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INTRODUCTION 
Mice and rats are commonly used as experimental models to 
identify important mechanistic targets for the treatment of 
people with neuromuscular disorders such as spinal cord 
injury (SCI) [1], stroke, Parkinson’s disease, and Multiple 
Sclerosis. Before new treatments and interventions can be 
translated to human clinical trials, they must be proven to 
restore functional movements in the rodent models. 
 
Currently, assessments of SCI recovery in mice and rats are 
made using a semi-quantitative, locomotor rating system 
based on visual observations of individual animals moving 
freely in an open field environment [2]. For mice, injury 
severity is rated by pairs of highly trained researchers on a 10-
point scale that quantifies visually detectable locomotion 
events over a 4 minute testing period. These events include 
evaluation of fore- and hind limb coordination during 
sustained locomotion, tail position, trunk instability, and 
muscle spasms among others [2]. This rating system has been 
proven to be reliable and repeatable, but since movements in 
mice are extremely small and fast, multiple observations 
during the testing period are needed and researchers must 
work in teams. Additionally, identified behaviors are limited 
to those which are visually detectable. This potentially 
excludes important gait characteristics that may indicate 
recovery, such as speed and the spatial distribution of 
movements.   
 
Access to additional data during open field testing, that is not 
visually detectable, may allow finer scale evaluations of injury 
severity and recovery. Researchers currently use marker-based 
methods to quantify mouse limb kinematics while walking on 
treadmills or over-ground on straight walkways, but questions 
have been raised about the accuracy and biological relevance 
of these approaches. Relative motion between the skin surface 
and underlying bones affects the accuracy of marker-based 
measurements of rodents more than humans. Rat knee and hip 
kinematics measured using high-speed x-ray and skin-
mounted marker-based approaches significantly differed for at 
least 50% of the gait cycle, and hip and knee angles varied by 
as much as 31±22º and 39±6 º, respectively [3].  Additionally, 
it is unknown if locomotion patterns are the same in open-field 
environments as during constrained 2D movements. 
Differences in stride frequency and length have been found for 
mice during treadmill and over-ground walking [4]. It is 
possible that measurements of 3D movements in the open-
field would exaggerate deficiencies in injured animals and 
could provide more biologically relevant data. 

The goal of this work was to utilize 3D markerless motion 
tracking techniques to identify clinically relevant and sensitive 
measures that can differentiate uninjured and SCI mouse 
locomotor behavior in an open field environment. Although 
markerless approaches have been previously applied to 
analyze human movements [5], the application to animal 
locomotion is new. A volumetric tracking approach was used 
to reveal the spatial distribution of each animal’s movement 
patterns during 30s trials. 
 
METHODS 
The mouse center of volume (CV) position for each frame was 
measured using 3D shape-from-silhouette approaches [6], and 
CV speed parallel to the horizontal testing plane was 
calculated. A combination of the CV speed and height were 
used to identify movement characteristics that differentiated 2 
uninjured from 2 spinal cord injured animals. During testing, 
mice were placed in a 24” round open field environment. Two 
30s movement trials were recorded using eight synchronized 
video cameras spaced throughout the hemisphere surrounding 
the capture volume.  The cameras had VGA resolution (640 x 
480 pixels), and recorded at 60 frames per second. 
 
The animal’s 3D volume in each frame was reconstructed by 
subtracting a background image to identify the silhouette from 
each of the 8-camera perspectives (Fig. 1), and back-
projecting these into the calibrated space (shape-from-
silhouette, Fig. 2). Background subtraction and shape-from-
silhouette algorithms [6] were modified to increase processing 
speed and robustness to external disturbances. 

 
Figure 1: View of mouse from one camera perspective for one 
frame and corresponding silhouette. 
 
The time needed to subtract the background from each frame 
was decreased by two orders of magnitude by implementing a 
moving search window that was slightly larger than the mouse 
in each camera view. The search window was manually 
initialized in the first video frame and then automatically 
moved with the mouse around the capture volume by re-
centering itself with the CV after each frame.  



Since researchers must occasionally reach into the capture 
volume to motivate the animal, a conditional probability 
model that evaluated the volume of the reconstructed mouse 
was used in conjunction with the shape-from-silhouette 
algorithm. The algorithm automatically removed occluded 
camera views and reduced noise from background changes by 
calculating each pixel’s likelihood of belonging to the animal 
given the total volume, number of camera correspondences 
and spatial distribution. Additionally, errors due to shadows 
under the animal’s torso were reduced by considering color 
intensity in the RGB spectrum. 

 
 Figure 2: Reconstructed 3D mouse volume for one frame. 
 
To classify mouse behaviors during testing, CV position for 
each frame and CV speed parallel to the testing plane were 
used. Ambulation was defined as movements faster than 50 
mm/s, and encompassed both sustained and exploratory 
locomotion. Sustained locomotion was differentiated from 
exploratory movements by requiring that the mouse travel 
further than 25 mm with speeds faster than 50 mm/s, since 
mice frequently stop and restart when exploring. When the 
average speed was near zero, rearing onto the hind limbs 
occurred when the CV height exceeded 14 mm (Fig. 3). 
 
RESULTS AND DISCUSSION 
The uninjured mice ambulated with faster average speeds, and 
higher CV positions than SCI mice in an open field 
environment (Fig. 3,4). Additionally, these uninjured mice 
moved faster than 150 mm/s for 44.1 ± 9.6% of total 
ambulation, compared with only 6.6 ± 6.2% for the SCI mice. 

 
Figure 3: Uninjured mice had faster average ambulation 
speeds during the 30s trial, higher CV positions, and reared 
 
Spatial patterns of ambulatory movements also differed 
between the uninjured and SCI mice (Fig. 4). The uninjured 
mice performed clearly defined bouts of sustained locomotion 
that were separated by standing and rearing, while SCI mice 

exhibited exploratory ambulation more frequently with fewer 
bouts of sustained locomotion (Figure 4). 
 

 
Figure 4: Top view of the movements of an uninjured (top) 
and an SCI (bottom) mouse during open field testing  
 
CONCLUSIONS 
Distinct CV movement patterns were identified for uninjured 
and SCI mice in an open field testing environment using 
markerless approaches. Future work will investigate whether 
these measures are sensitive enough to differentiate animal 
injury severity. The long term goal is to develop a method to 
improve the precision and repeatability of animal locomotor 
evaluations within and across testing sites. This approach 
could potentially transform animal testing since mice and rats 
account for approximately 98% of all animal research being 
performed in the US [7].  
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