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1.1 INTRODUCTION 

 

The main goal of the work in this thesis is the development of a more sensitive technique 

to analyze the subtle sensorimotor changes that occur after nervous system injury, such as 

spinal cord injury (SCI).  While the majority of research is performed on rodent models 

due to their relatively low cost and capacity for larger population numbers, the techniques 

for measuring their sensorimotor abilities are limited.  Typical methods of analysis focus 

on locomotor capacity of these animals, as it is a fairly easy way to quickly and at times, 

accurately, analyze the degree of injury and recovery.  Due to this fact, many different 

techniques have been developed over the years to analyze this behaviour in order to 

extract as much information about the injury as possible including open field locomotion 

scores, foot force application during walking, foot placement, stride parameters, etc.  The 

following sections in this chapter attempt to provide the reader with background on 

various locomotion analysis techniques, their benefits and limitations, and how inverse 

dynamics can expand and improve on these methods.  In addition, current findings on the 

relevant nervous system injuries will be presented in order to provide the rationale for 

developing a more sensitive technique than what has been attempted thus far. 
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1.2 BASIC OVERVIEW OF SENSORIMOTOR MEASURES 

 

The variety of sensorimotor assessments available for laboratory rodents can be grouped 

into categories, including endpoint measures, qualitative and semi-quantitative methods 

and quantitative methods.  

 

1.2.1 End Point Measures 

End point measures assign simple outcomes to specific behavioural tasks.  A goal is 

usually set, and a numerical rating of the animal’s ability is recorded to describe how well 

they reached that goal.  These measures usually involve exposing a subject to a specific 

task and either observing the success of the said task, or count the number of successes of 

that task.  Some examples are “Can a rat grab the food pellet?” or “How many times does 

the rat’s foot fall between the rungs when crossing a ladder?”  These measures are 

typically fairly easy to design tests for, are inexpensive, and require little training for the 

analyzer and small amount of time for analysis. 

 

Endpoint techniques reveal nothing of how the task is being performed, only whether or 

not the task is completed.  “What is the rat doing differently to grab the food pellet?”  

“How is the rat compensating to make it across the ladder?”  Questions such as these are 

difficult to answer using endpoint measures.  This is a significant drawback for questions 

that require very specific answers.  For example, rats can move their forelimbs in a 

variety of different ways to grab a food pellet   Endpoint measures do not describe 
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compensatory movements, which have been shown to be a common feature of recovering 

animals (McKenna and Whishaw, 1999).   

 

To compensate for these shortcomings, more complicated scales have been developed to 

subdivide a specific task into smaller tasks. For example, rat reaching can be divided into 

ten sequential components: limb lift, digits close, aim, advance, digits open, pronate, 

grasp, supination 1, supination 2, and food release (McKenna and Whishaw, 1999, 

Whishaw, et al., 1998, Whishaw, et al., 1993). In this way, a single endpoint can be 

subdivided into a series of endpoints. This method of analysis is comparable to semi-

quantitative analysis, which is described below.  

 

1.2.2 Qualitative and Semi-quantitative Methods 

While endpoint measures generally use real numbers to assess function (i.e. counting the 

number of occurrences of a particular movement or behaviour) qualitative methods 

provide descriptive explanations of how a task is completed.  If a task is performed in a 

way that is abnormal, its ‘quality’ can be described.  These methods can describe the 

relative motion of body segments to one another or simply describe a relative change.  

For example, ‘the knee flexes more when the leg bears weight after the lesion.’  The 

descriptive power of these methods is great, but it can lack the ability to rate degrees of 

improvement or perform statistical analysis on.   

 

To resolve this many researchers have devised ways to analyze movements which can be 

expressed in numerical format.  Most involve dividing the different ways a task can be 
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performed and assign it a value on an arbitrary scale.  Examples of these scales for spinal 

cord injured rats are the Tarlov system (Tarlov, et al., 1953) and the 21 point Basso, 

Beattie and Bresnahan scale (BBB-scale) (Basso, et al., 1995, Basso, et al., 1996). The 

BBB scale, for example, ranges from 0 to 21 points, with each point representing a set of 

locomotor characteristics of the hindlimbs in rats with a contusive thoracic spinal injury. 

These scales can be valuable for providing detailed descriptions of locomotor recovery 

and have been shown to be reproducible between laboratories. They also benefit from 

being inexpensive and quick to analyze.  However, these scales are ordinal in nature.  

They do indicate an improvement/regression in condition with a change in the points on 

the scale; but the degree of increase cannot be determined from the number.  For 

example, the scale may suggest an improvement from a BBB scale of 2-6 is twice as 

good as an improvement of 2-4.  However, this cannot be inferred from the value as the 

scores simply indicate that the rats’ movements have just satisfied the requirements to 

ascend an arbitrary scale.  The number system may be better thought of as a rating of 

letters, A-Z.  This may reduce the temptation to treat the scale as being composed of 

integral values, which it is not.  Because of its ordinal nature, the temptation to represent 

the data in line graphs or do statistics intended for integral data should be avoided as 

well.  In addition, these scales are very specific to the condition being studied.  As a 

result, new scales must be devised for each condition and are not generalizable between 

all conditions. 
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1.2.3 Quantitative Methods 

Quantitative methods involve measuring a specific locomotor characteristic and assigning 

it a standardized numerical value.  For example, locomotion can be quantified by 

measuring variables such as limb contact timing, limb position, traveling velocity, forces, 

etc.  Many different measurement methods exist, but some of the most popular methods 

can be divided into kinetic and kinematic methods. 

 

1.2.2.1 Kinetic Methods 

Kinetics is the study of motion and the forces that produce, modify, or maintain that 

motion.  It usually involves the use of sophisticated equipment such as force transducers, 

gyroscopes, accelerometers, computers and signal processing equipment.  The kinetic 

method most relevant to this thesis is the analysis of ground reaction forces (GRF).  

When subjects locomote, they apply a force to the ground during stance phase (the period 

during which the foot is in contact with the ground and bearing some proportion of body 

weight). According to Newton’s third law of physics, the ground exerts a force that is 

equal and opposite in direction to the force created by the foot.  The force that is exerted 

on the foot is the GRF.  This force is typically analyzed using a force sensing platform 

that the animal steps on as they locomote across it.  This piece of equipment is the force 

plate (Figure 1). Typically, force plates are capable of recording GRF in 3-dimensional 

components, namely vertical GRF, the fore/aft (or propulsion/braking) GRF, and the 

medial/lateral GRF.  By analyzing the 3-D nature of the GRF vector during stance phase, 

abnormalities in the weight-bearing and propulsive characteristics of each limb can be 

analyzed, giving measurable standardized variables to compare between labs (Chateau, et 
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al., 2009, Chen, et al., 2007, Cook, et al., 1997, Fanchon and Grandjean, 2009, Kanagal 

and Muir, 2007).   In addition, other variables can be measured such as limb contact 

timing (via recording the onset and offset of GRF waveforms from baseline), foot 

placement (via calculation of the center of pressure that the foot creates on the force 

plate), velocity (via recording the location of the foot contact on the force plate and the 

time between these foot falls), and kinetic and potential energy of the center of mass 

(Webb and Muir, 2002). 
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B) 

A) 

Figure 1:  Diagrams of force plate design indicating typical sensor locations (A) and 
calculation of center of pressure (B).  Sensors are typically located on the edges of the 
plate and are capable of sensing force in all 3 planes using strain gauges.  The differential 
force readings are used to calculate the center of pressure.  In the setup used in these 
experiments, center of pressure could only be calculated in the fore-aft direction, or 
sagital plane. 
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In the past, many different scientific questions have been explored using this technique 

(Chateau, et al., 2009, Chen, et al., 2007, Cook, et al., 1997, Fanchon and Grandjean, 

2009).  Most importantly, GRF analyses have been performed on various central nervous 

system lesions (Kanagal and Muir, 2008, Muir and Whishaw, 1999, Muir and Whishaw, 

2000, Webb and Muir, 2002), allowing determination of the degree of deficit and the 

extent of functional recovery over time. 

 

While there are benefits to this method, GRF analysis can, by its very nature, only assess 

the stance phase of stride. Direct measurement of limb forces involved in the swing 

phase, the period of stride where the limb does not touch the ground, requires additional 

equipment, which needs to be attached to the limbs of the subject (eg. tendon force 

transducers).  This in turn is problematic because of interference with normal locomotion, 

adding a confounder to experimentation.  GRF measurements are also limited in that they 

measure the net forces acting through the limb in contact with the plate.  GRF 

measurements cannot determine what is happening at each joint or muscle group.  In 

order to get specific information about neural dysfunction after SCI, an assessment of 

output from specific groups of muscles would be valuable, as this can provide 

information about functioning of the neural networks which control those muscles.  To 

obtain such information with direct measurement, implantation of invasive equipment 

would be needed. 

 

Quantitative kinetics also has several drawbacks due to the sophisticated equipment 

required.  Force plates, transducers, and the equipment required to analyze the data can 
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be quite expensive and difficult to obtain, especially when applied on a small scale as is 

necessary for laboratory rodents. In addition, the data analysis can become fairly 

complex, requiring knowledge of physics and computational techniques. This 

methodology has not yet been applied in laboratory rodents because of these limitations. 

Nevertheless, quantitative kinetic data provides valuable information that cannot be 

obtained without these methods, and has the advantage of being standardized numerical 

data that can be compared between laboratories.  

 

1.2.2.1 Kinematic Methods 

Quantitative kinematic methods are the standardized measurement of the body and body 

segment movement throughout space.  In general, kinematics refers to the timing, speeds, 

positions and angles of the body and its relative segments, in contrast to subjective 

descriptions of the motion as would be done with qualitative methods.   In order to 

measure these variables, it is usually necessary to record the movement with special 

equipment.  Joint angles can be measured with simple electrogoniometers attached to the 

subject’s limbs, or through the digitization of a computerized skeletal model using joint 

markers and video recording. 

 

When digitization is required, as in the case of measuring skeletal pose or joint angles, 

joint markers are usually tracked using a computerized tracking method. These include 

reflective markers placed on the skin (Thota, et al., 2005), reflective markers attached to 

the bone using bone pins (Khumsap, et al., 2004), or tracked using x-ray cinematography 

(Boczek-Funcke, et al., 2000, Yamazaki, et al., 2005).  This can be done in both 2-D and 
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3-D, but analysis is more complex in the latter.  The markers are typically placed on 

palpable bony landmarks, and the joints are either assumed to be on these markers, or are 

calculated to be at a known position from those markers based on an established 

coordinate system.  Specialized computer software is typically used to track the positions 

of these markers for each frame of video and record their coordinates in the sagittal, 

frontal, and transverse planes.  Once in a digitized coordinate system, the joint markers 

can be connected to create a ‘link-chain’ skeletal model of the subject.  From this, joint 

angles, positions, linear and angular velocities and accelerations can be calculated.  In the 

case of joint angles, vectors can be created between the joint center locations and the 

angles created at the interceptions of these vectors can be measured. For example, normal 

joint angle parameters of uninjured rats have been measure in both 2-D and 3-D during 

treadmill locomotion, describing quantitatively the normal joint angle profiles over time 

(Thota, et al., 2005).    

 

Data from both stance and swing can be quantified using this method, as the markers are 

tracked over the entire stride.  In addition, information can be collected from each joint, 

giving a more detailed explanation of where abnormalities are occurring.  For example, 

the knee may have restricted movement due to inflammation.  Kinematics will provide 

information regarding the knee’s reduced angular range of motion in the inflamed state 

versus control.  In contrast, GRF analysis would only provide information about the net 

force output during the stance phase of a limb and would be unable to attribute the cause 

to the knee joint.   
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Kinematic analysis still requires fairly expensive equipment, such as a high speed, high 

resolution digital camera, especially when the subjects are small and fast, like rodents.  In 

addition, video measurements require a large degree of processing to digitize and 

calibrate sequences for accurate measurements.  This requires some degree of automation 

and video processing knowledge. Skin marker placement is also known to be 

problematic, due to normal skin movement of skin over the joint positions, which may 

result in inaccurate measurements (Cappozzo, et al., 1996, Filipe, et al., 2006, Lu and 

O'Connor, 1999, Tranberg and Karlsson, 1998, van den Bogert, et al., 1990, van Weeren, 

1990).   Additionally, quantitative kinematic analysis reveals nothing of the forces at each 

joint or the overall limb, nor does it reveal information about muscle force or muscle 

activation characteristics.  For this information additional methods are required such as 

force transducers, electromyography (EMG), or, as will be described, inverse dynamics 

calculations. 

 

1.3 APPLICATION OF QUANTITATIVE LOCOMOTOR ANALYSIS IN 

RATS WITH NERVOUS SYSTEM INJURY  

 

1.3.1 Spinal Cord Injury 

As stated previously in this thesis, many studies involving SCI and locomotion have been 

performed on rodent models, specifically the rat. GRF analysis has revealed that 

uninjured rats typically used their hindlimbs for propulsion and forelimb for braking, 

with near perfect left-right symmetry in vertical GRF forces, and a symmetrical, 

alternating, gait typical of trotting.  However, in rats with unilateral spinal cord lesions, of 
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either the rubrospinal tract, dorsal column pathways, ventrolateral pathways, and or 

spinal hemi-section, the rats moved in a ‘trot-like’ gait, with alternating left-right 

asymmetry.  There was a reduction in the propulsive force with hindlimbs and forelimbs 

ipsilateral to the injury, whereas the limbs contralateral to the injury produced more 

propulsive forces (Webb and Muir, 2002, Webb and Muir, 2003, Webb and Muir, 2004, 

Webb and Muir, 2005).  In addition, the contralateral forelimb tended to land on the 

ground earlier than the ipsilateral hindlimb, which is abnormal for trotting gaits, where 

diagonal limbs contact the ground at the same time (Webb and Muir, 2005). While many 

of these studies revealed significant findings that have not before been known, they also 

revealed that, despite the location and extent of the unilateral SCI, the GRF patterns were 

similar for animals with different injuries. This may be due to the fact that animals 

produced the same adaptations for unilateral spinal cord injury, or that GRF analysis 

alone is not sensitive enough to reveal the differences in locomotor movements between 

animals with different lesions. 

 

In addition to GRF analysis, joint angle recordings during locomotion have been used in 

an attempt to quantify spinal cord injury parameters (Ballermann, et al., 2006, Jung, et 

al., 2009, Maier, et al., 2009, Metz, et al., 2000, Thota, et al., 2001).  One study 

examining thoracic dorsal hemisections revealed that animals showed larger extension 

angles for the hip, knee, and ankle joints compared to normal values during initiation of 

swing and mid swing (Metz, et al., 2000).  However, this study did not find any 

differences during stance.  Another study combined joint angle analysis with EMG 

recordings in an attempt to reveal muscle/joint angle relationships with spinal level T8 
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incomplete dorsal bilateral lesion (Ballermann, et al., 2006).  Their findings included 

enhanced forelimb extensor activity (possibly used for increased propulsion), altered 

recruitment of back muscle extensor activity to aid with step support, and elevated 

posture during stance (Ballermann, et al., 2006).  Interestingly, the only reported change 

in joint angle profiles was an increase in hindlimb extension and was observed in 4 out of 

10 rats.  Once again, this may indicate a need for systematic skin movement errors to be 

accounted for.  The authors noted the detection of these subtle changes even when 

animals displayed no signs of impairment after injury during locomotion. 

 

1.3.2 Peripheral Nerve Injury 

In addition to SCI, peripheral nerve injuries have also been studied in rats, typically for 

nerve graft studies (Arai, et al., 2000, Barcelos, et al., 2003, Gramsbergen, et al., 2000, 

Kauppila, et al., 1993).  Many studies have utilized a derived measurement termed the 

sciatic functional index (SFI) (Lin, et al., 1996, Varejao, et al., 2001).  These indices use 

measures of the footprint of the rat, measuring foot length and toe spread width factors to 

give an indication of sciatic nerve function (Varejao, et al., 2001).  In addition, two 

sciatic and tibial lesion studies focused comparisons of the stance phase times between 

the uninjured and injured legs, suggesting the injured leg should have a shortened stance 

phase (Dijkstra, et al., 2000, Yu, et al., 2001). Alternatively, the ankle angle has been 

used to assess peroneal nerve function after crush injury, particularly the angles during 

mid-swing and terminal swing (Santos, et al., 1995).  Terminal stance ankle angles have 

been suggested to be indicators of tibial and sciatic nerve function (Yu, et al., 2001).  

Mid-stance angle was also shown to be a great indicator of sciatic nerve performance, as 
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the ankle typically is normal during the onset of stance, and gets more abnormal until lift-

off (Lin, et al., 1996). As for the spinal cord studies, kinematic measurements after 

peripheral nerve injury provide a description of how injured animals are moving but do 

not contain any information regarding the forces that are producing the movement.   

 

1.3.3 Need for a New Approach to Quantitative Locomotive Analysis in Rats   

 - The Potential for Inverse Dynamics 

Inverse dynamics is a method which combines kinematic and kinetic (GRF) data to 

determine the forces acting at each joint angle. While both kinematic and GRF data have 

been applied in rodent nervous system injury studies, inverse dynamics has yet to be 

applied to the rodent model.  Inverse dynamics determines the net torque output of 

specific muscle groups at a joint at specific times in stride.  This method has been 

effective in other experimental models such as humans (Mommersteeg, et al., 1997, 

Simonsen, et al., 1997), horses (Clayton, et al., 2000, Clayton, et al., 2001, Clayton, et al., 

2000, Lanovaz and Clayton, 2001, Lanovaz, et al., 1999), and dogs (Burton, et al., 2008, 

Colborne, et al., 2006, Dogan, et al., 1991).   

 

It seems that the next logical step for rodent locomotion studies is to develop a practical, 

yet accurate method of calculating joint biomechanical variables using inverse dynamics. 

In this thesis, this method will be applied to a rat model of unilateral spinal cord injury. 

This study is a first step toward determining whether inverse dynamic analysis will prove 

more sensitive than GRF analysis in differentiating between rats with different CNS 
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lesions. The following sections are dedicated to describing the basics of inverse 

dynamics, their application in a rodent model, and the limitations that must be addressed. 

 

1.4 INVERSE DYNAMICS 

 

1.4.1 Introduction 

While forward dynamics attempts to estimate the motion of a body from its known forces 

and torques (or moments), inverse dynamics attempts the opposite.  That is, inverse 

dynamic analysis takes the motion of the body (i.e. its kinematics of the digitized joints) 

and attempts to calculate all the known forces and moments necessary to create that 

motion.  During swing phase, the data necessary are the kinematics and some known 

morphometric data about the hindlimb (masses, lengths, centers of mass, moments of 

inertia).  However, during stance phase, the GRF data is added as well, since it has a 

large influence on the forces applied to each body segment.  In general, the limb is 

divided into a ‘link-chain’ of limb segments and the forces, moments, and powers are 

calculated from the ground, up to the top of the chain. 

 

1.4.2 Video Analysis 

Before the discussion of inverse dynamics goes any further, it is necessary to describe the 

processing required of both the kinematic data and later the GRF data.  After it is 

understood how the data gets from a running rat into the digital form, one can better 

appreciate the care taken to ensure the data recorded via inverse dynamics is as accurate 

as possible. 
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Video recording of kinematic data has several requirements to ensure that accurate data is 

obtained.  Firstly, the camera sampling rate must obey the Nyquist Sampling Theorem 

(Nyquist, 1928) -  that is, they must have an adequate frame rate to avoid aliasing (signal 

distortion due to under - sampling when converting analog data into digital format). The 

minimum requirement is that the sampling rate must be at least double the expected 

highest frequency of the recorded data according to Nyquist’s theorem (Nyquist, 1928), 

but in general, the rule of thumb is 4 to 5 times the highest expected frequency.  

