals, regardless of group. A total of 36 male Lewis rats
(3 months/200-250 g, Charles Rivers Laboratories, Wilmington, MA, USA) were used.
Animals were acclimated to behavioral equipment for one week prior to study participation.
Animals were randomly separated into medial meniscus transection (MMT+MCLT)7 (n=8),
medial collateral ligament transection (MCLT) (n=8), skin incision sham (n=4),
monoiodoacetate (MIA) injection18-23 (n=8), and saline injection sham (n=8). MCLT alone
was included to resolve gait compensations associated with medial collateral ligament-
related joint instability, as the meniscal injury simulated in this study required transection of
the medial collateral ligament prior to meniscal transection. Animals underwent weekly
behavioral testing for 4 weeks post-surgery and were then euthanized for histological
characterization.

EDGAR Design

EDGAR is a modification of previous gait arenas developed by our group®16.24, Technical
and build specifications for EDGAR are provided as an open-source resource at
www.orthobme.com/resources.html. EDGAR was developed to combine spatiotemporal and
dynamic gait data collection, which enables spatiotemporal gait data to be associated with
ground reaction forces from specific steps.

To increase the accuracy of spatiotemporal data collection, EDGAR requires an
unobstructed view of the lateral and ventral planes of the animal, achieved by placing a 45°
mirror below the arena floor (Fig. 1a). To allow simultaneous dynamic data collection, a
secondary floor was constructed from a series of transparent instrumented panels and non-
instrumented floor sections (Fig. 1b). Instrumented panels were placed between non-
instrumented sections, which were set on damping material placed on a rigid frame. Each
instrumented panel measures 3.2 cm by 24 cm, with 3-component force-links (Type 9317B
Kistler, Winterthur, Switzerland) mounted on either end of the panel and centered along the
short edge. The force-link outputs were summed using 4 gang connectors (107B Kistler,
Winterthur, Switzerland), providing a single set of force data from each panel. Instrumented
panels were calibrated prior to use by placing weights (20, 50, 100, 200, and 500 g) on each
panel and collecting voltage data via custom LabVIEW code. These data were used to verify
the linear behavior of the force-links and determine a gram-force conversion factor for each
panel. The arena enclosure measures 14 cm wide by 150.5 cm long by 25.5 cm tall with a
removable lid. An image of a rat in EDGAR is provided in Figure 1C. Spatiotemporal
characteristics were captured with a high-speed camera at 250 fps (M3 Redlake, San Diego,
CA, USA). Ground reaction forces were collected via custom LabVIEW code, and hind-paw
strikes contacting the instrumented panels were verified via video.
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Animals were placed in a 3-5% isoflurane induction chamber, with anesthesia subsequently
maintained via mask inhalation of 3% isoflurane. The right hind limb was aseptically
prepared for surgery using povidone-iodine and alcohol, with a final preparation of
povidone-iodine. For any procedure, animals were administered perioperative buprenorphine
maintained to 48 h post-operation.

For the MMT+MCLT, MCLT, and skin incision groups, a 1-2 cm midline skin incision was
made along the medial aspect of the animal's knee. The skin was retracted and the medial
collateral ligament was exposed. For skin incision, the skin was then closed (n=4). In MCLT
and MMT+MCLT animals, the medial collateral ligament was transected. For MCLT, the
skin was then closed (n=8). For MMT+MCLT animals, the knee was moved into a valgus
orientation to allow access to the central aspects of the medial meniscus, which was grasped
with forceps and cut radially (n=8). The skin was closed with 5-0 nylon sutures for all
surgeries.

For MIA and saline injection, a 29-gauge needle was inserted through the patellar ligament,
guided behind the patella, and directed into the femoral groove. For MIA injection, 3 mg of
MIA suspended in 25 uL of 1x phosphate buffered saline (PBS) was delivered (n=8). For
saline animals, 25 pL of PBS alone was delivered (n=8). After injection, the needle was
withdrawn and sterile gauze pressed on the injection site to ensure bleeding had stopped.

Gait Analysis

Animals underwent weekly gait testing for 4 weeks, with animals tested once per week over
two days. To minimize testing effects due to time of day or time from last test, animals were
tested in random order.

Gait testing was conducted as follows: each rat was individually placed in the arena and
allowed to explore until 16 trials were collected or for 20 minutes. Trials in which the rat
crossed the arena at approximately constant velocity and contacted at least one instrumented
panel with a hind paw were kept.

Spatiotemporal gait data were processed with the method described previously by our
group?4. Briefly, videos were digitized by hand using the DLTdataviewer subroutine for
MATLAB?2, Digitization data were then processed to identify velocity, stance times, step
width, stride length, spatial gait symmetry, temporal gait symmetry, and stance time
imbalance, as described in our methodological review?. Only the hind paws were considered
for both spatiotemporal and dynamic gait data.

Ground reaction force outputs were processed through a custom MATLAB code, which
isolates segments of data containing the desired steps. From ground reaction force data, peak
vertical force and vertical impulse were determined. Data for each step was maintained with
identifiers for foot (left or right), animal, trial, and time point, such that these data could later
be associated with spatiotemporal outputs.
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After 4 weeks, animals were euthanized and hind limbs were collected for histology.
Collected joints were fixed in 10% neutral buffered formalin for 48 h, decalcified in Cal-Ex
Decalcifier (Fisher Scientific, Pittsburg, PA, USA) for 3 weeks, and then paraffin embedded
using vacuum infiltration (Tissue-Tek VIP 6, Sakura Finetek, Torrance, CA, USA). Frontal
sections were taken at 10 um starting after the anterior horn of the medial meniscus through
to the posterior horn of the medial meniscus. Sections representing the loading region were
stained with toluidine blue.

To correct for the velocity covariate, stride length, step width, stance times, peak vertical
force, and vertical impulse residual changes were calculated using skin incision shams as the
control group for MCLT and MMT+MCLT group animals (See our methodological review!
or prior work?4). Saline shams were used as a control group for MIA group animals.
Differences between surgical groups, ipsilateral and contralateral feet, and across time were
analyzed using multifactorial ANOVAs. Planned comparisons were conducted using Tukey’s
HSD post hoc test. To assess changes from expected gait profiles (symmetries # 0.5, stance
time imbalance # 0, or residuals # 0), non-parametric sign tests were performed. For all
statistics, Statistica was used and a p-value<0.05 was accepted as significant.

Model Confirmation

Histology was used to verify models were initiated successfully. MMT+MCLT animals
developed cartilage lesions, pre-osteophytes, and some reduced staining of the articular
cartilage (Fig. 2a), and MIA animals presented widespread cartilage loss and collapse of the
articular surface (Fig. 2b); a representative healthy knee is provided in Fig. 5c.

MMT+MCLT Model

Both spatiotemporal and dynamic gait abnormalities were detected in MMT+MCLT
animals. Velocity-corrected spatial gait parameters are presented in Fig. 3, temporal
parameters in Fig. 4, and dynamic parameters in Fig. 5.

A visual representation of spatial changes in the MMT+MCLT model and associated
controls can be seen in Fig. 3a. MMT+MCLT animals and the associated control groups
maintained spatially symmetric gaits over 4 weeks (Fig. 3b), where a value of 50% indicates
the right foot hit the group approximately halfway between two left footsteps. However, at
week 1, MMT+MCLT animals had reduced step widths compared to skin incision and
MCLT (p<0.01), with MMT+MCLT step widths becoming progressively wider at 2—-4 weeks
(0<0.01, Fig 3c). A wider than expected step width (residual > 0) usually indicates balance
compensations, whereby the animal’s base of support is broadened. By week 4, MCLT
animals exhibited the same behavior (p<0.05) and both MCLT (8 of 8, p=0.008) and MMT
+MCLT animals (7 of 8, p=0.07) tended to have increased step widths (Fig. 3c). At week 1,
stride lengths were shorter for MMT+MCLT animals compared to skin incision (residual <
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0, p<0.05) (Fig. 3d). While non-significant, MMT+MCLT animals tended to use shorter
stride lengths at 2 and 3 weeks (7 of 8 residuals below 0, p=0.07).