Additionally, the camera must have a high enough resolution such that the points 

measured are distinct and do not merge together.  For rat kinematics, this can be a 

problem as the measured points are quite small (approx. 1/16 inches), requiring high 

resolution to track the centroids, and the rats travelling speed can be rapid (exceeding 

1m/s at times), thus requiring a high frame rate.  These two requirements result in the 

need for quite expensive cameras.   

 

The joint centers need to be identified to flag their location.  As previously stated, there 

are numerous techniques.  Ideally, x-ray cinematography would be used, as joint centers 

are visible without palpation and without the error introduced by skin movement over the 

joint locations (Bauman and Chang, 2009, Boczek-Funcke, et al., 1994, Fischer, et al., 

2002, Kuhtz-Buschbeck, et al., 1994).  However, these cameras are even more costly and 

not readily available.  Invasive methods, such as bone pins, tend to be quite painful, 

restrictive, and can confound the data due to altered locomotion (Morl and Blickhan, 

2006, Reinschmidt, et al., 1997).  Thus, skin markers, typically made out of reflective 

tape or similar material tend to be the more practical choice (Clayton, et al., 2002, 
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Reinschmidt, et al., 1997, Thota, et al., 2005, Tranberg and Karlsson, 1998).  On the rat, 

most joints can be palpated quite easily.  Once these locations are found, tattooing on 

their bare skin allows for better repeatability of marker placement.  

 

The reflective markers allow for a high contrast image (due to their extreme brightness) 

to be captured by the camera if sufficient light reflects into the lens.  Specialized software 

can identify these markers by looking for large changes in contrast that are of similar size 

and shape.  By doing this, the program can extract the pixel coordinates of each marker 

for each frame automatically, increasing the speed of analysis.  The pixel coordinates 

must be transformed into ‘real world’ coordinates, using units such as meters.  This can 

be done using various techniques, but the method used in these series of projects was that 

of the direct linear transformation, or DLT (Ambrosio, et al., 2001, Kwon, 1999). 

 

1.4.3 Creating a Link Chain Model 

Once the real world coordinate systems are calculated, the skeletal models can be created.  

This typically involves using custom software (eg. MatLab, The MathWorks Inc.) written 

specifically for each individual application or is part of the tracking program itself.  For 

each frame, the joint center positions are tracked and treated as their respective joints.  

For explanation purposes, it can be said that the computer links these joint centers in a 

‘connect-the-dot’ fashion to create the digital limbs.  For example, in the case of the  rat 

hindlimb model used in this thesis, a marker placed on the edge of the ilium would be 

connected by a straight vector to the hip joint center to distinguish the pelvis; the hip joint 

center would connect to the knee joint center, distinguishing the upper leg; the knee joint 
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center would connect to the ankle joint center, distinguishing the lower leg; and finally 

the ankle joint center would connect to the metatarsophalangeal (MTP) joint, 

distinguishing the foot. 

 

1.4.4 GRF Analysis 

Ground reaction force data is necessary for accurate inverse dynamics.  The subject must 

cross a force plate at consistent velocity and gait, triggering data collections.  These force 

plates must be precalibrated to known weights in order to convert the raw voltage output 

of the force plate to the metric units of mass.  Since this data is collected in multiple 

planes, it can be used to calculate a GRF vector that exists in relative space to the link-

chain model of the digital limb.  In addition, the GRF sampling must also obey the 

Nyquist Sampling Theorem to avoid aliasing errors (Nyquist, 1928). 

 

1.4.5 Combining Video and Force Plate Data 

 Now that both components have been collected using the previous methods, the 

computer must be able to link the data together into the same coordinate system.  In order 

to do this, two important steps are required:  1) The location of the edges of the force 

plate must be represented in the coordinate system and 2) the location of the center of 

pressure of the limb contact with the force plate must be known.  The edges of the force 

plate can be known simply by tracking them in the same manner as the joint centers.  

With the coordinates of the force plate known, the center of pressure of the limb can be 

calculated (see Appendix B).   
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1.4.6 Joint Moments 

Joint moments (or torques) can be thought of as rotational forces.  These moments are the 

result of the application of a force on a body that is fixed at a point at some distance, from 

the point of force application.   An example is a child is sitting on a see-saw.  The center 

of the see-saw has a fulcrum about which the see-saw rotates.  The child exerts a force 

(gravity) downward on the end of the see-saw.  The distance between the point of force 

application and the point of rotation is the lever arm or moment arm.  This force causes a 

rotation about that fulcrum due to a moment. 

Moment = Force X Moment Arm 

If the force is constant, as in the see-saw example, the moment will increase or decrease 

depending on the distance between the fulcrum and the force location.  Moving the child 

closer to the fulcrum decreases the moment, and moving farther away increases it.  

Importantly, the direction of the moment affects the rotation.  If a child were to sit on the 

opposing side of the seesaw, a moment of opposite direction would be created.   

 

In animals which move on jointed limbs, moments are created constantly during motion.  

Muscles create forces at their origins and insertions.  These forces act at a distance from a 

particular joint, creating a moment.  This moment, if large enough, will create a rotation, 

moving the body segment.  This concept is essential to inverse dynamics.    

   

Joint moment calculations typically begin at the point of ground contact and move 

proximally.  With the known joint center locations and known GRF vector for each 

frame, the moments can easily be calculated.  The link chain model of the skeleton is 
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divided into segments and the associated moments are calculated for each segment and 

applied to their respective joints.  The following description will be based on the rat 

model used in this thesis. 

 

Beginning with the foot, the MTP joint and the ankle joint can be represented pictorially 

as a free body diagram, highlighting all the forces acting on the segments.  It should be 

noted that the lowest marker placed on the rat’s limb was the MTP joint, as the ends of 

the phalanges were too small to practically place a marker and too much of a distraction 

for the rat to freely locomote.  This makes the ankle joint the first joint in the link-chain 

model of the rodent limb.  

 

The foot contacts the ground at the center of pressure and the GRF vector is positioned at 

this point.  The GRF pushes the distal aspect of foot segment upward, creating a moment 

that acts to dorsiflex the ankle joint (Figure 2).  This moment is called the external 

moment, caused by external forces. Structures at the ankle joint must produce an 

opposing internal moment to counteract this rotation in order to maintain the known 

segment position at that point in time.  This internal moment can be mostly attributed to 

active contraction of muscles but is influenced by other factors such as passive elasticity, 

created by tissue such as tendons and ligaments, and frictional factors. Importantly, 

inverse dynamics alone cannot determine the individual contribution from different 

muscles and tendons toward this internal moment, but can only determine the net moment 

acting at the joint.  
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A) B)

Figure 2:  Introduction to inverse dynamic joint moment calculations for the ankle joint 
(A) and the knee joint (B).  A) The foot exerts a force on the ground that is counteracted 
by the GRF.  This force acts on the distal end of the last segment of the leg, creating a 
moment (MF).  This moment tries to rotate the segment and creates a moment at the ankle 
joint (MF) that is counteracted by an ankle extensor muscles to create an internal moment 
(MA).  B) This moment (MA) is transferred to the next segment by the ankle extensor 
muscles creating an equal moment at the knee joint that must be countered.  The 
extensors of the knee create this moment (Mk). 
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In the rat ankle joint, this internal extension moment is not without consequence.  Since 

the joint is also part of the lower leg (ankle joint center connected to the knee joint 

center), the extensor moment of the ankle causes a moment on this segment as well, 

attempting to rotate it (Figure 2, MA).  This is translated up to the knee joint, causing the 

joint to flex.  The knee extensor moment will then have effects on the thigh segment and 

hip joint, continuing up the chain.  These are the basics of joint moment calculation. 

 

In addition to GRFs, the inertial properties of the limb segments must be taken into 

consideration.  These properties will influence the inverse dynamics in specific 

conditions (such as when the limb is moving quickly and changing direction quickly) and 

must be included for accurate analysis.  For example, if the joint is swinging through the 

air quickly (as in the case of the rat limb) and then needs to slow down for the limb to be 

placed on the ground, the muscles must provide a force to slow the leg due to inertia, 

causing deceleration.  This is important, especially for swing phase joint moments as the 

inertial properties of the limb dominate the influence on joint moments during this time. 

This is due to stance phase inverse dynamics being dominated by the GRF magnitude and 

being relatively unaffected by the limb inertial parameters and morphometric data (see 

Appendix F).  The swing phase is strongly affected by these factors in the absence of the 

GRF and thus, they must be included for calculations to be considered accurate 

representations of the swing joint moments. 
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In order to account for the inertial effects, the morphometric data of the limbs are 

required.  For this thesis, these morphometric data include:  average limb segment masses 

as a percentage of body mass, limb segment lengths, limb segment center of masses, and 

moments of inertia.  These were all were determined prior to inverse dynamic calculation 

using methods described in Appendix F.   

 

Each limb segment moves both linearly and rotationally.  Since these segments have 

mass, they too have linear and rotational inertia.   The mass of the segment prevents a 

change in the velocity of the segment unless some linear force is applied to change that 

velocity (i.e. cause acceleration).  Linear inertia requires the tracking of a segment’s 

center of mass (which can be calculated and located relative to the joint centers for each 

frame).  Since the displacement of the center of mass of each segment is known via 

marker tracking, and the sampling rate of the video capture gives an indication of the 

time, derivation of this relationship can determine the velocity of the segment, and a 

second derivation can determine the acceleration of the center of mass.  With the mass 

and acceleration known, the following formula can be used to calculate linear forces 

applied to the limb segment. 

F = M X A 

Where: 

F = The net external linear force 

M = The mass of the segment at the center of mass  

A = The linear acceleration of the center of mass 
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The mass of an object also influences the rotational motion.  However, the size and shape 

of the segment also plays a role in the inertial properties of the segment.  The 

combination of these factors is known as the object’s moment of inertia.  This property is 

a function of the size, shape and mass distribution of an object and thus must be 

determined for each individual object.  

 

In order to accurately determine the moment of inertia of an unknown shape, complex 

measurements must be employed.  One such method involves flash freezing an object and 

placing it on a specialized device that spins the object back and forth to measure the 

inertial parameters.  This has been done on larger segments such as limb segments from 

human and horse (Buchner, et al., 1997, Lephart, 1984), but has not been done on the 

limbs of the rat.  In addition, the cost of developing a device capable of measuring the 

moments of inertia on objects as small as rat limb segments would be beyond the scope 

of this thesis.  Therefore, in this study, the moments of inertia were estimated.  The limbs 

were assumed to be cylindrical rods and measurements were taken to calculate the 

moments of inertia described in greater detail in Appendix F.  In addition to moment of 

inertia, the angular acceleration must be determined.  This is possible by taking the 

second derivative of the joint velocity.  With the moment of inertia and angular 

acceleration of each segment known, the following calculation can be added to the net 

moment calculation for each joint. 

M = I X α 

Where: 

M = Moment created by inertial properties of the rotating limb 
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I = Moment of inertia 

α = Angular acceleration 

 

In summary, the moment of a given joint is calculated by combining the moment due to 

the GRF vector, the moments of muscle action, the linear acceleration, and the rotational 

acceleration influences.  By doing this, accurate joint moments can be calculated during 

both stance and swing phase of the locomotor cycle. 

 

1.4.7 Joint Powers 

Joint power provides information on how the joint is producing a particular moment. 

Joint moments can act to alter the joint angle, to prevent an alteration in joint angle, or to 

slow a change in joint angle. For example, when the foot initially contacts the ground, the 

ankle joint flexes until midstance. However, the ankle moment is an extensor moment 

during this time, acting in the opposite direction to the movement of the ankle. Thus, the 

ankle moment acts to slow the ankle flexion during the initial part of the stance phase. 

Because the ankle angle movement and the ankle moment are acting in opposite 

directions, the power at the ankle is referred to as negative power.  In contrast, during the 

last half of stance, the ankle also produces an extensor moment but the joint extends 

during this phase.  Since the joint moment is moving the joint in the same direction as its 

action, ankle power is  positive. 

 

The calculation of joint powers is fairly simple, once joint moments have been calculated.   

The formula for this calculation is as follows: 
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Joint Power = Joint Moment X Joint Angular Velocity 

As stated previously, a negative joint power signifies that the joint is yielding, or 

absorbing power in that the moment and the angular velocity are acting in opposing 

directions (e.g. the joint is flexing when a net extensor moment is present).  When a 

positive power is present, power production is occurring - the joint angular velocity acts 

in the same direction as the net moment (flexing joint with a flexion moment).   

 

1.4.8 Joint Energies 

Once joint powers have been determined over a certain time (such as stance time), it  can 

also be useful to determine the total amount of positive and negative power, or more 

accurate, energy produced in that segment of time.  The energy is found by integration of 

the joint-power relationship.  The summation of the negative energies and the summation 

of the positive energies for a particular profile can provide information on the total 

amount of energy produced by a joint or limb.  For the purpose of this thesis, joint 

energies were valuable in performing statistical comparisons on joint powers between 

groups, as this can reveal more information about the power production than can be 

obtained with peak power analysis alone. 

 

1.5 CONCERNS AND LIMITATIONS OF INVERSE DYNAMICS 

 

Like all data collection techniques, there are some limitations with the use of inverse 

dynamics that need to be addressed. These limitations include: determination of the 

centre of pressure, skin movement artefacts, estimations of limb morphometric data, and 
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assumptions of planar movement.  The next section reviews these limitations that can 

cause inaccuracies in data collection and briefly outlines how these limitations were 

handled for the projects contained within this thesis. 

 

1.5.1 Location of Center of Pressure 

One of the most important components of joint moment calculations is the location of the 

GRF vector relative to the digitized skeleton (Chockalingam, et al., 2002, Riemer, et al., 

2008).  While the magnitude and direction of the vector is determined by action of the 

limbs, the origin of the GRF vector is solely determined by the location of the center of 

pressure of the foot on the plate.  If the calculation of the center of pressure is inaccurate, 

the GRF vector will be positioned incorrectly relative to the link-chain model, 

introducing a systematic error into calculation of all the joint moments of the limb.   

 

One requirement of an accurate centre of pressure calculation is that only one limb can 

contact the plate at one time. For the rat, this requirement limits the locomotor gaits that 

can be analyzed to only one, the trot. The trot, in which diagonal limbs contact the 

ground simultaneously, allows only one limb, either a forelimb or a hindlimb, to contact 

the plate at any one time.   Any runs where two limbs contacted one plate at a given time 

are excluded from analysis. 

 

It has also been shown that errors in the determination of the centre of pressure increase 

when the centre of pressure is located near the outer edges of the force plates 

(Chockalingam, et al., 2002).  Appendix C illustrates the method used to verify the 
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accuracy of the centre of pressure location at different positions on the force plates used 

in this thesis.  

 

1.5.2 Skin Movement Artefact 

The second major limitation and concern in inverse dynamics is the accurate 

determination of joint center locations and several studies have focused on devising 

accurate, yet practical, methods of accurate detection (Cappozzo, et al., 1996, Filipe, et 

al., 2006, Lu and O'Connor, 1999, Riemer, et al., 2008). As stated previously, methods to 

determine kinematics and thus, locate joint centres of rotation, include skin marker 

placement, bone pins, radiographic labelling of joints, and x-ray cinematography.  For 

practicality reasons, the most common method, and the method used in this thesis, is the 

placement of reflective markers on the skin. 

 

While palpation and tattooing of the marker locations allows for determination and 

repeatability of marker placement, errors will still persist.  One of the most problematic 

issues with skin marker placement is skin movement artefact (Cappozzo, et al., 1996, 

Riemer, et al., 2008).  While the marker may seem to be close to the palpated landmark, it 

is not attached to the bone.  Several layers of tissue such as connective tissue, muscle, 

adipose tissue, and skin exist between the bone and the marker.  All of these layers have 

some degree of independent movement with respect to one another.  This movement can 

have significant impact on the accuracy of the skin marker method. 
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The easiest way to minimize skin marker movement is to choose landmarks that have as 

little tissue separating the bone and marker as possible (e.g. over the maleoli of the tibia 

and fibula).  This can greatly increase accuracy, but does not completely remove skin 

movement. Unfortunately, the more proximal limb joints, of the rat (i.e. the shoulder, 

elbow and knee) are covered in significant amounts of adipose tissue and loose skin.  To 

date, only a few studies have attempted to account for the large degree of skin movement 

over these joints, specifically at the knee, in rats (Pereira, et al., 2006).   

 

In other animal models, computer algorithms have been developed to correct errors due 

to skin movement artefacts.  Several studies in horses, cats and one study in rats have 

used x-ray cinematography and bone pins in combination with skin markers to detect the 

movement of skin markers relative to the true joint center locations. (Boczek-Funcke, et 

al., 1994, Kuhtz-Buschbeck, et al., 1994, van Weeren, et al., 1988, van Weeren, et al., 

1990).  X-ray cinematography is, however, not readily available for most researchers, 

including for this thesis. Instead, a method for more accurate marker localization was 

adapted from a study in which skin movement corrections were implemented for 3-D 

joint marker locations in humans (Lu and O'Connor, 1999, van den Bogert, 1994).  This 

‘global optimization method’ varies all the marker locations with respect to each other 

based on the initial recording.  By selecting the solution that produces the least amount of 

error relative to an accurate template by the root mean squared method, the digital 

skeleton is reorganized and optimized. 
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1.5.3 Accuracy of Limb Morphometric Data 

Additional factors that influence the accuracy of inverse dynamics, especially for swing 

phase, are those of limb morphometric data (De Leva, 1996, Riemer, et al., 2008).  Since 

the swing data joint moments are calculated based on inertial parameters, these must be 

accurately determined.  In addition, the optimization method for location of joint markers 

(Appendix E) depends on accurate measurement of joint center to joint center segment 

lengths.   In the case of the rat limb segments, special effort was made to accurately 

measure the limb segment lengths, masses, and centers of mass.  Moments of inertia were 

calculated assuming the segments were cylindrical rods in shape.  These methods are 

discussed in Appendix F.   

 

1.5.4 2-D vs. 3-D Inverse Dynamics 

There is a significant difference between 2-D and 3-D inverse dynamics analyses 

(Alkjaer, et al., 2001). Two- dimensional analysis requires only one camera and thus 

interprets all motion as occurring in a single plane. Three-dimensional analysis uses at 

least two cameras to record the subject’s motion and can account for motion in more than 

one plane.  Most limb movement during locomotion does occur in a sagittal plane and 2D 

analysis, as used in this thesis, is considered acceptable for many locomotor studies.  

Nevertheless, there are some normal movements, such as the slight rotation of the rat’s 

foot at the end of stance, that do not occur in a single plane and two-dimensional analysis 

of such movements will produce slight inaccuracies in joint moment and power 

calculations.  Such non- planar movements are probably minor in normal animals but 
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may become significant in animals with abnormal locomotor movements (Walker, et al., 

1998). 

 

1.5.5 Unmeasured Segments 

While most studies focus on the segments of the limb (due to their obvious role in 

locomotion) few studies examine the effects of other body segments such as the spine, 

head, and tail.  In horses, the large head has significant mass, and its position at the end of 

a long lever arm (the neck) can influence the location of the horse’s center of mass (and 

therefore the GRF vector, joint moments, and joint powers) (Buchner, et al., 2000).  In 

the cat, and probably in the rat, the long tail acts as a stabilizer during locomotion and 

interference with tail movement was found to disrupt the animal’s ability to balance 

(Walker, et al., 1998).  In quadrupedal locomotion such as the lizard or cheetah, the 

flexibility of the vertebrae in the spine can allow for changes in stride length, greater 

stride force for increased speed, and other benefits, especially at galloping gaits (Ritter, 

1996, Schilling and Hackert, 2006).  Clearly, for a complete analysis of locomotion in 

animals, it is necessary to include these segments in the analysis, in addition to the limbs, 

in order to obtain a complete understanding of gait biomechanics.   In this thesis, only 

trotting gaits were analyzed, during which the involvement of the spine is minimal.  