A visual representation of temporal changes in the MMT+MCLT model and associated
controls can be seen through Hildebrand plots of the hind limb foot-strike, toe-off
sequence?® (Fig. 4a). No groups showed significant temporal asymmetry or stance time
imbalance at any time point (Figs. 4b—c), meaning foot-strikes were equally spaced in time
(symmetry ~ 0.5) and the amount of time spent on each hind limb was similar (balance ~ 0).
However, at early time points, left percent stance times were lower in MMT+MCLT animals
compared to skin incision (p<0.05), with all MMT+MCLT animals having a lower than
expected left percentage stance time at 1 and 2 weeks (8 of 8, p/=0.008) (Fig. 4d). In MMT
+MCLT, left and right percent stance times were significantly longer by week 4 compared to
week 1 (p<0.05 and p<0.01, respectively), with greater variability than previous weeks (Fig.
4d-e).

Dynamic data in the MMT+MCLT model and associated controls can be seen in Fig. 5, with
peak vertical forces presented in Fig. 5a—b and vertical impulse in Fig.5¢c—d. In the left
(contralateral) foot, peak vertical forces were lower than both MCLT and skin incision
animals at weeks 1 and 3 (p<0.01), lower than expected at 1 week (8 of 8, p=0.008), and
tended to be lower than expected at 2 and 3 weeks (7 of 8, p=0.07, Fig. 5a). For the right
(ipsilateral) foot, peak vertical forces were lower for MMT+MCLT animals compared to
skin incision at weeks 1, 2, and 3 (p<0.01), lower than MCLT at week 2 and 3 (p<0.01), and
were lower than expected at weeks 1, 2, and 3 (8 of 8, p=0.008, Fig. 5b). Vertical impulses
for MMT+MCLT animals were lower in the left foot compared to MCLT at week 2
(p<0.05), and skin incision at week 3 (p<0.05) (Fig. 5¢). In the right foot, vertical impulses
were lower than MCLT and skin incision only at week 2 (p<0.01) (Fig. 5d). At weeks 2 and
3, vertical impulses on both limbs were lower than expected in MMT+MCLT animals (8 of
8, p=0.008). A visual representation of vertical force-time curves can be seen in Fig. 5e.
Reduced peak vertical force in both hind limbs is indicative of compensatory shuffling,
which may be conceptually equated to marche a petit pas compensations in humans. A
return to expected peak vertical forces (seen by week 4) may be the effect of establishing a
spatiotemporally modified protective gait or resolution of pain symptoms; further time
points would be required for a thorough assessment of this recovery.

Spatiotemporal and dynamic gait abnormalities were detected in MIA animals. \Velocity-
corrected spatial gait data are presented in Fig. 6, temporal data in Fig. 7, and dynamic data
in Fig. 8.

A visual representation of spatial changes in the MIA and saline injection groups can be
seen in Fig. 6a. No changes were observed in spatial symmetry or step width in MIA
animals (Fig. 6b—c). By week 4, stride length was reduced in MIA animals compared to
prior weeks (p<0.05), as well as compared to saline animals (p<0.01) (Fig 6d).

A visual representation of temporal changes in the MIA and saline injection groups can be
seen through Hildebrand plots of the hind limb foot-strike, toe-off sequence (Fig. 7a). MIA
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animals were temporally asymmetric at all time points (symmetry > 0.5, 8 of 8, £=0.008),
with more asymmetric gaits found at week 4 relative to weeks 1, 2, and 3 (p<0.01) (Fig 7b).
Saline animals were also temporally asymmetric at week 1 (8 of 8, p/=0.008). Temporal
asymmetry values above 50% are consistent with unilateral right limb injury, where the
animal’s right foot-strikes occur after 50% of the gait cycle. Temporal symmetry was
different in MIA animals relative to saline animals at weeks 3 and 4 (p<0.01, Fig 7b).