 

1.5.6 Speed, Gait, and Consistency 

Ground reaction force measurements, and thus inverse dynamics calculations, are 

extremely sensitive to speed of the animal (McLaughlin, et al., 1996).   Joint angles (e.g. 

ranges of motion, maximum flexion/extension angles) are also sensitive to changes in 
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speed (Schilling and Hackert, 2006). The changes in interlimb coordination, or gaits, 

results in altered joint positioning, segment orientation, and joint angles which can cause 

very significant changes in joint moments and powers.  When analyzing these factors, 

special care must be taken to consider the gait and speed that the subject is adopting, and 

this must be consistent throughout the study.  

 

1.6 INVERSE DYNAMIC ANALYSIS IN TWO RODENT LESION MODELS  

 

1.6.1 Rationale 

As discussed in Section 1.3.3, one of the objectives of this thesis is to apply inverse 

dynamic analysis to a rodent spinal cord injury model.  A unilateral lesion model was 

selected because this work is the first step toward using inverse dynamic analysis to 

differentiate between the locomotor patterns of rats with different unilateral spinal cord 

injuries.  The lesion used in this study, a thoracic spinal cord hemisection, is a transection 

of one lateral half of the spinal cord at the thoracic level. This lesion removes most of the 

supraspinal input to one half of the lumbosacral spinal cord, as well as removing most of 

the ascending input arising from the same half of the lumbosacral cord. The following 

section is an overview of the neural control of locomotion and a summary of the 

pathways which will be affected by a spinal hemisection. As will be apparent, these 

pathways are complex and incompletely understood.  Therefore, as a preliminary step, 

this thesis first applied inverse dynamic analysis to animals with a more basic nervous 

system lesion, a peripheral nerve injury. The nerves supplying the major extensors of one 

hindlimb joint, the ankle, were transected, in order to examine the effects on joint 
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moments and joint powers, both in the lesioned limb and in the unlesioned limbs as the 

rats moved overground.  

 

1.6.2 Neural Control  

 

1.6.2.1 Central Pattern Generators 

There is a well established body of research that has shown that the spinal cord contains 

networks of neurons which are capable of producing the alternating left-right, flexion-

extension movements required to produce the stepping movements of the limbs. 

(Grillner, 1978)   These interneuronal networks are known as locomotor central pattern 

generators (CPGs).   One of the most interesting features of these interneurons is their 

ability to fire rhythmically.  Several studies have located candidate forelimb CPG 

interneurons in the cervical spinal cord of neonatal cat preparations at C6-C7, as groups 

of rhythmically firing interneurons were located that could later project to motor neurons 

(Hishinuma and Yamaguchi, 1990, Terakado and Yamaguchi, 1990).  In the developing 

cat and rodent models, candidate hindlimb CPG interneurons were found to fire 

rhythmically in the lumbar enlargement of the spinal cord (L3-S1).  In addition, 

populations of candidate CPG interneurons were found in ventral laminae (e.g.  VII, VIII, 

IX) of the lumbar spinal cord, suggesting that the CPG may be more ventral in orientation 

(Gosgnach, et al., 2006). 
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The locomotor pattern generators do not act autonomously to produce locomotion. Both 

supraspinal input from the brain and sensory input from the limbs act to initiate and 

control locomotion in the intact animal.  

 

1.6.2.2 Supraspinal Initiation and Control 

 The regions of the brain which are thought to activate spinal locomotor pattern 

generators and thus trigger locomotor movements include regions such as the 

subthalamic locomotor region (SLR), the mesopontine locomotor region (MLR), medial 

longitudinal funiculus (MLF), and the pontine locomotor region (PPR) (Grillner, 1978).  

In general, the initiators of locomotion are thought to be analogous to ‘on-off’ switches.  

Stimulation of these locomotor initiators, by means such as electrical and chemical 

excitation, has been shown to initiate locomotion, increase frequency of paw placement, 

and even result in changes in gaits in feline and rodent species (Rossignol, 1996).  In 

addition to locomotor initiation, the areas of locomotor control in the brain generally 

focus on aspects of locomotion such as posture maintenance, limb coordination, fine 

tuning of locomotion, and skilled locomotor movements.  Postural control is maintained 

by the MLF, red nucleus, basal ganglia, and cerebellum (Deliagnina, et al., 1975, Drew, 

et al., 2008).  Fine tuning and precision are controlled by the motor cortex, frontal cortex 

and some parts of the basal ganglia and posterior parietal cortex (PPC) (Drew, et al., 

2008, Takakusaki, 2008). 
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1.6.3 Sensory feedback 

It has been shown that sensory afferent feed back, whether proprioceptive or cutaneous, 

can reinforce and even refine locomotion.  Even more interesting is that, in the absence of 

any supraspinal input, i.e. in a complete spinal cord transection, afferent feedback from 

the peripheral limbs can be enough to trigger and control ‘locomotor-like’ movements in 

the limbs.   Locomotor neuronal circuits in the completely transected rodent spinal cord 

have been shown to be activated by afferent proprioceptive inputs with no other 

stimulation (Edgerton, et al., 2008).  In this study, a certain ‘physiological state’ was 

required for these inputs to generate stepping.  In spinally intact animals, supraspinal 

input normally provides this ‘state,’ possibly due to input from 5-HT neurons from the 

parapyramidal region of the brainstem (Jordan, et al., 2008).  Models with completely 

transected spinal cords lack this stimulation (Edgerton, et al., 2008).  This state has been 

simulated in spinally transected animals experimentally using chemical agonists (eg. 

dopamine), electrical simulation, step and weight bearing training, and noiceceptive 

feedback (Barbeau and Rossignol, 1990, Fong, et al., 2005, Huang, et al., 2006).   

Sensory feedback such as hip extension angle, unloading of ankle extensors, and 

cutaneous nerve sensation have been shown to have important regulatory effects on 

locomotor stepping (Bouyer and Rossignol, 2003, Grillner and Rossignol, 1978, Pearson, 

2008). 

 

1.6.4 Anatomy of the Spinal Cord 

The thoracic spinal cord consists of numerous ascending and descending tracts necessary 

for locomotion.  In addition, this area of the cord is home to many interneuron, or 
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propriospinal neuron populations.  The distribution of these tracts across the cord is 

relatively ‘left-right’ symmetrical.  For example, the motor neurons of the cord travel to 

muscles on the ipsilateral side of the body, meaning motor neurons in the left spinal cord 

project to left muscles, while the motorneurons of the right spinal cord project to the right 

muscles.  The thoracic spinal cord, like all parts of the cord, is divided into numbered 

segments.  In its case, the thoracic spinal cord consists of 12 segments, denoted with the 

letter ‘T’ (i.e.  T1 – T12).   

 

The spinal cord consists of an outer layer white matter, and a central cord of grey matter. 

The white matter consists of the axons of supraspinal neurons descending to synapse on 

spinal cord neurons, axons of sensory and spinal neurons which are ascending to the 

brain, and axons of spinal neurons which connect different regions of the spinal cord.  In 

most quadrupedal species, the white matter is divided in a dorsal to ventral scheme, with 

such areas as the dorsal funiculus, dorsolateral funiculi, ventrolateral funiculi, and ventral 

funiculus.  These areas contain various spinal tracts that convey information from 

particular supraspinal areas as well as interspinal areas, and vary between species.  Some 

of these tracts are listed in Table 1. 
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DESCENDING PATHWAYS ASCENDING PATHWAYS 
Corticospinal tracts – Motor control, 
especially fine motor skill such as reaching 
and tactile placing 

Spinocerebellar tracts – Pathways 
important in proprioception 

Spinothalamic tracts – Pain processing 
and noxious stimuli responses 

Rubrospinal tracts – Coordinated 
movement and posture, possible roles in 
movement maintenance/adjustments, 
initiation, and interlimb coordination 

Spinohypothalamic tracts – Visceral pain 
transmission, roles in autonomic and 
endocrine responses to nociception,  
noxious stimuli responses 

Vestibulospinal tracts – Involvement in 
locomotion maintenance and 
flexor/extensor tone 

Spinomesencephalic tracts – 
Somatosensory nociception 

Reticulospinal tracts – Locomotion 
initiation/maintenance, spinal orientation 
and ‘startle’ reflexes  

Spinoreticular tracts – Proprioception, 
likely from joints, muscles, and tendons 

Coeruleospinal tracts – Species 
dependant role in locomotion and/or 
nociception 

Dorsal Column Pathways – Sensory 
perception involving discriminative touch, 
proprioception, pain, and 
mechanosensation 

Table 1:  A brief summary of the various ascending and descending tracts of the spinal 
cord, along with a description of their relevance to locomotion and somatosensory 
research.  Data extracted from (Webb, 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 38



The central grey matter contains the cell bodies of the spinal neurons, including the motor 

neurons which directly control muscles.  The grey matter is typically divided into regions 

called laminae, which are denoted by roman numerals.  There typically are 10 layers, 

with some interspecies variations.  Lamina IX contains the medial and lateral motor 

nuclei (Webb, 2003) 

 

1.6.5 Innervation of the Gastronemius Muscle 

The gastrocnemius muscles are the major extensor muscles of the ankle joint. The medial 

and lateral gastrocnemius muscles originate on the distal femur and insert on the 

calcaneal tuberosity of the ankle joint. Innervation to the gastrocnemius muscles is 

provided by the tibial nerve, which is a branch of the sciatic nerve. The tibial nerve 

originates from the sciatic nerve  at the level of the knee and travels distally towards the 

foot (Uysal, et al., 2009). As it passes between the two heads of the gastrocnemius m., it  

sends a branch to each head, supplying both motor and sensory information (Nichols, et 

al., 2004).   

 

1.7 SUMMARY 

 

While many techniques for the analysis of rodent locomotion have been devised over the 

last century, the techniques used to date are limited in their sensitivity to measure some of 

the more subtle changes in spinal cord injury studies.  This section attempted to highlight 

the major methods used and provide insight on the potential of the application of inverse 

dynamics to these injury studies.  In addition a brief overview of spinal cord injury 
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studies has been provided, as well as a short highlight of the relevant neuroanatomy.  

This foundation is necessary for understanding of the upcoming chapters. 
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CHAPTER 2: 
GENERAL OBJECTIVES AND HYPOTHESIS 
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2.1 GENERAL OBJECTIVES 

 

The main objective of the studies presented in this thesis was to adapt inverse dynamic 

methods to rat spinal cord injury models of locomotion.  Since rat models are the most 

common and practical models used for spinal cord injury studies, it is important that 

reliable and accurate measurements can be made, in order to assess deficits as well as to 

test experimental therapies.  While previous methods have been attempted, these methods 

have not been adequate in examining subtle locomotor changes resulting from incomplete 

unilateral nervous system injuries. 

 

Because inverse dynamic analysis has not yet been applied to rodent spinal cord injury 

models, it was decided to initially validate this method in rodents by applying it to a 

lesion model in which the function of only a single limb joint was altered.  In chapter 4 of 

this thesis, the gastrocnemius m., the major extensors of the rat ankle joint, were 

denervated, and locomotor biomechanics of all four limbs were analyzed using the 

inverse dynamics method.  In chapter 5, a second group of rats underwent unilateral 

thoracic SCI and locomotor biomechanics were again analyzed using inverse dynamics.   

For both of these studies, changes in joint angles, moments, and powers were assessed.  

In addition, accuracy tests and Monte Carlo simulations were performed to assess the 

sensitivity of the model to errors in limb segment morphometrics, inertial parameters, and 

joint localization (see Appendices). 
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2.2  HYPOTHESIS 

 

1.   Inverse dynamics will reveal a substantial reduction in ankle extensor moment 

and ankle joint power production during locomotion in rats with denervation of the 

gastrocnemius muscle.  In addition, compensatory changes in joint moments and joint 

power in unaffected limbs will be detected using an inverse dynamics approach. 

 2. Inverse dynamics will reveal altered joint moments and joint power in the 

hindlimb ipsilateral to a thoracic spinal hemisection in rats during locomotion.    
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CHAPTER 3:   
GENERAL METHODS AND PROCEDURES 
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3.1 ANIMALS 

 

Female Long-Evans rats were obtained from Charles River Laboratories (Que., Canada).  

These rats were raised in a light controlled room (12 hour day/night cycles) in the Animal 

Care Facility in the Department of Veterinary Biomedical Sciences at the University of 

Saskatchewan, according to the Canadian Council on Animal Care protocols.  They were 

fed normal rat chow, but were feed restricted to maintain weights between 240-300 grams 

(checked by weighing rats weekly), maintaining their motivation to perform tasks for 

food reward. 

 

3.2 RUNWAY TRAINING 

 

Rats were trained daily to run to opposing ends of a 182 cm X 12 cm runway for a food 

reward until sufficiently skilled (approximately 3-4 weeks).  Sufficiently skilled is 

considered to be the ability to anticipate the dropping of a food reward at the other end of 

the runway and moving to that location without interruption. 

 

3.3  SURGICAL PREPARATION 

 

Prior to surgery, all rats were weighed and given subcutaneous injections of the anti-

cholinergic, glycopyrrolate (Glycopyrrolate; Sabex Inc., Boucherville, QC, Canada, 0.03 

mg/kg), the analgesic, buprenorphine (Buprenex; Reckitt Benckiser Pharmaceuticals Inc., 

Richmond, VA, USA, 0.05mg/kg), and the antibiotics trimethroprim and sulfadoxine 
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(Trivetrin; Schering Canada Inc., QC, Canada, 30mg/kg).  In addition, the rats were given 

intraperitoneal injections of an anaesthetic mixture of the sedative medetomidine 

hydrochloride (Domitor; Sabex Inc., Boucherville, QC, Canada, 0.3mg/kg), the 

dissociative anaesthetic ketamine (Vetalar, Bioniche Animal Heath, ON, Canada, 

0.3mg/kg), and the analgesic fentanyl citrate (Fentanyl; Sabex Inc., Boucherville, QC, 

Canada, 50ug/kg).  Hair over the surgical site was shaven off and scrubbed with 

chlorhexidine soap and rinsed with 70% isopropyl alcohol.  To maintain ocular moisture, 

lubricant was applied to both eyes (Lacri-Lube; Allergan Inc., ON, Canada).  A 

recirculating, warm water blanket was used to keep the surgical area warm for the animal.  

Animals were aseptically draped and placed under the view of a dissection microscope.  

100% oxygen was administered nasally to each animal. Surgical procedures specific to 

each study are described in the corresponding chapter. The surgical site was closed by 

using a continuous suture pattern of 3-0 braided polyglycolic acid suture (Dexon II; 

Sherwood Davis and Geek, St. Louis, MO, USA) to connect the muscle, and surgical 

staples (Auto Suture; United States Surgical, Norwalk, CT, USA) to close the skin.  Rats 

were then left to heal for 7 days with collars to prevent them from removing their staples 

prematurely.  The anesthetic was reversed using atipamezole hydrochloride (Antisedan; 

Pfizer Animal Health Canada, QC, Canada, 0.3mg/kg).  Buprenex was given for 2 days 

for post-operative pain control and Trivetrin was given for 5 days following surgery.  

Rats were weighed and examined daily. 
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3.4 DATA COLLECTION 

 

Prior to surgery, locomotion was recorded and analyzed while the animals ran across 

force plates that the runway was built around.   The runway was custom built (182 cm X 

12 cm) to have three force plates (10.5 cm X 10.5 cm) in the center.  Each plate had four 

channel outputs.  Channels 1 and 2 measures the vertical ground reaction force on each 

end of the plate.  Channel 3 measures the fore-aft force, and channel 4 records the medio-

lateral force (not used in this study).  Forces were sampled by a computer at 1000 Hz.  

The signal was amplified using a custom built amplifier.  The signal was then converted 

to digital format using a personal computer and software (Midas 2.0; Xcitex Inc., Boston, 

MA, USA).  A high speed digital camera (Motionscope 1050; Redlake MASD Inc.) 

placed at 90 degrees to the force plates, recorded the motion at 125 Hz in 440 X 400 

pixels resolution.  A calibration grid was filmed prior to data collection to using the DLT 

method.  Therefore, only data in 2D was collected.  Data collection was initiated when 

the rat broke an infrared beam and ended when the rat broke a second beam.  The 

breaking of the beams also triggered a timer which allowed an indication of the running 

velocity of the rats. 

 

3.5  MARKER LOCATIONS 

 

Joint center locations were tracked using reflective markers made of Scotch reflective 

tape (3M, St. Paul, MN, USA).  Markers measured 2mm in diameter and were stuck on 

palpable landmarks, which were located and tattooed previously, then remarked 
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periodically with felt marker to maintain visibility.  For the hindlimb these were: 1) the 

anterior iliac crest 2) the greater trochanter of the femur 3) the lateral aspect of the shank 

(= the shank marker) 4) the lateral maleolus 5) the lateral aspect of the 5th 

metatarsophalangeal joint.  For the forelimb these markers were: 1) the dorsalmost point 

of the scapular spine 2) the greater tubercle of the humerus 3) the lateral aspect of the 

forearm (=the forearm marker) 4) the lateral aspect of the radiocarpal joint 5) the lateral 

aspect of the 5th metacarpophalangeal joint.    The shank and forearm marker was placed 

approximately at 1/3 the length of the limb segment from the distal joint.  Digitizing of 

the markers was performed using commercial software (ProAnalyst; Xcitex Inc., Boston, 

MA, USA).  Automatic marker tracking was possible with this software but, manual 

tracking was performed when automation failed.   

 

3.6 TRIAL RESTRICTIONS 

 

For a given run, only one side of the animal could be recorded.  Therefore, data was 

collected for the right side of the body when the rat ran over the plates from the left to the 

right side, and collected for the left side of the body when the rat ran from the right to the 

left side of the runway.  Rats’ speeds were restricted to a trotting speed range of 0.8 m/s – 

1.3 m/s.  Additional requirements for a good run included: 1) the animals had to run at a 

constant velocity, without interruption 2) the animals had to exhibit a trotting gait 3) the 

rats feet had to land near the center of the force plate and stay away from the outer edge 

of the plate.  Rats were run until a minimum of 10 runs were collected, and the 8 best 

runs were taken for digitization.  Data was collected over 2 days, the first of which 4 of 
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the runs for the left and right sides were taken for each rat, and on the second day the 

other 4 runs were taken.  This was an attempt to control for the variability of marker 

placement as a variable between our groups.   

 

3.7 LIMB MORPHOMETRICS 

 

Rat limb morphometric data was complied from cadavers of the littermates of the subject 

rats.  Limb lengths (taken as the distance between joint centers), limb masses, and the 

position of the limb center of masses were measured and averaged to obtain data used in 

the analysis program.  Detailed descriptions of the methods used are described in 

Appendix F. 

 

3.8 ANALYSIS  

 

All analysis was performed using custom software (MatLab 2006b version 7.3; The 

Mathworks Inc.)  Calibration of the video data and correction for lens distortion, parallax, 

etc. was accomplished using a direct linear transformation (DLT) method (Ambrosio, et 

al., 2001, Kwon, 1999).  Kinematic and force plate data was filtered using a 4th order 

Butterworth Filter (40 Hz and 12 Hz, respectively).  The data was split into swing (foot 

lift off to foot touch down) and stance phases (foot touch down to foot lift off).     

 

3.8.1 Measured and Virtual Joint Centers 
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An accurate template of the joint positions was based on the relative organization of joint 

markers in the first frame of data for each run.  Premeasured segment lengths were used 

to adjust the joint center locations to ‘lock’ the lengths according to these measures while 

minimizing changes in joint angles (Lu and O'Connor, 1999, van den Bogert, 1994).  

These measurements were adjusted relative to the skin marker with the least amount of 

skin movement artefact for each of hindlimb (the lateral malleolus of the fibula) and the 

forelimb (the radiocarpal joint).  Visually, the error in the data was reduced adequately.  