At weeks 3 and 4, stance time was imbalanced in MIA animals (8 of 8, p=0.008) and
different from saline controls (p<0.01, Fig. 7c); at week 4, stance time imbalance in MIA
animals was also greater than weeks 1 and 2 (p<0.01). Similar to temporal symmetry, stance
time imbalance values above 0 are consistent with unilateral right limb injury, where the
animal is spending less time on the right foot. These imbalanced gaits were primarily
achieved through increases in left (contralateral) limb stance time at week 2 (8 of 8,
p=0.008), week 3 (7 of 8, p=0.07), and week 4 (8 of 8, p=0.008, Fig. 7d). Left percent stance
time was significantly longer for MIA animals compared to saline at weeks 3 and 4
(0<0.01). MIA animals also produced longer percent stance times at weeks 3 and 4
compared to week 1 (p<0.01) (Fig 7d). The right (ipsilateral) stance time residual was not
reduced until week 4 (7 of 8, p=0.07), where right percent stance times were significantly
reduced for MIA animals at week 4 compared to weeks 1, 2, and 3 (p<0.01) and also
compared to saline animals at week 4 (p<0.01, Fig 7e).

Dynamic data in the MIA model and saline controls can be seen in Fig. 8, with peak vertical
forces presented in Fig. 8a—b and vertical impulse in Fig. 8c—d. Peak vertical forces were
significantly higher in the contralateral left foot than the ipsilateral right foot of MIA
animals at all time points (p<0.01, Fig. 8a). At weeks 3 and 4, left foot peak vertical forces
for the MIA group were greater than the left foot of saline animals (p<0.01) and greater than
MIA animals at week 1 (p<0.05, Fig 8a). Peak vertical forces were found to be significantly
lower for the right foot of MIA animals compared to saline animals at all time points
(0<0.01, Fig. 8b). Additionally, peak vertical forces were lower for the right foot of MIA
animals at week 4 compared to week 2 (p<0.01, Fig 8b). Left foot vertical impulse was only
higher than expected at week 3 (8 of 8, p=0.008, Fig. 8c). However, at all weeks vertical
impulse was lower than expected on the right limb (8 of 8, p=0.008, Fig. 8d). A visual
representation of dynamic changes in the MIA and saline injection sham animals can be
seen in Fig. 8e. Lowered peak vertical forces in the right limb and elevated peak vertical
forces in the left are consistent with the development of antalgic gait in response to right
limb unilateral injury.

Discussion

Though quadrupedal gait cannot provide a perfect analogue to human locomotion, both
MMT+MCLT and MIA produced gait modifications that have human parallels. The MMT
+MCLT group may be best described with a “cautious” gait, whereby dynamic changes
reflected a shuffle-like compensation with peak vertical force reductions in both limbs.
MMT+MCLT animals also tended to use reduced stride lengths (though statistical
significance was only seen at week 1) and progressively wider step widths over 4 weeks.
Both reduced stride lengths and wider step widths may be compensations due to balance or
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proprioceptive deficits. Similar to the gait patterns observed in MMT+MCLT animals,
“cautious” gait in humans is generally characterized by slower movements with shorter steps
and increased base of support. Moreover, “cautious” human gait is often attributed to
adaptations to disease limitations and is common in the elderly?’.

Interestingly, dynamic gait changes seen in MIA animals were indicative of antalgic gait,
rather than shuffling. Generally, peak vertical force was elevated in the contralateral limb
and reduced in the ipsilateral limb. Temporal changes corroborated this dynamic data, as
MIA animals showed significant temporal asymmetry at weeks 3 and 4 with reduced
ipsilateral stance times and increased contralateral stance times. These data all
characteristically describe a “limp” consistent with unilateral right limb injury, where the
animal protects an injured limb by reducing weight transfer and spending less time on the
injured limb. This pattern is analogous to human antalgic gait patterns.

The MIA model is known to progress in two distinct phases, wherein the first 7 days post
injection are characterized by rapid inflammation and chronic pain, with cartilage
degeneration occurring at day 10 and later28:29, Furthermore, in high concentrations, such as
the dose used in this study, a biphasic behavioral response has been observed, where animals
show early behavioral changes (1-2 days post injection) which briefly return to normal
before appearing again at time points beyond 2 weeks. We did not observe this biphasic
response in the rodent’s gait pattern; however, it should be noted that very early time points
were not explored in this study (within 7 days of injection).

While there are many possible causes for either antalgic or shuffling gait, shuffling gaits are
often observed in humans with balance deficits. Conversely, antalgic gait in humans is a
common response to movement-evoked pain. It is not known when or why rodents would
adapt similar compensations; however, analyzing dynamic gait components in multiple types
of painful and non-painful musculoskeletal injuries may be useful in learning how to
differentiate pain-related behaviors from mechanical or proprioceptive dysfunction in
rodents in the future. Moreover, gait data may also provide insightful metrics in preclinical
examinations of acute versus chronic pain that traditional behavioral pain assessments, such
as tactile sensitivity or static weight bearing, cannot accomplish alone.

The combination of spatiotemporal and dynamic data can provide a more complete
characterization of the gait profile than either set of parameters can illustrate independently.
For example, in MIA animals, spatially symmetric gait patterns were seen at week 1, but
differences in gait dynamics (peak vertical forces) were also observed without corresponding
temporal changes. By week 3, the pattern remained spatially symmetric, but advanced to
include both dynamic and temporal evidence of antalgia. By week 4, stride length began to
shorten in addition to the aforementioned changes. Combined, these elements can be
understood intuitively as components of a stereotypical limp, with the increasing severity of
this compensation indicated by the continuum of multiple variables rather than a single
measure alone. In this sense, dynamic data provides additional sensitivity by increasing the
“resolution” of the data; however, this is due to providing further detail of the compensation
strategy, rather than being independently more sensitive than spatiotemporal data.
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Both MIA and MMT+MCLT are unilateral injury models; however, the compensation
patterns used by these models were markedly different. While producing robust behavioral
changes, the MIA model does not well replicate clinical OA pathology. MIA is a glycolysis
inhibitor that causes wide-spread chondrocyte death and, consequently, damage to articular
cartilage?3:30. This pathogenesis does not mimic clinical etiologies of OA. However, the
antalgic gait observed in MIA animals is seen clinically in OA patients3!. Antalgic gait in
humans may result from either acute or chronic pain, where the former is used to reduce
pain and discomfort and the latter is a maladaptive response to long-term degenerative
conditions like OA32:33 |t is possible antalgic gaits could evolve in MMT+MCLT animals at
later time points, associating with long-term degenerative changes in the MMT+MCLT
knee. Nonetheless, it is not clear why MMT+MCLT animals use shuffling gaits after
meniscus injury, as one might hypothesize this injury would also result in antalgia. However,
this study represents our third independent identification of shuffling gait in the MMT
+MCLT model?434, While the reasons for this compensation are currently unknown,
shuffling does appear to be the preferred compensatory gait at 4-6 weeks in the MMT
+MCLT model.

Of course, inherent differences in quadrupedal and bipedal gait may contribute to the
dissimilarities seen between the gaits of OA patients and OA models. Nonetheless, MMT
+MCLT and MIA animals clearly presented modified behavior detectable as early as 1 week
post-surgery. Additionally, while this study suggests highly variable behavioral responses in
quadrupedal rodent gait, this gait diversity is consistent with the diversity seen in disease-
altered human locomotion, where different diseases produce unique pathologic gaits.
Ultimately, this study showed unique responses to MMT+MCLT and MIA that imply a high
degree of specificity in the rodent behavioral response to injury, which cannot be reduced to
a unified response to osteoarthritic pain and dysfunction.