In Appendix E, a full Monte Carlo simulation experiment was devoted to study the 

effectiveness of these methods in detail. 

 

In addition to this model, the creation of virtual joints was performed for those joints 

where a high degree of skin movement exists. Instead of placing a marker over the 

putative knee and elbow joint centers, a marker was placed on the distal segment 

associate with each joint (the lateral aspect of the fibula or radius).  The location of this 

marker had to 1) be on a location that had minimal skin movement (lower areas of 

segment) and 2) be in a position that would allow the creation of a straight vector to be 

created that pointed to the joint location of the knee/elbow if a the vector passed through 

the distal joint marker and the segment skin marker.  By using the direction of this vector 

and the pre-measured segment length, the virtual joint could be created as an accurate 

representation of the knee/elbow joint at all ranges of motion.  Combined with the global 

optimization method, these methods have been accurate (Appendix E). 
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Prior to optimization, the initial joint centers (JC) were found as follows: 1) the shoulder 

JC was taken as the greater tubercle of the humerus 2) the wrist JC was taken as the 

lateral aspect of the radiocarpal joint 3) the elbow was taken as the end of the vector that 

started at the wrist JC and traveled in the direction of the lateral aspect of the forearm 

marker for the average length of that segment (determined from cadavers) due to high 

amount of skin movement over the elbow joint 4) the hip JC was taken as the greater 

tubercle of the femur 5) the ankle JC was taken as the lateral maleolus 6) the knee JC was 

taken as the end of the vector that started at the ankle JC and traveled in the direction of 

the lateral aspect of the shank marker for the average length of that segment (determined 

from cadavers) due to high amount of skin movement over the knee joint.    

 

3.8.2 Global Optimization of Skin Markers 

To correct for skin movement artefacts, a global optimization method was used.  It 

calculated the minimum error in a least squares sense similar to other studies (Lu and 

O'Connor, 1999, van den Bogert, 1994) based on where it calculates the marker locations 

should be assuming that the segment lengths are a constant length.  From this data, joint 

moments and joint powers were calculated over time for both swing and stance phases. 

All the data was normalized to 51 points and body mass, allowing for comparison 

between different runs.   

 

3.8.3 Calculation of Joint Moments and Powers 

The calculation of joint moments and powers using inverse dynamics requires kinematic, 

morphometric, and kinetic data.  Kinematic and morphometric data were used to produce 
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a skeletal model of the limb for each digital video frame. This data is combined with the 

magnitude and direction of the ground reaction forces acting through the limb throughout 

the stance phase for each frame.  The center of pressure on the force plate was used to 

determine the position of the force vector relative to the skeletal model of the limb for 

each frame and the direction and magnitude of the GRF vector is obtained by the force 

plate output. The muscle moments acting at each joint necessarily must counteract those 

moments caused by the GRF and the inertial properties of the limb segments. Thus, joint 

moments are equal in magnitude but opposite in direction to the moments caused by the 

GRF and inertial properties of the limb. The GRF moments are calculated as the product 

of the GRF magnitude and the moment arm at the first segment, and the resulting forces 

are chained up the linked segment model to calculate the proximal moments. During the 

stance phase, moments caused by the inertial and rotational properties of the limb 

segments are much smaller in magnitude compared to those caused by ground reaction 

forces. Typically, inertial moments are significant only during swing.  

 

The joint moments and angular position data are used to calculate the power at 

each joint, as follows: 

Joint Power = Joint Moment X Joint Angular Velocity 

Joint power provides an indication of how the muscles are being used at the joint. 

Analysis of joint power has been shown to be the most useful measurements for 

assessment of pathological gait in humans (Winter, 1990).  When power is positive, the 

muscles at the joint are producing a net positive energy because they are actively 

contracting while shortening.  Conversely, when power is negative, muscles at a joint are 
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active while lengthening, and there is a net absorption of energy.  Thus, joint power 

profiles indicate how the muscles of the limb at each joint are being used to perform the 

movement (i.e. in shortening or lengthening contractions).   It needs to be stressed that 

actions of individual muscles cannot be determined with this analysis.  Only the net 

action at the joint can be determined. 

 

3.9 STATISTICS 

 

Averaged profiles for joint angle, joint moment and power data for each rat for each joint 

was used to calculate the group averages for each session.  Variables that were compared 

statistically were, for each of 6 joints: range of joint motion, the timing and magnitude of 

joint moment maxima and minima, and the timing and magnitude of joint power maxima 

and minima.  In addition, the joint power profiles were integrated to obtain joint energies 

(i.e. area under the joint power vs. time plots). For all variables, statistical significance 

was calculated using one-way repeated measures ANOVA, with the Holm-Sidak post-

hoc test. 

 

3.10 MONTE CARLO SIMULATIONS 

 

Several computer simulations were performed to assess this methods sensitivity to 

measurement errors in limb segment inertial parameters (length, mass, center of mass, 

and moment of inertia) as well as JC location error.  These simulations ran 10,000 

separate runs, where the input variables were varied over a Gaussian distribution within 
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the accuracy of our measurements (see appendix F).  For inertial parameter assessment, 

joint moments and powers were calculated.  Joint angles were plotted for joint marker 

error tracking.  For all tests, the average and 95% confidence interval was plotted to 

assess the error.  The error from both tests was found to be within acceptable ranges. 
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CHAPTER 4: 

BIOMECHANICAL LOCOMOTOR ADAPTATIONS TO UNILATERAL 

PERIPHERAL NERVE INJURY IN LONG-EVANS RATS 
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4.1 ABSTRACT 

 

Biomechanical analysis of limb movement is a valuable technique in human gait 

assessment, but has never before been applied to laboratory rats. The purpose of this 

study was first to examine the limb joint torques and joint mechanical powers during 

unrestrained overground locomotion in rats, and second to determine how these 

parameters change after peripheral nerve injury. Long-Evans rats were trained to cross a 

runway while kinetic (ground reaction forces) and kinematic (limb segment positions) 

data were synchronously recorded. Inverse dynamic analysis was used to calculate joint 

moments and joint mechanical power throughout the stride for the shoulder, elbow, wrist, 

hip, knee and ankle joints. Biomechanical parameters were again collected after animals 

recovered from surgery to denervate the left gastrocnemius muscle, a major ankle 

extensor. Before surgery, normal rats moved with joint moment and power profiles 

comparable to those of other quadrupeds, with several differences attributable to species 

variation in limb posture. After surgery, rats trotted asymmetrically, with a marked 

plantigrade stance of the left hindlimb. The ankle joint showed surprisingly few changes 

in joint moments or power. Instead, dramatic reductions in range of motion, joint 

moments, and joint power occurred at the hip and knee of the affected limb, changes 

which contributed to a decrease in total work done by the injured limb. In contrast, more 

work was done by the opposite, i.e. uninjured, hindlimb. Possible mechanisms underlying 

these compensatory adjustments within and between limbs after nerve injury are 

discussed.  
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4.2 INTRODUCTION 

 

Laboratory rodents are the most commonly used behavioural animal models for CNS 

disorders. Analysis of locomotor abilities in rats is frequently used to assess the course of 

recovery or to test experimental therapies after nervous system injury.  Several different 

methods have been used for assessment of locomotor abilities after injury in laboratory 

rodents (Basso, et al., 1995, Muir and Webb, 2000, Varejao, et al., 2001).  Locomotor 

rating scales, in particular, are popular and convenient to use.  However, they often rely 

on particular patterns of recovery from specific lesions and so, are not appropriate for all 

lesions or treatment conditions. Kinetic and kinematic methods are standard techniques 

used to quantify movement performance in humans (Winter, 1990).  Because they are not 

restricted to a particular lesion or pattern of recovery, these methods provide robust and 

objective assessments that are applicable to many functional conditions (Ambrosio, et al., 

2001, Mommersteeg, et al., 1997, Prilutsky, et al., 1996, Simonsen, et al., 1997).   

Research in our lab has focused on quantitative measurements of locomotion in CNS –

injured rats using ground reaction forces (GRFs), the forces acting through each limb on 

the ground (Kanagal and Muir, 2007, Kanagal and Muir, 2008).  We obtained 

information on how each limb contributes to weight support and propulsion during 

ongoing locomotion in normal rats. Furthermore, we have shown that, in response to 

unilateral lesions at different levels of the nervous system, rats adopt a characteristic 

asymmetric gait with typical GRF profiles for each limb (Webb and Muir, 2003, Webb 

and Muir, 2004, Webb and Muir, 2005). 
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While GRF data alone can provide information on the overall use of each limb for 

support and propulsion, more detailed information can be obtained when GRF data is 

examined concurrently with limb kinematic data (i.e. limb segment positions and joint 

angles). The net torques, or moments, acting at each limb joint throughout the stride can 

be determined, which in turn reflect the net mechanical action of muscles at the joint. In 

addition to joint moments, mechanical power produced at each joint can be obtained from 

joint moment and kinematic data.  The joint mechanical powers provide valuable 

information about how muscles and tendons are working at each joint. The assessments 

of joint moments and mechanical powers have been particularly useful for determining 

the causes of abnormal movements during pathological gaits in humans (Winter, 1990). 

 

Inverse dynamics is a computational method that combines kinematics with GRF data to 

calculate joint moments. The present study is the first to use inverse dynamics in 

laboratory rats to determine the net moments and net powers acting at each joint during 

locomotion.  This study thus provides novel information on the mechanics of locomotor 

behaviour in these animals. Furthermore, as a first step in the application of this method 

to rat models of neurological disease, we used a peripheral nerve lesion model to assess 

the practicality of this method in small laboratory animals.  We transected the nerves 

supplying the gastrocnemius muscles, the major ankle extensors, in one hindlimb. We 

hypothesized that this would significantly reduce the ankle extensor moment during the 

locomotor stride due to loss of active extensor muscle activity, thus reducing ankle joint 

power production. This reduction would be accompanied by compensatory changes in 

moments of other joints in the same limb, as well as in the other three limbs. Instead, we 
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found that the most dramatic changes in joint biomechanics occurred at the hip and knee 

in the injured limb, with some additional adjustments in the opposite hindlimb. We 

discuss possible reasons for these changes with respect to the compensatory adjustments 

rats can make within and between limbs after the nervous system injury. 

 

4.3 MATERIALS AND METHODS 

 

4.3.1  Animals 

Five female Long-Evans rats were trained and used according to methods described in 

Chapter 3. 

 

4.3.2 Surgery 

See Chapter 3 for surgical preparation details.  During surgery, an incision parallel with 

the muscle fibres of the biceps femoris was made through the skin and muscle, exposing 

the posterior aspect of the medial and lateral gastrocnemius nerve branches to the 

respective muscle heads were isolated using a nerve hook.  A 0.5mm section was cut out 

of each branch and removed to guarantee the nerve was fully transected.   

 

4.3.3 Training, Data Collection, Marker Locations, Trial Restrictions, and Limb 

Morphometrics, Analysis, and Statistics 

For all these sections please refer to Chapter 3. 
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4.4 RESULTS 

 

By one day after surgery, all rats were capable of overground locomotion. At one week 

after surgery, rats were moving overground with a slightly asymmetric gait.  Rats bore 

weight on the caudal surface of the left crus in a plantigrade posture, in contrast to the 

normal digitigrade support (Figure 2).  There were no differences in locomotor 

characteristics between post-surgical weeks 1, 2 and 4 – therefore, only post-surgical 

week 1 data is shown. After data collection was complete, lesions were confirmed by 

euthanasia and dissection of the left hindlimb. Consistent with the loss of muscle 

innervation, severe atrophy was present in the gastrocnemius m. of the left hindleg in all 

animals used in this study. 

 

Biomechanics of the affected hindlimb 

Kinematics.  Gastrocnemius denervation had significant effects on both stance and swing 

joint angles in the affected left hindlimb (Figure 3).  Compared to presurgical values, the 

affected ankle joint flexed more during stance (P = 0.007, N = 5, F = 25.057), and did not 

extend as fully at the transition between stance and swing (Figure 3).  Interestingly, the 

hip and knee of the affected limb were more extended at the onset of stance compared to 

presurgical values (hip: P = 0.003, N = 5, F = 41.838; P < 0.001 and knee: P = 0.009, N = 

5, F = 22.873), and continued to extend (hip) or flex (knee) gradually throughout stance, 

unlike the presurgical movement which was more dynamic for both joints (Figure 3).  

During the latter half of swing and as the limb is placed on the ground, both the hip and 

knee are more extended compared to presurgical values (Figure 3).  
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LEFT HINDLIMB (AFFECTED SIDE):  JOINT ANGLES 

 
Figure 3:  Joint angle profiles for the hip, knee, and ankle of the left (affected) hindlimb.  
Representative stick figures in A show limb posture of pre- (top) and post-surgical 
(bottom) animals at (from right to left), 20%, 50% and 80% of stance.  Joint angles 
during stance (B) and in swing (C) are shown.  After left gastrocnemius denervation, the 
ankle is more flexed during the stance phase, whereas both the hip and the knee are more 
extended. Note that the horizontal axes are in percent stance or swing, and thus should 
not be considered to scale.  Solid lines indicate mean +/- S.E. for pre-surgical animals, 
while dashed lines indicate post-surgical means and S.E.  Asterisks denote significant 
differences in joint angle ranges compared to pre-surgical values (p<0.05, n = 5). 
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Joint moments.  Comparison of the net joint moments of the lesioned hindlimb between 

pre- and post-surgical groups revealed significant differences only during the stance 

phase (Figure 4). Surprisingly, the ankle joint appeared least affected of all the hindlimb 

joints. Pre-surgical animals produced an ankle extensor moment throughout the stance 

phase, the peak of which occurred at approximately 30% of the stance duration. Post-

surgical animals also produced an extensor moment at the ankle, the peak magnitude of 

which did not differ from pre-surgical values, but occurred significantly later in the 

stance, i.e. at 50% of the stance phase duration (P < 0.001, N = 5, F = 294.841).  

Gastrocnemius denervation had larger effects on the moments of hip and knee of the 

affected limb. In pre-surgical animals, the knee, like the ankle, produced a net extensor 

moment throughout stance, while the hip joint produced an initial extensor moment 

followed by a flexor moment in late stance. After surgery, extensor moments of the left 

hip and knee were significantly smaller compared to pre-surgical norms (hip: P < 0.001, 

N = 5, F = 60.944 and knee: P < 0.001, N = 5, F = 144.315). The immediate cause of 

these smaller joint moments in lesioned animals is evident in the limb diagram in Figure 

4A. The GRF vector passes much closer to the hip and knee joints in post-surgical rats 

compared to presurgical rats (Figure 4A). This close alignment of the GRF vector with 

the hip and knee joint centres throughout the stance consequentially reduces the GRF 

moment arm (Figure 2), and thus, the corresponding hip and knee joint moments that 

need to be generated to counteract GRF moments remain small throughout the stance 

phase. 
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LEFT HINDLIMB (AFFECTED SIDE):  JOINT MOMENTS 

 

Figure 4:  Joint moment profiles for the hip, knee, and ankle of the left (affected) 
hindlimb. Representative stick figures in A show pre- (top) and post-surgical (bottom) 
animals at (from left to right) 20%, 50% and 80% of stance with associated GRF vectors.  
Joint moments in stance (B) and in swing (C) are shown.  After left gastrocnemius 
denervation, the ankle moment during stance is unchanged in magnitude but occurs later 
in stance. The moments of both hip and knee are reduced compared to pre-surgical 
values.  Note that the horizontal axes are in percent stance or swing, and thus should not 
be considered to scale.  Solid lines indicate mean +/- S.E.  for pre-surgical animals, while 
dashed lines indicate post-surgical means +/-  S.E.  Asterisks denote significant 
differences in peak extension (negative) or flexion (positive) moments compared to pre-
surgical values (p<0.05, n = 5).   
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Joint power.  The ankle did not lose its ability to generate positive power during stance in 

post-surgical animals (Figure 5A). Before surgery, ankle power was negative in the first 

40% of the stance phase, indicating that the ankle was flexing during generation of an 

extensor moment. Ankle power then became positive for the remainder of the stance 

phase, as the extensor moment actively extended the joint. In post-surgical animals, the 

ankle yielded more during the first half of stance compared to pre-surgery. Peak negative 

power, and total energy absorbed by the ankle joint (area under the curve) is higher in 

post-lesion animals (Table 2 and Figure 5; peak power: P = 0.033, N = 5, F = 10.271; 

energy absorbed: P = 0.005, N = 5, F = 31.385). Importantly, this energy absorption 

occurred significantly later in the first half of the stance (P = 0.022, N = 5, F = 13.155). 

In the latter 50% of stance, the ankle appears to produce more positive power in the 

lesioned state, although the difference between pre- and post-surgical peak values, is not 

statistically significant (P = 0.058, N = 5, F = 6.937).  The transition between negative 

and positive power occurs exactly at 50% of the stance phase in lesioned animals, 

compared to 40% of stance in pre-surgical animals.   In contrast to the relatively small 

changes at the ankle joint, large reductions in joint power were seen at the knee and hip 

during stance in post-surgical vs. pre-surgical animals (Figure 5A).  During locomotion 

prior to surgery, hip power was positive for the first half of stance, as the hip extensor 

moment actively extended the joint. In the latter half of stance, the hip continued to 

extend, although there was a net hip flexor moment, resulting in negative power profile. 

After surgery, the hip generated very little positive (P < 0.035, N = 5, F = 9.763) or 

negative power (P = 0.042, N = 5, F = 8.717) compared to pre-surgical values and the 

peak negative power occurred much earlier in the stance phase (P = 0.002, N = 5, F =  
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LEFT HINDLIMB (AFFECTED SIDE):  JOINT POWERS 

 

Figure 5:  Joint power profiles for the hip, knee, and ankle of the left (affected) hindlimb.  
Joint power in stance (A) and in swing (B) are shown.  After gastrocnemius denervation, 
ankle power differs only slightly whereas hip and knee power are greatly reduced, 
compared to pre-surgical values. Note that the horizontal axes are in percent stance or 
swing, and thus should not be considered to scale.  Solid lines indicate mean +/- S.E.  for 
pre-surgical animals, while dashed lines indicate post-surgical means +/-  S.E.  Asterisks 
denote significant differences in magnitude of the peak power or energy (area under the 
curve) compared to pre-surgical values (p<0.05, n = 5).   
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LEFT (AFFECTED) HINDLIMB JOINT ENERGIES 

A)  Pre-Surgical  
 Negative Energy (J) Positive Energy (J) Net Energy (J) 
Hip -0.505 +/- 0.058 0.486 +/- 0.175 -0.019 
Knee  -0.212 +/- 0.032 0.867 +/- 0.102 0.655 
Ankle -0.713 +/- 0.127 0.516 +/- 0.053 -0.197 
    
  Post-Surgical  
 Negative Energy (J) Positive Energy (J) Net Energy (J) 
Hip -0.279 +/- 0.079 0.128 +/- 0.011 -0.151 
Knee  -0.282 +/- 0.042 0.042 +/- 0.021 -0.240 
Ankle -0.998 +/- 0.106 0.655 +/- 0.072 -0.342 

 

RIGHT (UNAFFECTED) HINDLIMB JOINT ENERGIES 

B)  Pre-Surgical  
 Negative Energy (J) Positive Energy (J) Net Energy (J) 
Hip -0.670 +/- 0.075 0.182 +/- 0.061 -0.488 
Knee  -0.279 +/- 0.089 0.842 +/- 0.152 0.563 
Ankle -0.372 +/- 0.059 0.495 +/- 0.053 0.123 
    
  Post-Surgical  
 Negative Energy (J) Positive Energy (J) Net Energy (J) 
Hip -0.495 +/- 0.107 0.553 +/- 0.105 0.058 
Knee  -0.169 +/- 0.071 0.946 +/- 0.085 0.778 
Ankle -0.361 +/- 0.055 0.768 +/- 0.051 0.408 

 

Table 2:  Mean energies +/- S.E. for the hip, knee, ankle of the A) left (affected) hindlimb 
and B) the right (unaffected) hindlimb.  Negative and positive energies were summed for 
each animal, then group means were performed to produced the above data with the 
standard errors.  These values were summed to give the net energy with no standard 
error. 
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47.869).  At the knee, an initial negative power in pre-surgical animals during early 

stance normally reverted to a larger positive production from 40 – 60% of the stance 

phase, as the extensor moment actively extended the knee. After surgery, the knee power 

remained close to zero throughout stance, reaching a negative value much later than that 

normally produced in early stance (P < 0.001, N = 5, F = 100.415).  There was no 

positive power generation in the knee in post-surgical animals (P = 0.002, N = 5, F = 

57.337).  When power profiles are summed for the hip, knee and ankle, it is clear that the 

affected left hindlimb does much less positive power production after surgery compared 

to pre-surgical values (Figure 16). In contrast to the stance phase, power profiles of the 

affected hindlimb during swing were largely unaltered, with the exception of a 

significantly larger negative power spike at the ankle in early swing in post-surgical 

animals (Figure 5B, P = 0.002, N = 5, F = 59.834). 