A limitation of this study was the duration of the experiment. Our group selected 4 weeks, as
our previous work had identified shuffling gait compensations and clear OA-like histological
changes after MMT+MCLT at this time. The MIA model has also been shown to produce
behavioral changes and histological changes by 4 weeks. However, extending our studies to
later time points would have provided more information on how gait evolves over time. An
additional limitation was the high dosage of MIA, which may have contributed to the
severity of the gait changes. Lower MIA dosages may have produced a less severe response
with different characteristic gait changes. Furthermore, as noted in our build specifications,
the force-plates used in EDGAR have the capability to record 3 forces with proper filtering
and isolation. Though only vertical ground reaction forces were collected for this study,
future studies will aim to include x- and y-axis ground reaction forces.

The unique behavioral responses observed in two unilateral OA models suggest there may
not be a single preclinical model that sufficiently replicates the complex clinical OA
experience, which is unsurprising given the complex and variable etiology of OA.
Additionally, characterization of multiple preclinical OA models using sensitive behavioral
tests, like gait analysis, may allow focused model selection when assessing specific OA
etiologies and therapies. As such, model selection may also require refinement for targeting
the acute or chronic component of osteoarthritic pain or proprioceptive and mechanical
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dysfunction. Ultimately, these data demonstrate that the continuum of gait data, including
dynamic gait measures, are able to detect unique pathologic gait patterns in different rodent
models of OA, where the different models may offer unique advantages in addressing the
complex disease state that is clinical OA.
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Figure 1.

Ilustration of EDGAR setup; 1A: side view of EDGAR with mirror and camera orientation;
1B: floor design with instrumented panels A-D; 1C: single frame from an animal trial video.
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Figure 2.
2A: Right knee from an MMT group animal 4 weeks post-operation with a large lesion and

some reduced staining of the articular cartilage; 2B: right knee from an MIA animal 4 weeks
post-injection with significant collapse of the articular surface; 2C: naive knee for reference.
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3A: Visual representation of MMT group spatial changes relative to control, where ellipse
size indicates variance, horizontal lines indicate stride length, and vertical lines indicate step

widths; 3B-D: spatial symmetry, step width residuals, and stride length residu
animals in the MMT, MCLT, and skin incision groups. *: difference between i
groups; 1-3: difference from indicated week.
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4A: Visual representation of MMT group temporal changes relative to control, shown as
“Hildebrand plots” where percent indicates percent of a single gait cycle and light gray

boxes indicate variance; 4B-D: temporal symmetry, stance time imbalance, left percent
stance time residuals, and right percent stance time residuals of all animals in the MMT,
MCLT, and skin incision groups. *: difference between indicated groups; 1: difference from

indicated week.
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Figure 5.
5A-D: Peak vertical force (A-B) and z impulse (C-D) residual for the left and right feet of

all animals in the MMT, MCLT, and skin incision groups; 5E: visual representation of MMT
group dynamic changes, where the x-axis represents stance time and the y-axis represents
vertical force. *: difference between indicated groups; 1-3: difference from indicated week.
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Week

6A: Visual representation of MIA group spatial changes relative to control, where ellipse
size indicates variance, horizontal lines indicate stride length, and vertical lines indicate step
widths; 6B-D: spatial symmetry, step width residuals, and stride length residuals of all
animals in the MIA and saline groups. *: difference between indicated groups; 1-3:

difference from indicated week.
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7A: Visual representation of MIA group temporal changes relative to control, shown as
“Hildebrand plots” where percent indicates percent of a single gait cycle and light gray
boxes indicate variance; 7B-D: temporal symmetry, stance time imbalance, left percent
stance time residuals, and right percent stance time residuals of all animals in the MIA and
saline groups. *: difference between indicated groups; 1-3: difference from indicated week.
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Figure 8.
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8A-D: PVF (A-B) and z impulse (C-D) residual for the left and right feet of all animals in
the MIA and saline groups; 8E: visual representation of MMT group dynamic changes,
where the x-axis represents stance time and the y-axis represents vertical force. *: difference
between indicated groups; 1-3: difference from indicated week; f: difference between feet of

the same group.
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