 

Joint energy is the area under the curve of the power vs. time graph, and reflects the 

energy produced by muscles and tendons surrounding the joints (Figure 5). In pre-

surgical animals, the power profiles show that muscles and tendons at all three hindlimb 

joints contribute to both energy absorption (negative area) and production (positive area) 

during stance (Figure 5 and Table 2).  In these animals, the hip produce positive energy 

during early stance whereas the knee and ankle absorb energy – in the latter half of 

stance, the situation is reversed. In contrast, virtually no positive energy is produced at 

the hip or knee in post-surgical animals compared to pre-surgical values (hip: P = 0.023, 

N = 5, F = 12.830; knee: P <0.001, N = 5, F = 77.007) although energy absorption during 

stance did not differ (Figure 5 and Table 2). The ankle absorbed more energy during 
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stance in post-surgical vs. pre-surgical animals (P = 0.005, N = 5, F = 31.385), though 

energy production in later stance did not differ between groups. Interestingly, the pattern 

of energy absorption and production in the lesioned ankle was more symmetrical during 

stance, in that energy absorption in the first 50% of stance mirrored the energy 

production in the latter 50% of the stance phase (Figure 5). Structures surrounding the 

ankle joint thus exhibited a spring-like activity, absorbing and then producing energy 

during stance. In contrast, structures at the hip and knee held those joints rigidly through 

stance, and contributed much less to energy changes throughout stance phase.  

 

Interlimb coordination 

Noteworthy is the fact that the lesioned hindlimb does not work in isolation but in 

coordination with the remaining three limbs. The pattern of interlimb coordination in 

both pre- and post-surgical rats was generally similar, in that both groups moved 

overground using a trotting gait, i.e. diagonal limb pairs contacted the ground alternately 

(Figure 6). Rat speeds did not differ between groups (mean velocity = 0.90 m/s for pre-

surgery vs. 0.88 m/s post-surgery).  

 

The most apparent timing difference between pre- and post-surgical animals was the 

increased stance duration of the (lesioned) left hindlimb (Figure 6, P = 0.044, n = 5). This 

occurs despite the late onset of LH stance in the stride in post-surgical animals - i.e. the 

LH contacts the ground at the same time as the right forelimb, whereas in pre-surgical 

animals, the hindlimb contacts the ground first (Figure 6). Additionally, compensatory 

changes are seen in the opposite diagonal pair of limbs – the right hindlimb contacts the  
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LIMB TIMING GRAPHS 

 

Figure 6:  Limb contact timing for pre-surgical (A) and post-surgical (B) animals.  Dotted 
lines denote stance time for the hindlimbs and solid lines denote stance time for 
forelimbs.  Two complete strides are plotted.  After surgery, the stance duration of the left 
hindlimb (LH) increases and the overlap with other limbs is increased. In particular, the 
left forelimb (LF) stays on the ground longer and the right hindlimb (RH) contacts the 
ground earlier compared to pre-surgical values. Asterisks indicate significant differences 
from pre-surgical values (p < 0.05, n=5).  
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RIGHT HINDLIMB (UNAFFECTED SIDE):  JOINT ANGLES 

 

Figure 7:  Joint angle profiles for the hip, knee, and ankle of the right (unaffected) 
hindlimb.    Joint angles during stance (A) and in swing (B) are shown.  After left 
gastrocnemius denervation, there were no significant changes in right hindlimb joint 
angle profiles. Note that the horizontal axes are in percent stance or swing, and thus 
should not be considered to scale.  Solid lines indicate mean +/- S.E. for pre-surgical 
animals, while dashed lines indicate post-surgical means and S.E.  Asterisks denote 
significant differences in joint angle ranges compared to pre-surgical values (p<0.05, n = 
5). 
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RIGHT HINDLIMB (UNAFFECTED SIDE):  JOINT MOMENTS 

 

Figure 8:  Joint moment profiles for the hip, knee, and ankle of the right (unaffected) 
hindlimb.  Joint moments in stance (A) and in swing (B) are shown.  After left 
gastrocnemius denervation, the ankle extensor moment during stance is slightly larger in 
magnitude, the knee has a later peak stance extensor moment, and the hip produces a 
much larger flexor moment in stance.  The moments of the hip and ankle are increased 
compared to pre-surgical values.  Note that the horizontal axes are in percent stance or 
swing, and thus should not be considered to scale.  Solid lines indicate mean +/- S.E.  for 
pre-surgical animals, while dashed lines indicate post-surgical means +/-  S.E.  Asterisks 
denote significant differences in peak extension (negative) or flexion (positive) moments 
compared to pre-surgical values (p<0.05, n = 5).   
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ground earlier in the stride cycle and the left forelimb stays on the ground later in the 

stride compared to pre-surgical values (RH, P= 0.006; LF, P = 0.012). These changes all 

produce more overlap at the beginning and end of left hindlimb stance.  In fact, there are 

several places in the stride where three legs are contacting the ground at the same time 

(e.g. at 0.3 and 1.0 proportion of stride), which never occurs in pre-surgical animals 

(Figure 6). 

 

Biomechanics of the uninjured limbs 

Right hindlimb.   The differences in coordination between limbs pre- and post-

surgery suggest that the remaining three limbs were compensating for the loss of work 

done by the affected left hindlimb.  If that is the case, then examination of the joint 

moment and power profiles might provide some indication of how this is occurring.  In 

the right hindlimb, the peak of the knee extensor moment was delayed during the stance 

phase, leading to a higher peak power production in the latter part of the stance as the 

knee extended (Figure 9, P = 0.038, N = 5, F = 9.332).  A larger extensor moment in the 

right ankle joint during stance resulted in higher joint power and more energy production 

in the latter half of the stance phase (Figure 9 and Table 2, peak power: P = 0.020, N = 5, 

F = 13.959; energy: P = 0.028, N = 5, F = 11.357).  Thus, the right hindlimb did generate 

more power after surgery compared to pre-surgical values (Figure 9). 
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RIGHT HINDLIMB (UNAFFECTED SIDE):  JOINT POWERS 

 

Figure 9:  Joint power profiles for the hip, knee, and ankle of the right (unaffected) 
hindlimb.  Joint powers in stance (A) and in swing (B) are shown.  After left 
gastrocnemius denervation, right limb ankle and hip produced more positive power 
compared to pre-surgical values. Note that the horizontal axes are in percent stance or 
swing, and thus should not be considered to scale.  Solid lines indicate mean +/- S.E.  for 
pre-surgical animals, while dashed lines indicate post-surgical means +/-  S.E.  Asterisks 
denote significant differences in magnitude of the peak power or energy (area under the 
curve) compared to pre-surgical values (p<0.05, n = 5).   
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LEFT FORELIMB (AFFECTED SIDE):  JOINT ANGLES 

 

Figure 10:  Joint angle profiles for the shoulder, elbow, and wrist of the left (affected) 
forelimb. Joint angles during stance (A) and in swing (B) are shown.  After left 
gastrocnemius denervation, there were no significant changes in left forelimb joint angle 
profiles.  Note that the horizontal axes are in percent stance or swing, and thus should not 
be considered to scale.  Solid lines indicate mean +/- S.E. for pre-surgical animals, while 
dashed lines indicate post-surgical means and S.E.  Asterisks denote significant 
differences in joint angle ranges compared to pre-surgical values (p<0.05, n = 5). 
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LEFT FORELIMB (AFFECTED SIDE):  JOINT MOMENTS 

 

Figure 11:  Joint moment profiles for the shoulder, elbow, and wrist of the left (affected) 
forelimb.  Joint moments in stance (A) and in swing (B) are shown.  After left 
gastrocnemius denervation, the wrist extensor moment during stance is slightly smaller in 
magnitude.  Note that the horizontal axes are in percent stance or swing, and thus should 
not be considered to scale.  Solid lines indicate mean +/- S.E.  for pre-surgical animals, 
while dashed lines indicate post-surgical means +/-  S.E.  Asterisks denote significant 
differences in peak extension (negative) or flexion (positive) moments compared to pre-
surgical values (p<0.05, n = 5).   
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LEFT FORELIMB (AFFECTED SIDE):  JOINT POWERS 

 

Figure 12:  Joint power profiles for the shoulder, elbow, and wrist of the left (affected) 
forelimb.  Joint powers in stance (A) and in swing (B) are shown.  After left 
gastrocnemius denervation, the left forelimb wrist produced peak negative power later in 
stance compared to pre-surgical values. Note that the horizontal axes are in percent stance 
or swing, and thus should not be considered to scale.  Solid lines indicate mean +/- S.E.  
for pre-surgical animals, while dashed lines indicate post-surgical means +/-  S.E.  
Asterisks denote significant differences in magnitude of the peak power or energy (area 
under the curve) compared to pre-surgical values (p<0.05, n = 5).   
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RIGHT FORELIMB (UNAFFECTED SIDE):  JOINT ANGLES 

 

Figure 13:  Joint angle profiles for the shoulder, elbow, and wrist of the right (unaffected) 
forelimb. Joint angles during stance (A) and in swing (B) are shown.  After left 
gastrocnemius denervation, there were no significant changes in right forelimb joint angle 
profiles.  Note that the horizontal axes are in percent stance or swing, and thus should not 
be considered to scale.  Solid lines indicate mean +/- S.E. for pre-surgical animals, while 
dashed lines indicate post-surgical means and S.E.  Asterisks denote significant 
differences in joint angle ranges compared to pre-surgical values (p<0.05, n = 5). 
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Right forelimb.   The right forelimb, which contacted the ground at the same time as the 

injured left hindlimb, also showed changes in the moments and powers produced during 

the stance phase, specifically at the shoulder (Figures 14 and 15). In pre-surgical animals, 

the shoulder normally produces a brief flexor moment followed by a large extensor 

moment that persists throughout stance (Figure 14). Structures around the joint initially 

absorb power (negative power values) and then generate positive power in the latter half 

of stance (Figure 15).  After surgery, the right shoulder produces a larger extensor 

moment compared to pre-surgical values, which also occurs slightly later in the stance 

phase (magnitude; P = 0.016, N = 5, F = 15.790; timing: P = 0.001, N = 5, F = 61.258).  

This change resulted in increased power absorption during the first half of the stance 

phase (P = 0.045, N = 5, F = 8.284). Despite these changes in the shoulder, the total 

power absorbed and produced in the right forelimb were not significantly different from 

pre-surgical values (Figure 16).  
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RIGHT FORELIMB (UNAFFECTED SIDE):  JOINT MOMENTS 

 

Figure 14:  Joint moment profiles for the shoulder, elbow, and wrist of the right 
(unaffected) forelimb.  Joint moments in stance (A) and in swing (B) are shown.  After 
left gastrocnemius denervation, the wrist extensor moment during stance is slightly later 
in phase and the shoulder produces more of an extensor moment compared to presurgical 
values.  Note that the horizontal axes are in percent stance or swing, and thus should not 
be considered to scale.  Solid lines indicate mean +/- S.E.  for pre-surgical animals, while 
dashed lines indicate post-surgical means +/-  S.E.  Asterisks denote significant 
differences in peak extension (negative) or flexion (positive) moments compared to pre-
surgical values (p<0.05, n = 5).   
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RIGHT FORELIMB (UNAFFECTED SIDE):  JOINT POWERS 

 

Figure 15:  Joint power profiles for the shoulder, elbow, and wrist of the right 
(unaffected) forelimb.  Joint powers in stance (A) and in swing (B) are shown.  After left 
gastrocnemius denervation, the right forelimb wrist produced peak negative power later 
in stance as well as a reduced negative power, compared to pre-surgical values. The 
shoulder produced both more negative and positive power during stance.  Note that the 
horizontal axes are in percent stance or swing, and thus should not be considered to scale.  
Solid lines indicate mean +/- S.E.  for pre-surgical animals, while dashed lines indicate 
post-surgical means +/-  S.E.  Asterisks denote significant differences in magnitude of the 
peak power or energy (area under the curve) compared to pre-surgical values (p<0.05, n 
= 5).   
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SUMMATION OF LIMB JOINT POWERS 

 

 
Figure 16: Summation of the joint power profiles of the hip, knee, and ankle of the left 
and right hindlimb and forelimb.  After left gastrocnemius denervation, the left hindleg 
produced more negative power and less positive power while the right hindlimb produced 
more positive power, compared to pre-surgical values. The right forelimb produced 
slightly more positive power during stance.   
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4.5 DISCUSSION 

 

This is the first demonstration of limb joint moment and power profiles in rats during 

locomotion. These assessments provide novel information on how the structures 

surrounding each joint contribute to limb movement and forces during overground 

locomotion in rats. In pre-surgical animals, all limb joints contributed both negative and 

positive work during the stance phase – the total power profiles for each limb showed 

that the hindlimbs performed net positive work, while the forelimbs performed no net 

work (Figure 16). After neurectomy of the major ankle extensors, rats were able to trot, 

albeit with some asymmetry in limb timing and marked plantigrade stance of the left 

hindlimb. The injured limb spent longer in contact with the ground compared to pre-

surgical animals, always sharing support with one or two other limbs. Within the injured 

limb, the joint most directly affected by the neurectomy, i.e. the ankle joint, showed 

surprisingly few changes in joint moments or power. Instead, dramatic reductions in 

range of motion, joint moments, and consequently joint power occurred at the hip and 

knee of the affected limb, changes which contributed to the reduction in total work done 

by that limb. The opposite, i.e. uninjured, hindlimb showed changes in joint moments and 

work which resulted in more positive work done compared to pre-surgical values. We 

compare these findings with those from other quadrupedal species, and discuss the 

possible mechanisms for compensatory adjustments within and between limbs after the 

nerve injury. 

 

Joint moments in the rat: comparisons with other quadrupeds 

 82



In addition to the well established use of joint moment and power analyses in human 

biomechanical analysis, these procedures have previously been applied to a few other 

species, i.e. horses (Clayton, et al., 2000, Clayton, et al., 2001, Dutto, et al., 2006, 

Lanovaz, et al., 1999) and dogs (Burton, et al., 2008, Colborne, et al., 2005, Colborne, et 

al., 2006).  For the hindlimb, joint moment profiles obtained in the present study for rats 

compare well with those from equivalent joint moment data in horses and dogs, with 

notable differences at the knee joint. For the hip and the ankle, joint moments followed a 

similar pattern during stance. At the hip, all three species showed an initial extensor 

moment which reverted to a flexor moment later in stance; at the ankle, an extensor 

moment was maintained throughout stance. The differences between moments at the knee 

reflect the differences in normal limb posture between species. In the rat, with the most 

crouched limb posture, a knee extensor moment was maintained throughout stance 

because the knee joint was always located anterior to the GRF vector (Figure 4). In 

contrast, the more upright posture of the equine and canine limbs positions the knee joint 

caudal to the GRF vector during early stance. Thus, in horses, the moment at the knee is 

initially an extensor moment, which then reverts to a flexor moment for the remainder of 

the stance phase while in dogs, it is the opposite (Clayton, et al., 2001, Colborne, et al., 

2005, Colborne, et al., 2006).  

 

Joint moments of the forelimb in rats were notably similar to those found in dogs and 

horses, with the only differences occurring at the elbow. In dogs and rats, an extensor 

elbow moment was maintained throughout stance (Burton, et al., 2008), whereas in 

horses, there is an extensor moment which reverted to a flexor moment for the last 25% 

 83



of stance (Clayton, et al., 2000, Dutto, et al., 2006).  A flexor moment was reported in the 

horse wrist when an extensor is reported in the rat wrist.  This is due to the convention 

used to measure flexion/extension angle being opposite in orientation for the two studies. 

 

Limb biomechanics in the rat after loss of gastrocnemius function  

Our hypothesis, that transection of the nerves supplying the main ankle extensor would 

remove the ability of the ankle to produce an extensor moment, was not supported by our 

results. In spite of the fact that the lesioned ankle joint was more flexed during weight 

support, it was still able to produce an extensor moment similar in magnitude to the pre-

surgical moment, though the moment produced by the lesioned ankle occurred 

significantly later in the stance phase.  It is likely that this joint moment was a product of 

the passive elastic properties of the gastrocnemius muscle and tendon. The gastrocnemius 

muscle is a bipennate muscle with a long tendon, the classic architecture of muscles 

which are capable of resisting large forces by storing energy in an elastic tendon 

(Alexander, 2002, Biewener and Roberts, 2000).  In pre-surgical animals, the ankle 

extensor moment that develops during early stance would normally be due to passive 

stretch of the gastrocnemius muscle and tendon as the ankle flexes, in addition to active 

contraction of the gastrocnemius. Without active muscle contraction, as in post-surgical 

animals, any extensor moment would arise from the passive tendon properties only. In 

support of this mechanism, the increased ankle flexion in lesioned animals shows that the 

tendon rapidly stretched upon foot contact until the entire foot, from paw to ankle, 

contacted the ground in a plantigrade posture (Figure 3).  This produced an ankle 

extensor moment that reached a peak at midstance, later than that in pre-surgical animals. 
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As the rat moved weight off the limb, the energy stored in the tendon was released, 

allowing the ankle to extend in the last half of the stance phase. It is possible that the 

longer stance duration of the lesioned left hindlimb (Figure 6) was due to the slower 

development of the extensor moment in lesioned animals, because of the time required to 

develop sufficient tension in the gastrocnemius tendon without active muscle 

contribution.    

 

Ankle power in lesioned animals reflected the spring-like property of the tendon – energy 

was absorbed during the first 50% of stance (negative power) and passively released 

during the latter 50% of stance (positive power).  The shift to a spring like mechanism 

may highlight the mechanical purpose of the gastrocnemius muscle, an adjuster of the 

tendons spring tension.  With an intact muscle, the tension of the spring can be adjusted 

by shortening the muscle and thus, stretching the tendon to increase its tension.  After the 

lesion, it looses this ability and the rat must produce tension by lengthening the tendon 

with increased upright posture and increased ankle flexion.  By increasing this tension, 

the spring characteristic is maintained, and a sufficient extensor moment can be produced 

without active ankle extension.  It is worth noting, however, that the ankle did not appear 

to function as a perfect spring in post-surgical animals.  More power was absorbed in 

early stance at the ankle joint than was recovered in late stance (Figure 5). It is possible 

that some of the stored energy was lost during stance through the abrupt contact of the 

entire foot with the ground, a contact which occurred with an audible sound each time.  
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There are several possible explanations for the large reductions in range of motion, 

moments and subsequently joint power at the hip and knee joints in post-surgical animals. 

The hip and knee joints were held in a relatively extended position throughout stance, 

possibly to maintain the normal height of the pelvis during plantigrade posture. This lack 

of joint motion would stiffen the proximal limb, and may have served to maximize the 

passive elastic properties of the gastrocnemius muscle and tendon. The maintenance of 

knee extension, in particular, would contribute to the stretch in the gastrocnemius muscle 

during most of the stance phase.  The maintained extension of the hip and knee joints also 

served to keep the GRF vector close to both joints throughout stance, similar to the effect 

seen in normal horses with more upright limb posture (Clayton, et al., 1998, Clayton, et 

al., 2000). The close alignment of the GRF vector with the joint centres reduces the 

moment arm at the joints, thus decreasing the amount of muscle power required to 

counter the GRF. While this upright stance is considered an evolutionary adaptation to 

reduce energy requirements in large animals such as horses (Biewener, 1989), it is not 

clear in the injured rat limb whether the reduced joint moments were a cause or a 

consequence of increased hip and knee extension during stance. 

 

In any case, the smaller joint moments in the hip and knee in the injured limb contributed 

to the reduced power production of that limb, an effect which was compensated for by the 

opposite hindlimb. Increased power production in the right hindlimb allowed the injured 

rats to move at the same speed as pre-surgical animals, albeit asymmetrically. Although 

changes were also seen in the power profiles of joints of the right forelimb, these did not 

result in net changes in power production of that limb.  Hence major compensatory 
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changes occurred during ground contact of the unlesioned hindlimb. This is similar to 

previous findings in rats after unilateral CNS lesions – most of the changes in GRF 

profiles occurred during the stance phase of the unaffected hindlimb (Webb and Muir, 

2003, Webb and Muir, 2004, Webb and Muir, 2005). 

 

There are some methodological limitations to the present study, related mainly to the 

accuracy of the kinematic measurements. Normal skin movement over the joints causes 

inaccuracies in the identification of the joint centre of rotation (Cappozzo, et al., 1996, 

Filipe, et al., 2006, Lu and O'Connor, 1999, Reinschmidt, et al., 1997). In horses, 

correction models are available which can be applied to skin marker positions (van den 

Bogert, et al., 1990), but no such information is available for the rat (Muir and Webb, 

2000).  In order to reduce these inaccuracies, we used two methods to decrease the error 

due to skin movement. First, we calculated joint positions for the knee and elbow, rather 

than rely on markers on the very loose skin over these joints. Second, we applied a global 

optimization method to all joint marker positions in which the minimum least squares 

error was calculated to maintain constant segment lengths (Lu and O'Connor, 1999, van 

den Bogert, 1994) (see Chapter 3). Of course, in order to accurately determine the 

position of the limb segments during locomotion, the use of X-ray cinematography is 

required. A recent study in rats has compared limb segment locations identified by X-ray 

cinematography with skin marker methods during treadmill locomotion, and has revealed 

some significant errors in the location of joint positions using skin-derived methods 

(Bauman and Chang, 2009). Importantly for the present study, the use of triangulation to 

locate the knee joint, comparable to the method used in this paper, was shown to 
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significantly reduce knee angle error. Additionally, joint angle errors were shown to 

decrease as speed increased, such that the error approached zero at the maximal speed 

examined (0.4 m/s). This speed is still much slower than speeds seen in the present study 

(mean velocity = 0.8 m/sec).  Thus, errors in our joint marker locations were likely 

minimal.   Nevertheless, accuracy of kinematic measurements would undoubtedly 

improve with the use of X-ray cinematography, and, if feasible, should be considered for 

future studies.  

 

Another limitation of the present study is our assumption of movement in a 2-

dimensional plane. While most locomotor movement does occur in one plane, it is 

possible that some movements, particularly after injury, are occurring out of the plane of 

measurement. This analysis was not available with our current system but should be 

considered for future studies. In addition, it is possible that compensatory movements 

may have arisen from body segments other than the limbs.  In horses, it is well known 

that movements of the head and neck can significantly alter the mechanics of forelimb 

action (Buchner, et al., 2000), especially during abnormal gait. Similarly, the long tail of 

the cat is known to be an important stabilizer in feline locomotion (Walker, et al., 1998).  

In rats, the movement of the long tail has been shown to change with different nervous 

system lesions (Basso, et al., 1995, Basso, et al., 1996).  While the thin tapered tail of the 

rat would not have the mechanical advantage comparable to a heavy horse head, it is still 

possible that action of the tail might contribute to compensatory strategies after nerve 

injury, similar to the tails of feline species.  
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In summary, this study is the first use of inverse dynamics to examine limb biomechanics 

during locomotion in laboratory rodents. We have provided novel information on how 

rats coordinate the movement of segments within each limb as well as how rats distribute 

the mechanical powers amongst their limbs, both before and after a nervous system 

injury. These techniques can be applied to many different behavioural contexts and 

experimental lesion or treatment conditions in which accurate movement data is required. 

Information on the biomechanics of limb use is essential if we are to fully understand the 

mechanical contributions and restrictions imposed on limb segments, before and after 

experimental injury. Such understanding could lead to further insight into the level of 

neural control required to produce compensatory movement after nervous system injury.  
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CHAPTER 5:   

ANALYSIS OF LOCOMOTOR ADAPTATIONS TO UNILATERAL THORACIC 

SPINAL CORD INJURY IN LONG-EVANS RATS USING INVERSE DYNAMICS 
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5.1 INTRODUCTION 

 

Since laboratory rodents are the most common used behavioural animal models  

for CNS disorders, clear understanding of the manner in which these animals use their 

limbs for locomotion is extremely useful.  While various methods, such as ground 

reaction force (GRF) analysis and kinematic joint angle recordings have been used to 

study rat locomotion following CNS injury (Collazos-Castro, et al., 2006, Webb and 

Muir, 2002, Webb and Muir, 2003, Webb and Muir, 2004), the application of inverse 

dynamics to rat spinal cord injury (SCI) research has yet to be attempted.  The study in 

Chapter 4 of this thesis demonstrated the ability of inverse dynamics to provide detailed 

information about both inter- and intralimb coordination in rat locomotion.  Thus, the 

application of this technique would prove extremely valuable in the field of rat locomotor 

studies as well as SCI research. 

  

In past GRF analysis studies, it was shown that in response to various unilateral lesions in 

the CNS, such as to the rubrospinal tract, cervical spinal cord, and thoracic spinal cord, 

rats appear to adopt similar characteristic asymmetric gaits (Webb and Muir, 2002, Webb 

and Muir, 2003, Webb and Muir, 2004).  Some findings relevant to the present study 

include decreased left (affected) forelimb braking force as well as decreases and increases 

in braking and propulsive forces, respectively, in the left (affected) hindlimb.  Force 

produced by the right hindlimb appeared to be unchanged while the right forelimb 

produced less propulsive forces post T10 hemisection (Webb and Muir, 2002).    Since 

the subtle nature of these locomotor changes has proven difficult for GRF analysis to 
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differentiate, it is proposed to apply inverse dynamics (the combination of GRF and 

kinematic joint data described in chapter 4) to this injury model.                        

 

The present study is the first to apply inverse dynamics to a thoracic SCI in a rat model.  

Since the thoracic spinal cord injury is left-sided, the hypothesis is that the lesion will 

produce a reduced ability to control the left (affected) forelimb and hindlimb, resulting in 

reductions in negative and positive power production in these limbs.  The other, 

unaffected, limbs would then compensate for the injured limb, changing their joint 

moment and power production to maintain locomotor capacity.   

 

5.2 MATERIALS AND METHODS 

 

5.2.1  Animals 

Six female Long-Evans rats were trained and used as described in Chapter 3. 

 

5.2.2 Surgery 

Surgical preparation is described in chapter 3.    A dorsal midline incision was made 

exposing the 10th thoracic vertebrae.  Using microrongeurs, the lateral portions of the 

vertebral laminae were removed, exposing the dorsal spinal cord at spinal segment T10.  

The dura mater was carefully incised and a modified 26 gauge needle was used to 

transect the left side of the spinal cord.  Following the lesion, a fat graft was used to cover 

the lesion site, and the surgical site was closed as described in chapter 3. 
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5.2.3 Data Collection 

Data collection was as in Chapter 3.   Rats were observed at week 1, week 2 and week 4 

following surgery.  Surgical complications resulted in an altered gait being adopted by 

several animals post-surgery.  These alterations caused animals to place multiple limbs 

on a given force plate at one time.  Since this does not meet the qualifications for an 

acceptable run, these rats could not be used for analysis.  Therefore, only data from 2 of 

the 6 rats could be used for this study and their data were combined from these weeks to 

form the presented data.  

 

5.2.4 Marker Locations, Training, and Trial Restrictions, Limb Morphometrics, 

and Analysis 

For information on these sections please refer to Chapter 3. 

 

5.2.5 Statistics 

Due to the low number of subjects used in this study, statistical comparisons were not 

performed.  For joint angles, moment and power calculations, data from acceptable runs 

for each rat were averaged and plotted as thin lines. The average of these two lines, 

representing the averaged data from both animals, is plotted as thick lines. 

 

5.3 RESULTS 

 

As statistical comparisons were not possible due to the low numbers of animal used, all 

differences refer to qualitative differences between pre- and post-lesion data. 
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After hemisection, both animals moved overground with prolonged contact of the left 

hindlimb relative to the other three limbs (Figure 17). Average speeds of the rats in this 

study (0.8 m/s and 0.7 m/s) were slightly slower than those seen in Chapter 4 but 

comparable to rats with thoracic spinal hemisections in previous work (Webb and Muir, 

2002). The slower velocity accounts, in part, for the prolonged limb contact for all limbs 

in hemisected animals compared to pre-surgical values (Figure 17).  

 

Joint angle profiles revealed no marked differences between pre- and post-surgical values 

for any of the four limbs except during the swing phase in the right hindlimb (Figure 18 

and 21, left and right hindlimbs, respectively). 

 

In general, differences in joint moments or power between pre- and post-surgical values 

for any limb were small compared to those seen after peripheral nerve injury in Chapter 

4.  In the left hindlimb (ipsilateral to the hemisection), there was a prolonged extensor 

moment and increased power produced at the hip throughout the stance phase, possibly 

related to the prolonged stance time of this limb (Figures 19 and 17).  At the same time, 

joint moment and power at the knee joint were reduced.  Increases in joint moments 

occurred in the left ankle, although this did not translate into altered power production at 

this joint (Figure 19, 20). 

 

Changes in joint moments and power in the right hindlimb (opposite to the hemisection) 

during stance were limited to a reduction in ankle joint moment and power after surgery  
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Pre-surgery (mean velocity = 0.90 m/s) 
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(proportion of stride)
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Rat 12 (mean velocity = 0.73 m/s) 
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R Hind
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L Fore
L Hind

 
 

Rat 8 (mean velocity = 0.81 m/s) 

Time
(proportion of stride)

0.0 0.5 1.0 1.5 2.0

R Hind
R Fore
L Fore
L Hind

 
Figure 17:  Limb timing during overground locomotion, compared between pre-surgical 
animals and two animals (Rat 8 and Rat 12) with left thoracic spinal hemisection.  Solid 
lines represent contact durations for the forelimbs while broken lines represent contact 
durations for the hindlimbs. In both hemisected animals, the left hindlimb, ipsilateral to 
the lesion, spends longer in the stance phase compared to pre-surgical data. 
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LEFT HINDLIMB (AFFECTED SIDE):  JOINT ANGLES 

 

Figure 18:  Joint angle profiles for the hip, knee, and ankle of the left (affected) hindlimb.  
Joint angles in stance (A) and in swing (B) are shown.  After left thoracic spinal 
hemisection, there were no differences between pre- and postsurgical joint angle profiles.  
Note that the horizontal axes are in percent stance or swing, and thus should not be 
considered to scale.  Solid lines indicate mean +/- minimum and maximum values 
recorded for pre-surgical animals (n=2), while dashed lines indicate post-surgical means 
+/- minimum and maximum values recorded for post-surgical animals (n=2).    
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LEFT HINDLIMB (AFFECTED):  JOINT MOMENTS 

 

Figure 19:  Joint moment profiles for the hip, knee, and ankle of the left (affected) 
hindlimb.  Joint moments in stance (A) and in swing (B) are shown.  After left thoracic 
spinal hemisection, there was reduced ankle and knee extensor moments and prolonged 
hip extensor moments during stance compared to pre-surgical values.  Note that the 
horizontal axes are in percent stance or swing, and thus should not be considered to scale.  
Solid lines indicate mean +/- minimum and maximum values recorded (n=2) for pre-
surgical animals, while dashed lines indicate post-surgical means +/- minimum and 
maximum values recorded for post-surgical animals (n=2).    
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LEFT HINDLIMB (AFFECTED):  JOINT POWERS 

 

Figure 20:  Joint power profiles for the hip, knee, and ankle of the left (affected) 
hindlimb.  Joint powers in stance (A) and in swing (B) are shown.  After left thoracic 
spinal hemisection, there was reduced knee positive power, decreased negative hip 
power, and both increased and prolonged positive hip power production during stance 
compared to pre-surgical values.  Note that the horizontal axes are in percent stance or 
swing, and thus should not be considered to scale.  Solid lines indicate mean +/- 
minimum and maximum values recorded (n=2) for pre-surgical animals, while dashed 
lines indicate post-surgical means +/- minimum and maximum values recorded for post-
surgical animals (n=2).    
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RIGHT HINDLIMB (UNAFFECTED): JOINT ANGLES 

 

Figure 21:  Joint angle profiles for the hip, knee, and ankle of the right (unaffected) 
hindlimb.  Joint angles in stance (A) and in swing (B) are shown.  After left thoracic 
spinal hemisection, there were slight delays in the swing phase joint angle profiles of the 
ankle, knee, and less noticeably, the hip.  Note that the horizontal axes are in percent 
stance or swing, and thus should not be considered to scale.  Solid lines indicate mean +/- 
minimum and maximum values recorded (n=2) for pre-surgical animals, while dashed 
lines indicate post-surgical means +/- minimum and maximum values recorded for post-
surgical animals (n=2).    
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(Figure 22, 23).  Moments and powers at joints of the right hindlimb showed differences 

in timing between pre- and post surgical values, possibly related to the differences in 

joint angles (Figure 21). There was much variation between the two animals, however, 

which could be related to the individual differences in the timing of the right hindlimb 

seen in Figure 17. 

 

In the left forelimb (ipsilateral to the hemisection), there was a slight delay in the timing 

of the shoulder flexor moment, and reduced power production and absorption at the 

shoulder as well as slightly reduced elbow and wrist moments (Figure 25, 26).  Changes 

in the right forelimb, which contacted the ground at the same time as the most affected 

left hindlimb, included a noticeably reduced flexor moment and increased peak power 

production at the shoulder and reduced power production at the wrist (Figure 25, 26).  
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RIGHT HINDLIMB (UNAFFECTED):  JOINT MOMENTS 

 

Figure 22:  Joint moment profiles for the hip, knee, and ankle of the right (unaffected) 
hindlimb.  Joint moments in stance (A) and in swing (B) are shown.  After left thoracic 
spinal hemisection, there was reduced ankle extensor moments during stance compared to 
pre-surgical values.  Note that the horizontal axes are in percent stance or swing, and thus 
should not be considered to scale.  Solid lines indicate mean +/- minimum and maximum 
values recorded (n=2) for pre-surgical animals, while dashed lines indicate post-surgical 
means +/- minimum and maximum values recorded for post-surgical animals (n=2).    
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RIGHT HINDLIMB (UNAFFECTED): JOINT POWERS 

 

Figure 23:  Joint power profiles for the hip, knee, and ankle of the right (unaffected) 
hindlimb.  Joint powers in stance (A) and in swing (B) are shown.  After left thoracic 
spinal hemisection, there was reduced ankle negative power during stance compared to 
pre-surgical values.  Note that the horizontal axes are in percent stance or swing, and thus 
should not be considered to scale.  Solid lines indicate mean +/- minimum and maximum 
values recorded (n=2) for pre-surgical animals, while dashed lines indicate post-surgical 
means +/- minimum and maximum values recorded for post-surgical animals (n=2).    
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LEFT FORELIM B (AFFECTED): JOINT ANGLES 

 

 

Figure 24:  Joint angle profiles for the shoulder, elbow, and wrist of the left (affected) 
forelimb.  Joint angles in stance (A) and in swing (B) are shown.  After left thoracic 
spinal hemisection, there was increased extension in the ankle and increased flexion in 
the knee during stance compared to presurgical values.  Note that the horizontal axes are 
in percent stance or swing, and thus should not be considered to scale.  Solid lines 
indicate mean +/- minimum and maximum values recorded (n=2) for pre-surgical 
animals, while dashed lines indicate post-surgical means +/- minimum and maximum 
values recorded for post-surgical animals (n=2).    
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LEFT FORELIM B (AFFECTED): JOINT MOMENTS 

 

Figure 25:  Joint moment profiles for the shoulder, elbow, and wrist of the left (affected) 
forelimb.  Joint moments in stance (A) and in swing (B) are shown.  After left thoracic 
spinal hemisection, there was decreased shoulder extensor moments during stance 
compared to pre-surgical values.  Note that the horizontal axes are in percent stance or 
swing, and thus should not be considered to scale.  Solid lines indicate mean +/- 
minimum and maximum values recorded (n=2) for pre-surgical animals, while dashed 
lines indicate post-surgical means +/- minimum and maximum values recorded for post-
surgical animals (n=2).    
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LEFT FORELIMB (AFFECTED): JOINT POWERS 

 

Figure 26:  Joint power profiles for the shoulder, elbow, and wrist of the left (affected) 
forelimb.  Joint powers in stance (A) and in swing (B) are shown.  After left thoracic 
spinal hemisection, there was reduced shoulder positive and negative power during stance 
compared to pre-surgical values.  Note that the horizontal axes are in percent stance or 
swing, and thus should not be considered to scale.  Solid lines indicate mean +/- 
minimum and maximum values recorded (n=2) for pre-surgical animals, while dashed 
lines indicate post-surgical means +/- minimum and maximum values recorded for post-
surgical animals (n=2).    
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RIGHT FORELIMB (UNAFFECTED): JOINT ANGLES 

 

Figure 27:  Joint angle profiles for the shoulder, elbow, and wrist of the right (unaffected) 
forelimb.  Joint angles in stance (A) and in swing (B) are shown.  After left thoracic 
spinal hemisection, there was increased little change compared to presurgical values.  
Note that the horizontal axes are in percent stance or swing, and thus should not be 
considered to scale.  Solid lines indicate mean +/- minimum and maximum values 
recorded (n=2) for pre-surgical animals, while dashed lines indicate post-surgical means 
+/- minimum and maximum values recorded for post-surgical animals (n=2).    
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RIGHT FORELIMB (UNAFFECTED): JOINT MOMENTS 

 

Figure 28:  Joint moment profiles for the shoulder, elbow, and wrist of the right 
(unaffected) forelimb.  Joint moments in stance (A) and in swing (B) are shown.  After 
left thoracic spinal hemisection, there was decreased and delayed wrist extensor moments 
during stance compared to pre-surgical values.  Note that the horizontal axes are in 
percent stance or swing, and thus should not be considered to scale.  Solid lines indicate 
mean +/- minimum and maximum values recorded (n=2) for pre-surgical animals, while 
dashed lines indicate post-surgical means +/- minimum and maximum values recorded 
for post-surgical animals (n=2).    
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RIGHT FORELIMB (UNAFFECTED):  JOINT POWERS 

 

Figure 29:  Joint power profiles for the shoulder, elbow, and wrist of the right 
(unaffected) foreleimb.  Joint powers in stance (A) and in swing (B) are shown.  After left 
thoracic spinal hemisection, there was reduced wrist negative power and increased 
shoulder positive power, as well as delayed peak positive powers for all three joints 
during stance compared to pre-surgical values.  Note that the horizontal axes are in 
percent stance or swing, and thus should not be considered to scale.  Solid lines indicate 
mean +/- minimum and maximum values recorded (n=2) for pre-surgical animals, while 
dashed lines indicate post-surgical means +/- minimum and maximum values recorded 
for post-surgical animals (n=2).    
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VERTICAL GROUND REACTION FORCES 

 

Figure 30:  Vertical ground reaction force data for pre-surgical (solid line) and post-
surgical (dotted line) animals.  Data is presented as mean values (thick line) and the lower 
and upper ranges of the data (thin lines) due to low sample numbers (n=2).  All four 
limbs are presented for stance phase.  Noticeable decreases in vertical ground reaction 
forces are present in the hindlimb stance phase for both left and right hindlimbs after the 
lesion.    
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FORE-AFT GROUND REACTION FORCES 

 

Figure 31:  Fore-Aft ground reaction force data for pre-surgical (solid line) and post-
surgical (dotted line) animals.  Data is presented as mean values (thick line) and the lower 
and upper ranges of the data (thin lines) due to low sample numbers (n=2).  Negative 
values indicate braking forces and positive values indicate propulsive forces.  All four 
limbs are presented for stance phase.  The left hindlimb and forelimb both produce 
slightly increased braking force post lesion.    
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5.4 DISCUSSION 

 

This data is presented as a pilot study and will be discussed in the context of previous 

work which examined GRF profiles in rats with left thoracic spinal hemisection (Webb 

and Muir, 2002).  The locomotor velocities of the two hemisected animals were slightly 

slower that those used by rats with peripheral nerve lesions described in Chapter 4 (0.7-

0.8 m/s vs. 0.9 m/s).  This is important to note as velocity, as well as gait, is an important 

variable to consider in inverse dynamic analysis as stated in Chapter 1.  Rats normally 

trot at these speeds with a symmetrical gait, where diagonal limb pairs (i.e. RH +LF and 

LH + RF) are on the ground simultaneously.  This alternating gait was maintained in 2 of 

6 post-surgical rats, though with a less symmetrical pattern and increased stance time of 

the left hindlimb, consistent with previous findings (Figure 17 and Webb and Muir, 

2002).   

 

The prolonged extensor moment that is seen in the left hip joint is interesting to note and 

could be related to the prolonged stance period of the left hindlimb.  The right forelimb 

(on the ground at the same time as the affected hindlimb), showed less negative power 

production (or eccentric contration) and more positive power production (concentric 

contraction) from the shoulder and less yielding but similar propulsive forces from the 

wrist post-lesion. These changes could reflect compensation from the right forelimb 

while the left hindlimb was on the ground.  In previous work, thoracic hemisection 

produced very little change in GRF profiles in the right forelimb  (Webb and Muir, 
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2002).  Our GRF data reflected this as well (data not shown).  Due to this fact, these 

differences in results could indicate the increased sensitivity of inverse dynamic analysis. 

 

In a previous study, thoracic hemisection  produced very little change in GRF profiles for 

the right hindlimb (Webb and Muir, 2002).  The data in this chapter does not appear to be 

consistent with this finding when analyzing moment and power profiles.  However, the 

subtle changes in the right ankle joint powers and moments after hemisection, would 

likely not affect GRF profiles significantly, as the main propulsion from the hindlimb 

arises from proximal joint muscles, such as the hip.  The phase shifts which occurred 

during the swing in all three joints of the right hindlimb, which translating into altered 

joint moments and powers would not have been detected with GRF analysis alone. 

 

The left  forelimb’s decreases in power generation and absorption might be interpreted as 

reduced braking forces, which has been observed in the left forelimb GRF patterns after 

thoracic hemisection (Webb and Muir, 2002).  The GRF data from this study did not 

reflect this change however, possibly due to our highly variable data and low sample 

numbers (figure 31).  Since our GRF data is not was has typically reported for this lesion 

(Webb and Muir, 2002), interpretation of our power and moment data of this section 

should be approached with caution. 

 

It is interesting to note how the interplay of GRF/joint moment data and kinematic data 

can affect joint powers.  Large differences in one variable can be masked by small 

changes in another.  For example, the joint moments of the post-surgical left shoulder did 
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not decrease a large amount (Figure 25).  However, the joint power of this joint was 

largely reduced (Figure 26).  This is due to the joint angular velocity of the left shoulder  

being quite small (Figure 24).  Similarly, some small changes in joint moment/angle data 

may seem insignificant, but the joint power analysis may show that these subtle 

differences can be amplified.  This complicated interplay highlights the different 

compensatory mechanisms that an animal can execute in order to maintain a minimum 

level of locomotor ability.  If an injury restricts the animal’s capacity to use one variable 

(e.g. vary joint angles, and thus angular velocity), the animal may attempt to alter the 

other variable (e.g. joint moments) to maintain a constant output (e.g. joint power).  Since 

the animal is trying to maintain the necessary output for locomotion, this may be the 

reason why it has been so difficult to detect with past methods, such as GRF analysis, that 

are not capable of dissecting these outputs into smaller components. 

 

It is important to note that, while the peripheral lesion of chapter 4 produced noticeable 

gait changes from effects on known muscle groups, the results from the SCI described in 

this Chapter is much more complex.  The damage at T10 not only affects the left 

hindlimb of the rat, but connections to the ipsilateral forelimb, connections to the 

contralateral forelimb and hindlimb, and interconnections between all the joints as well.  

Damage to this complicated network appears to produce very subtle and widespread 

effects.  In addition, the recovery associated with these lesions can vary from lesion to 

lesion, and animal to animal, as neural plasticity will result in variations in the new 

connections made.   
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An interesting set of questions arises out of this data.  Are the locomotor changes 

resulting from this lesion due to functional deficits associated with the damage to 

neuronal pathways, or do the locomotor changes primarily reflect compensation for the 

injury?  It is likely a combination of both, but it is difficult to discern which changes are 

due to direct deficits and which are compensatory.  It seems logical to consider that many 

of the changes in left hindlimb moments and powers are due to deficits, as connections to 

motor neurons of the left hindlimb were directly damaged by the lesion.  The effects in 

the right hindlimb may also be due to deficits caused by the damage, but compensation 

may play a more dominate role.   The widespread nature of some changes (such as the 

swing phase joint angles of the right hindlimb) seems to suggest an overall attempt by 

that limb to compensate for limitations of the other limb.  However, due to the highly 

interconnected nature of the spinal cord, and the complicated nature of quadruped gait 

compensation, this is not easily determined. 

 

Contrasting chapter 4, it seems inappropriate to attribute the changes of these gaits to the 

limitation of a specific joint, muscle group, or even leg.  The data do not isolate 

extensor/flexor function as a given cause of the gait change, but rather suggests a 

complex alteration in muscle coordination. Detection of changes in neural input to 

individual muscle groups and or even muscle motor units is beyond the capability of 

inverse dynamics.  Despite this limitation, inverse dynamics can be combined with other 

analysis methods, such as EMG, to give a more complete understanding of these 

adaptations.  Future work should be aimed at creating a practical application of EMG and 
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inverse dynamics to rat models, limiting the invasiveness and confounding nature of 

these techniques. 
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CHAPTER 6: 

FINAL DISCUSSION, CONCLUSIONS, DIRECTION FOR FUTURE STUDIES 
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6.1 GENERAL DISCUSSION 

 

The collection of work contained within this thesis provides valuable information for 

researchers studying rat locomotion.  The application of inverse dynamics has never been 

applied to the rat model and thus, this first attempt provides detailed explanations of how 

to do so.  In addition, these methods can be used to study various pathological gaits, 

especially those arising after SCI and peripheral nerve lesions.  The power of this 

approach has been presented in Chapter 4 of this thesis.  The amount of detailed 

information possible with this technique can lead the researcher to develop a more 

complete description of rat gaits that was not previously possible.  The loss of net 

extensor muscle activity and power generation/absorption at the knee can be interpreted 

as changes in the output of the extensor muscles, or the flexors or both.  In addition, the 

surprising finding that the ankle extensor moments are still present and that the ankle is 

capable of producing near normal power profiles with loss of extensor muscle capability 

is quite remarkable.  This finding would not be detectable with other methods, even with 

EMG techniques.  Clearly, adapting inverse dynamics for rat locomotion studies will 

allow the exploration of many new research questions.  

 

With that said, the opposite is true as well.  This complicated analysis technique can 

provide more information than was previously attainable.  The detailed descriptions 

presented in the pilot SCI study of Chapter 5 are examples of this.  While clear 

differences are present before and after thoracic hemisection, the changes are subtle, even 

at this level.  With such widespread changes, clear explanations of what is happening on 
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a neuronal, or even muscular level, are quite difficult.  The nature of the lesion is partially 

the cause, because of the complex connections within the spinal cord.  One area of 

damage can have widespread effects.  In addition, these effects are likely to be masked by 

adaptive gaits, which may be common between different injuries (Webb and Muir, 2002, 

Webb and Muir, 2003, Webb and Muir, 2004, Webb and Muir, 2005).  Of course, 

compensatory changes will also arise after peripheral nerve injury, as described in 

Chapter 4.  In both cases, it is quite difficult, and perhaps not possible, to dissociate the 

changes in movement due directly to the deficits and those due to compensation for the 

deficit.     

 

Inverse dynamics makes various assumptions about the model it studies.  Some of the 

assumption which are most prone to error are those related to accurate joint center 

location using skin markers, proper segment inertial parameters, and accurate GRF 

acquisition.  Special consideration was taken for all these assumptions, described in the 

appendices of this thesis.  The Monte Carlo simulations provide valuable descriptions of 

the relative importance of different variables in these techniques, and provide guidelines 

for future studies. In order for inverse dynamics to be considered a valid and accurate 

method in rodent models of nervous system injury, these factors must be carefully 

considered.   
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6.2 CONCLUSIONS  

 

1)  A peripheral nerve lesion, such as a tibial nerve transection, produced more distinct 

changes in joint moment and power profiles in the limbs of a rat compared to a unilateral 

hemisection of the thoracic spinal cord.  The reductions in hip and knee moment and 

power profiles were dramatic after peripheral nerve lesion, while the subtle changes 

power and moments of the SCI injury were less prominent. 

 

2)  Both unilateral peripheral nerve lesion and thoracic spinal cord hemisection produce 

changes that are reflective of compensatory gait adaptations, rather than direct loss of 

function.  The unilateral peripheral lesion used caused changes in unaffected joints of the 

injured limb, as well as some subtle changes in other limbs.  Since the injury primarily 

affects the ankle joint, the changes to the other joints and the other limb are likely due to 

shifts in gait to maintain locomotor ability (such as stiffening the leg or relying more on 

the forelimb).  The SCI produced changes that were more subtle and thus, it was more 

difficult to discern whether they were due to injury or adaptation of gait.  However, since 

the lesion is likely to affect the ipsilateral side and the pelvic girdle, changes in the 

contralateral limbs and the pectoral girdle are likely to be due to adaptive shifts to 

reliance on those limbs. 

 

3)   The shift to a spring like mechanism may highlight the mechanical purpose of the 

gastrocnemius muscle.  The muscle’s tendon appears to function as a spring to produce 

ankle extension and power.  The tension of this spring is adjusted by the gastrocnemius 
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muscle, altering the tension and the power absorption and generation characteristics.  

When this tension is lost after denervation, the leg stiffens and lengthens in order to 

maintain that ‘spring’ tension in the tendon. 

 

4)  Inverse dynamics is a viable analysis method in rodent locomotion studies.  However, 

it is unable to distinguish between lesion deficit and compensation as described in this 

thesis.  In order to do this, more detailed analysis methods are needed and other 

techniques can be incorporated into the design used in this thesis.  For example, the 

addition muscle activity patterns (via EMG) may allow for a more in depth analysis of 

lesion effects. 

 

5) Several methodological improvements need to be taken into consideration to improve 

upon this analysis technique for rodent locomotion.  The most important problem is skin 

movement artefact, which can be corrected with x-ray cinematography techniques.  Other 

considerations would be the inclusion of 3-D kinematics and the addition of other 

joints/segments involved in locomotion (e.g. the tail).   
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6.3 FUTURE STUDIES 

 

1. Future attempts at inverse dynamics in rats should involve the accurate x-ray 

cinematography techniques used in previous studies (Fischer, et al., 2002) and/or 

compare the global optimization method used in the present study to data collected by x-

ray techniques.  The data obtained in this thesis was collected for a trotting gait, whereas 

published data is from a walking gait.  Since velocity and gait changes can alter 

kinematic data (Clayton, et al., 2002, Khumsap, et al., 2002, Riggs, et al., 1993), a direct 

comparison between this optimization method and x-ray methods requires the same 

conditions.  This would be a valuable comparison to assess the validity of this method 

further. 

 

2. The adaptation of 3-D inverse dynamics would be extremely valuable if a 

practical method could be established.  As described previously, additional markers are 

required for accurate 3-D inverse dynamic calculations.  This may prove difficult in the 

case of the rat, as the minimal amount of joint markers is required for the rat to perform 

the locomotor task.  If a practical method could be developed to apply these additional 

markers, and adequate equipment is provided, detailed descriptions of the locomotor 

changes can be explored.  The differences between 2-D and 3-D kinematics can be 

substantial and the latter has been accepted as the more accurate technique (Alkjaer, et 

al., 2001). 
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3. While inverse dynamics can provide information about the mechanical activity at 

a joint, it cannot describe from which muscle this activity is being produced.  EMG 

electrodes could provide activation patterns between different muscles with some 

accuracy and special processing techniques have been developed to obtain additional 

information out of these waveform characteristics (Guimaraes, et al., 1995, Guimaraes, et 

al., 1994, Guimaraes, et al., 1994).  Muscle force transducers could also be employed, 

although the use of these methods involves invasive techniques which can confound any 

findings.  Practical methods of employing these techniques would add substantial detail 

to the inverse dynamics data, and allow more detailed explanation of the muscular, and 

possibly, neural changes which underlie pathological gaits. 

 

4. The inverse dynamics analysis method presented within should be applied to 

various pathological rat gaits, including those described in previous GRF SCI studies 

(Webb and Muir, 2002, Webb and Muir, 2003, Webb and Muir, 2004).  The common 

compensatory gait described in these latter studies could be explored in more detail with 

this method.  Differences between the gaits should be identifiable and characteristic 

changes may be discovered.  Combined with other techniques, such as EMG, these 

methods may provide valuable information to SCI researchers, revealing what muscles, 

and hopefully nerves, are affected by such lesions.  However, as presented in Chapter 5, 

this data can be quite complicated and difficult to describe on a global scale.  

Nevertheless, the subtle changes may be described by further developing the inverse 

dynamic analysis technique and applying it to various models. 
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6)  Further exploration of the adaptation vs. injury phenomenon should be attempted.  In 

the peripheral lesion, damage occurred to the downstream outputs of the CPG.  The tibial 

nerve branches carried both motor and sensory information.  Damage to these circuits 

resulted in obvious deficit based effects (increased ankle flexion) but also intra and 

interlimb compensatory effects.  This may be due to altered sensory feedback to the CPG.  

In the spinal chapter, damage occurred to more upstream pathways to and from the CPG.  

Damage in the T10 area disrupts both motor and sensory pathways that are required for 

the CPG.  This damage is much more widespread and the differences between adaptive 

and deficit based changes is more difficult to determine.  It would be interesting to 

explore a model where adaptive changes are only made.  For example, causing pain or 

some noxious stimulus to the foot or leg would not be direct damage to the nervous 

pathways or its effectors, but would result in the rat changing its gait, or adapting to the 

stimulus.  Experiments of these kinds may help separate the complicated nature of the 

SCI gaits.   

 

 

 

 

 

 

 

 

 123
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APPENDIX A:  Kinematic Measurement Error 

 
 
It was necessary to test the calibration method and accuracy of the video tracking 

software in order to have confidence in our measurements.  After the DLT method 

(Ambrosio, et al., 2001, Kwon, 1999) was used to calibrate and correct for lens distortion, 

a set of reflective markers were passed across the field of view.  These markers were 

placed 100 mm apart in vertical and horizontal orientations.  Tracking was performed and 

the distance between these points was calculated using our analysis methods.  This test 

verified that our marker tracking ability was accurate to within +/- 0.5 mm (Figure 32).  

This accuracy was deemed acceptable for our measurements.  It should be noted that this 

data was not passed through a Butterworth filter, and so the digitizing variability artefact 

is still present in the data.  
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Figure 32:  Measured distance of digitized points assessment.  The measured distance 
between two horizontally (A) and vertically (B) oriented markers across the field of view 
of the camera, indicating the variation in that distance.  Markers were 100mm apart.  The 
measured distance had an error of less than +/- 0.5 mm.   
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APPENDIX B:  Center of Pressure Calculation 

 

The center of pressure is not a physical structure to be located, but a mathematical 

representation of where the net force acts.  In the case of the foot, the center of pressure 

can be located anywhere that the foot makes contact with the force plate (provided only 

that foot is on the plate).  It is not static as it shifts as the center of mass of the subject 

moves and thus, must be calculated for each frame of data. 

 

To describe the center of pressure calculation, it is necessary to remind the reader of the 

vertical sensors orientation of the force plate (Figure 1).  The force plate has two separate 

vertical sensors at the ends of the force plate, allowing for differential forces to be 

calculated at the ends of the plate.  These forces can be expressed as a ratio and used to 

calculate the center of pressure. 

COP =   ( FA / (FA+FB)  X  d) 

Where: 

COP = Center Of Pressure     

FA = Vertical force at end A of the force plate 

FB = Vertical force at end B of the force plate   

d = Length of the force plate 

 

This equation allows the center of pressure in one plane to be calculated.  It expresses the 

center of pressure in the coordinate system of the force plate.  This location must be 
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transformed into the video coordinate system.  This is done by expressing the ratio 

relative to a force plate edge.  In this case, it can be done as follows. 

COP =   ( FA / (FA+FB)  X  d) + a 

Where: 

a = the coordinates of end A of the force plate 

 

To increase the accuracy of this formula, the plate thickness needs to be accounted for.  

The plate diagram in Figure 33 may allow for better understanding.  The center of 

pressure calculation turns into a balance of moments equation, with the following 

derivation. 

Fx = Fc 
 

Fy = Fa + Fb 
 
Taking moments about one end of the platform (i.e. point A): 
 

Sum of the Moments at point A = 0 
 

Fyx – Fxh – FBd = 0 
 

Fyx = Fxh – FBd 
 

x = (Fxh – FBd) / Fy 
 

x = (Fxh – FBd) / (FA + FB) 
 

With the center of pressure known, the GRF vector can be represented in the same 

coordinate system as the joint centers.  The direction and magnitude of the vector was 

determined using the output from the vertical, fore-aft, and mediolateral sensors of the 

force plate.  The position of this vector originates from the center of pressure.  This 

vector is vital for the calculations that follow. 
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Figure 33:  Schematic of center of pressure calculation.  A force is applied to the force 
plate and is broken up into a vertical (Fy) and horizontal (Fx) component.  The vertical 
components are picked up by the sensors A and B.  FA is the force measured at end A.  
FB is the force measured at end B.  Fc is the measured horizontal force. These forces 
create moments that must be countered by the GRF moments for the plate to keep from 
rotating.  Since these moments are equal (as there is no motion), and the length (d) and 
thickness (h) are known, the forces can be used to calculate the moment arm (x) as 
described in this appendix.  This moment arm is expressed as a location relative to the 
ends of the force plate, becoming the center of pressure.    
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APPENDIX C:  Center of Pressure Error 

 

Due to the high sensitivity of joint moment calculations, the ability to determine the 

center of pressure must be accurate.  In order to test this capability, a round cue ball was 

placed at various lengths across the force plate used to measure inverse dynamics.  This 

ball was chosen due to its acceptable weight and shape which would allow for pinpoint 

center of pressure application.  The calibrated kinematic data was used as the standard of 

comparison.  Figure 34 shows a plot of the % error in center of pressure position as a 

function of total length of the force plate used.  The % error was calculated as follows: 

 

% error = [Contact point of ball (video) – 

Center of Pressure (force plate)] / Length of force plate * 100 

 

Figure 34 reveals that the center of pressure calculation acceptable accuracy (error less 

than 5%) for the middle areas of the plate, being most accurate between 25 and 75 mm.  

The outer 2-5 millimetres of the force plate however are the most error prone, as force 

plate and video positioning error was above 5%.  This error is still fairly small, but to 

increase accuracy, data runs within 5-10mm of the outer edge of the measured force plate 

were excluded for accuracy concerns. 
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Figure 34:  A test of the accuracy of the center of pressure.  Part A) shows examples of 
the ball being placed at the left edge, middle, and right edge of the force plate.  Figure B) 
shows the amount of error between the calculated center of pressure using the force plate, 
and the measured center of pressure using the video camera tracking.  Seven positions 
were calculated across the 105 mm force plate.  The error was found to be highest at the 
outer 5 mm of the force plate.  This shows the need to select trials where the animal steps 
in the center of the force plate for accurate center of pressure recording. 
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APPENDIX D:  Global Optimization of Skin Markers 

 

As stated previously, skin marker error is one of the most significant problems in inverse 

dynamics (Cappozzo, et al., 1996, Lu and O'Connor, 1999, Tranberg and Karlsson, 1998, 

van den Bogert, et al., 1990, van Weeren, et al., 1988).  Because of this, a correction 

‘factor’ was created to adjust marker coordinates to a best fit solution.  This method was 

used in human and horse studies, and has proven to be a valuable tool in skin movement 

artefact correction (Lu and O'Connor, 1999, van den Bogert, 1994).  This method was 

adapted for our 2-D kinematic rat model.   

 

To describe the location of a limb segment, you need to define its translational position 

and rotational position.  In a 2-D system, an object can translate in the x-axis direction 

and the y-axis direction.  In addition, it can rotate in the sagittal plane.  The 

translation/rotations in the other planes can be ignored.  These motions, when 

uncontrolled, are termed degrees of freedom.  For a 3 segment, 2-D limb, as in this thesis, 

there are a total of 3 degrees of freedom for each segment, or 9 for the whole limb.  Our 

global optimization model reduces the number of these degrees of freedom from 9 to 5, to 

reduce computation time.  

 

The optimization assumes that the limb has an approximate conformation relative to the 

distal marker (i.e. the wrist/ankle) and thus, uses this as the reference point.   This marker 

has the least skin movement artefact and is the ideal marker choice for this reference.  In 

doing this, the x-axis and y-axis degrees of freedom for the 2 proximal segments are no 
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longer required, and the degrees of freedom have been reduced to 5.  Thus, each limb 

consists of 3 segments whose location is determined by the x-axis and y-axis degrees of 

freedom of the most distal joint.  The relative conformation (i.e. segment angles of the 

segments) is controlled by each segments sagittal plane rotational degree of freedom.   

 

The joint coordinates over time profiles are fit to spline curves.  The optimization method 

then uses these curves, and the measured lengths of the segments (Appendix F), to adjust 

all the points simultaneously based on the 5 degrees of freedom.  These points are chosen 

to minimize the root mean squared differences between the markers measured and 

estimated locations.  This minimized error is assumed to be the skin movement artefact 

and is corrected for.  Comparison to x-ray cinematography methods reveals that this 

method produces similar results, and differences may be due to differences in gait 

(Fischer, et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 133



APPENDIX E:  Skin Marker Error Sensitivity 

 

The utilization of the global optimization method described in Appendix E was allowed 

for partial correction of the error caused by skin movement artefact.  However, a test of 

this optimizations ability to correct for displacement was necessary.  In the past, many 

researchers have used various methods (e.g. Monte Carlo simulations) to systematically 

fluctuate the variables of an analysis method to perform error sensitivity assessments in 

various studies (Keenan and Valero-Cuevas, 2007, Lanovaz and Clayton, 2001, Reinbolt, 

et al., 2007).  These tests usually involve varying the input variables into a function that 

is to be tested.  For example, in Monte Carlo simulations, these variables are varied by 

some predetermined amount across a Gaussian distribution (eg.+/- 10% of the variables 

value) thousands of times.  By doing this, the amount of error these variables cause can 

be depicted, revealing which variables have more impact on the given function. 

 

As a result, Monte Carlo simulations were developed to test the error in joint angle 

measurements when marker coordinates were varied +/- 2 mm in the x-axis and y-axis.  

2mm was chosen to be a fairly generous estimate of the sampling error of a known 

marker.  These values were sampled from a Gaussian distribution 10000 times.  Data was 

plotted for the hip, knee, ankle, shoulder, elbow, and wrist angles.  The means of the 

10000 runs were taken as well as the 95% confidence intervals. 
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FORELIMB JOINT ANGLES  

MARKERS VARIED 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35:  Average joint angles (thick line) +/- 95% confidence intervals (thin lines) for 
10,000 Monte Carlo simulations of the forelimb marker coordinates.  Joint coordinates 
were varied in the x and y-axis directions by 2mm, then put through the global 
optimization routine and joint angles were plotted over the whole stride for the shoulder, 
elbow, and wrist. 
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HINDLIMB JOINT ANGLES  

MARKERS VARIED 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36:  Average joint angles (thick line) +/- 95% confidence intervals (thin lines) for 
10,000 Monte Carlo simulations of the hindlimb marker coordinates.  Joint coordinates 
were varied in the x and y-axis directions by 2mm, then put through the global 
optimization routine and joint angles were plotted over the whole stride for the shoulder, 
elbow, and wrist. 
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The variability in the above data ranges from approximately +/- 20 – 40 degrees, 

depending on the joint you examine.  This range is quite large, at least double the 

standard errors of the joint angle profiles in Chapters 4 and 5.  The data used in those 

chapters is well within the maximum errors produced from the Monte Carlo simulations.  

This would suggest that our optimization method, when used with real data, does not 

produce erroneous results due to abnormal joint center coordinates.  If the standard errors 

produced data that is outside the Monte Carlo data as seen in Figure 36, the optimization 

method’s effectiveness from these chapters may be questionable due to the amount of 

error produced from large changes in joint position. 

 

The data presented reveals that the skin movement artefact is adequately corrected for by 

the global optimization methods used in Chapters 4 and 5.  The markers appear to 

resemble normal joint marker paths within reasonable ranges and resemble what past 

researchers have found with more accurate methods such as x-ray cinematography 

(Bauman and Chang, 2009, Fischer, et al., 2002). 
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APPENDIX F:  Inertial Parameter Error Sensitivity 

 

The determination of limb segment morphometric data and inertial parameters is another 

element of inverse dynamics that requires special attention diverted to it to ensure 

accuracy (Reinbolt, et al., 2007).  As stated previously, these factors include segment 

length, mass, center of mass, and moment of inertia.  The measurements for length, mass, 

and center of mass were performed for the 5 rats used in the peripheral nerve lesion 

experiment (Chapter 4) and averaged (Table 3). 

 

In order to measure the segments accurately, the limb segments must be isolated from 

each other.  To do this, rats were frozen to a solid state to allow for easier cutting of their 

limbs.  Segments were cut at their joint center locations at angles that estimated the best 

distribution of tissue to each joint.  This method was adequate for the smaller segments 

such as the paws, and lower limbs. However it became difficult to isolate the tissues of 

the upper limbs and girdles, especially in the case of the hindlimbs.   

 

The segment length was measured as the joint to joint distances for each segment.  To 

better locate the joint centers, all the tissue was stripped off so the bone was visible (after 

other measures were performed).  This measurement was accurate for all joints as the 

articulating surfaces are quite visible after the tissue is removed.  The mass was measured 

with all tissue intact, on an accurate scale.  The most error prone measures were the upper 

limbs (Table 3) due to problematic methods of separating joints.   
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A) 
Length (cm) 
 

 
Mass (g) 
 

COM from 
prox JC (% of 
Total Length) 

Radius (mm) 
 

Foot 4.17 +/- 0.24 1.44 +/- 0.10 46.76 +/- 3.73 2.5 
Lower Leg 4.00 +/- 0.32 4.83 +/- 0.42 46.32 +/- 2.53 5.0 
Upper Leg 4.43 +/- 0.40 11.30 +/- 1.21 45.16 +/- 10.04 10.0 

 

B) 
Length (cm) 
 

Mass (g) 
 

COM from 
prox JC (% of 
Total Length) 

Radius (mm) 
 

Hand 2.22 +/- 0.32 0.49 +/- 0.10 44.26 +/- 4.79 2.5 
Lower Arm 3.30 +/- 0.25 2.26 +/- 0.36 46.91 +/- 3.96 3.5 
Upper Arm 2.83 +/- 0.28 3.29 +/- 0.41 62.48 +/- 3.21 6.0 

 

Table 3:  Average limb morphometric data with standard deviations.  Inertial parameters 
were measured for the 3 segments used in the inverse dynamics calculations.  For 
hindlimb, segments were the foot, lower leg, and upper leg.  For the forelimb, segments 
included the hand lower arm, and upper arm.  Masses of the rats were fairly uniform, and 
thus, averages of these measurements were used in the calculations. 
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Calculation of the center of mass required that a specialized scale be developed to 

measure it on each segment (Figure 37).  A level platform is placed on a scale supported 

by knife edges (for pinpoint application of force).  This platform is considered ‘massless’ 

in this system in the sense that you zero the scale prior to analysis.  Its mass does not go 

into the calculation.  The distance between the knife edges is known (L) and the force 

created by the mass of the segment (M) is pre-measured.  The end of the segment is 

placed so one end lines up with the point of application of the non-scale knife edge.  The 

mass of the segment creates a force on the platform, which in turn creates a moment on 

both sides of the platform dependent on the length of the lever arm (D).  In order to 

calculate the center of mass, focus will be on the moment at the side of the scale.  This 

moment can be calculated using the force being pressed on the scale (Fscale). 

Moment = Force X Lever Arm 

The moment will be considered the reading on the scale when a mass is placed anywhere 

on the platform. 

Fscale = Force X Lever arm 

The lever arm in this diagram is the ratio or D’s length to L’s length. 

Fscale = Force X (D/L) 

When the D is equal to L (when the force created by the mass of the segment is weighed): 

Fscale = M X (D/L) = M X (L/L) = M 

So when the center of mass is being determined, as in Figure 38. 

Fscale = M X (D/L) 
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Figure 37:  Diagram of the method used to calculate center of mass for rat limb segments.  
A ‘mass-less’ platform of known length (L) is suspended between two supports on razor 
edges, one support being a sensitive scale.  The segment is pre-weighed using the scale to 
determine its normal weight (M).  This segment is placed so that the edge of one end is 
directly flush with the razor edge on the non-scale end of the platform.  When in this 
configuration, the segments mass acts on the platform at its center of mass, creating a 
moment that is measured as a weight on the scale (Fscale).  This moment is dependant on 
the length of the moment arm (D) which is the distance to the center of mass.  Knowing 
these factors, the center of mass can be calculated for any segment of the rat limb. 
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Therefore, the moment arm (D) can be found by: 

Fscale/M X L = D 

This relationship expresses the location of the force application.   This location can be 

expressed as a percent of the segment length, revealing the location of the center of 

pressure.  It is important to note which direction measurements are being made from on 

each segment for consistency with this method (ie.  Distal to Proximal/Proximal to Distal 

ends). 

 

Measurement of the moment of inertia, as stated in a previous chapter of this thesis, 

requires very sensitive equipment to measure due to the small segment size.  This 

equipment can be quite expensive to acquire.  Therefore, an estimation of the moment of 

inertia was made.  The limbs were assumed to have the same shape as a solid cylinder.  

Thus, the formula to determine the moment of inertia about the long axis for a given 

segment could be calculated as follows 

I = m/12 X (3 r2 + h2) 

Where: 

I = Moment of inertia about the long axis of the segment 

m = mass of the segment 

r = radius of the segment (measured to give approximate value) 

h = length of the segment 

 

It should be noted that the radius of the segments were measured, but were difficult to get 

accurate measurements.  An estimated value was used in the program. 
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Since this formula gives the moment of inertia about the symmetrical center of this 

object, the moment of inertia must then be translocated to the center of mass.  This was 

done using the parallel axis theorem. 

Icom = I  X  m d2 

Where, 

Icom = moment of inertia around the center of mass 

I = moment of inertia about the centroid of the object 

m = mass of the object 

d = distance between the centroid and the center of mass 

 

Monte Carlo simulations for the limb segment inertial parameters were performed to 

assess the sensitivity of the analysis to limb segment length, mass, center of mass, and 

moment of inertia, similar to past studies (Reinbolt, et al., 2007).  10000 simulations were 

performed and each variable was varied by the standard deviations reported in Table 3, 

and joint moments and powers were calculated.  Variables were varied prior to moment 

of inertia calculation and therefore, by varying the mass, length, and center of mass, the 

moment of inertia was varied as well.  All parameters were varied simultaneously across 

all segments to assess the total error.  Once completed, each variable was assessed 

independently for each segment, allowing for the determination of which variable and 

segment was most influential on joint moment and power calculation error. 
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ALL FORELIMB INERTIAL PARAMETERS VARIED ALL SEGMENTS 

JOINT MOMENTS 

 

 

Figure 38:  Joint moment Monte Carlo simulations results for all mass, length, and center 
of mass of all forelimb segments.  Averages (thick line) and 95% confidence intervals 
(thin lines) are presented for both stance (A) and swing phases (B).  Stance phase was 
unaffected by the variation of inertial parameters.  Swing phase was shown to be 
sensitive to all variables in all segments.   
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ALL FORELIMB INERTIAL PARAMETERS VARIED ALL SEGMENTS 

JOINT POWERS 

 

 

Figure 39:  Joint power Monte Carlo simulations results for all mass, length, and center 
of mass of all forelimb segments.  Averages (thick line) and 95% confidence intervals 
(thin lines) are presented for both stance (A) and swing phases (B).  Stance phase was 
unaffected by the variation of inertial parameters.  Swing phase was shown to be 
sensitive to all variables in all segments.   
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HAND CENTER OF MASS VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 40:  Joint moment and power Monte Carlo simulations results for the center of 
mass of the hand segment.  Averages (thick line) and 95% confidence intervals (thin 
lines) are presented for the swing phase only as stance is unaffected.  Swing phase was 
shown to be unaffected by variations in center of mass for the hand, and other segments 
(not shown).   
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HAND MASS AND LENGTH VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

Figure 41:  Joint moment and power Monte Carlo simulations results for the mass and 
length of the hand segment.  Averages (thick line) and 95% confidence intervals (thin 
lines) are presented for the swing phase only as stance is unaffected.  Variation in the 
hand segment variables caused errors in the wrist as well as the elbow joint moments and 
small errors in the powers.   
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LOWER ARM MASS AND LENGTH VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 42:  Joint moment and power Monte Carlo simulations results for the mass and 
length of the lower arm segment.  Averages (thick line) and 95% confidence intervals 
(thin lines) are presented for the swing phase only as stance is unaffected.  Variation in 
the lower arm segment variables caused errors in the elbow as well as the shoulder joint 
moments and powers.   
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UPPER ARM MASS AND LENGTH VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 43:  Joint moment and power Monte Carlo simulations results for the mass and 
length of the upper arm segment.  Averages (thick line) and 95% confidence intervals 
(thin lines) are presented for the swing phase only as stance is unaffected.  Variation in 
the upper arm segment variables caused small errors in only the shoulder joint moments 
and powers.   
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HAND LENGTH VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 44:  Joint moment and power Monte Carlo simulations results for the length of the 
hand segment.  Averages (thick line) and 95% confidence intervals (thin lines) are 
presented for the swing phase only as stance is unaffected.  Swing phase was shown to be 
relatively unaffected by variations in length for the hand, and other segments (not 
shown).   
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HAND MASS VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 45:  Joint moment and power Monte Carlo simulations results for the mass of the 
hand segment.  Averages (thick line) and 95% confidence intervals (thin lines) are 
presented for the swing phase only as stance is unaffected.  Variation in the hand segment 
variable caused errors in the wrist and small errors in the elbow moments and powers.   
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LOWER ARM MASS VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 
 

Figure 46:  Joint moment and power Monte Carlo simulations results for the mass of the 
lower arm segment.  Averages (thick line) and 95% confidence intervals (thin lines) are 
presented for the swing phase only as stance is unaffected.  Variation in the lower arm 
segment variables caused errors in the elbow as well as the shoulder joint moments and 
powers.   
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UPPER ARM MASS VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 47:  Joint moment and power Monte Carlo simulations results for the mass of the 
upper arm segment.  Averages (thick line) and 95% confidence intervals (thin lines) are 
presented for the swing phase only as stance is unaffected.  Variation in the upper arm 
segment variables caused small errors in only the shoulder joint moments and powers.   
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ALL HINDLIMB INERTIAL PARAMETERS VARIED ALL SEGMENTS 

JOINT MOMENTS 

 

Figure 48:  Joint moment Monte Carlo simulations results for all mass, length, and center 
of mass of all hindlimb segments.  Averages (thick line) and 95% confidence intervals 
(thin lines) are presented for both stance (A) and swing phases (B).  Stance phase was 
unaffected by the variation of inertial parameters.  Swing phase was shown to be 
sensitive to all variables in all segments.   
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ALL HINDLIMB INERTIAL PARAMETERS VARIED ALL SEGMENTS 

JOINT POWERS 

 

Figure 49:  Joint power Monte Carlo simulations results for all mass, length, and center 
of mass of all hindlimb segments.  Averages (thick line) and 95% confidence intervals 
(thin lines) are presented for both stance (A) and swing phases (B).  Stance phase was 
unaffected by the variation of inertial parameters.  Swing phase was shown to be 
sensitive to all variables in all segments.   
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FOOT CENTER OF MASS VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 50:  Joint moment and power Monte Carlo simulations results for the center of 
mass of the foot segment.  Averages (thick line) and 95% confidence intervals (thin lines) 
are presented for the swing phase only as stance is unaffected.  Swing phase was shown 
to be unaffected by variations in center of mass for the foot, and other segments (not 
shown).   
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FOOT MASS AND LENGTH VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 51:  Joint moment and power Monte Carlo simulations results for the mass and 
length of the foot segment.  Averages (thick line) and 95% confidence intervals (thin 
lines) are presented for the swing phase only as stance is unaffected.  Variation in the foot 
segment variables caused errors in the ankle as well as small errors in the knee and hip 
joint moments and powers.   
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LOWER LEG MASS AND LENGTH VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 52:  Joint moment and power Monte Carlo simulations results for the mass and 
length of the lower leg segment.  Averages (thick line) and 95% confidence intervals 
(thin lines) are presented for the swing phase only as stance is unaffected.  Variation in 
the lower leg segment variables caused errors in the knee as well as the hip joint moments 
and powers.   
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UPPER LEG MASS AND LENGTH VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

Figure 53:  Joint moment and power Monte Carlo simulations results for the mass and 
length of the upper leg segment.  Averages (thick line) and 95% confidence intervals 
(thin lines) are presented for the swing phase only as stance is unaffected.  Variation in 
the upper leg segment variables caused small errors in only the hip joint moments and 
powers.   
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FOOT LENGTH VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 54:  Joint moment and power Monte Carlo simulations results for the length of the 
foot segment.  Averages (thick line) and 95% confidence intervals (thin lines) are 
presented for the swing phase only as stance is unaffected.  Swing phase was shown to be 
relatively unaffected by variations in length for the foot, and other segments (not shown).   
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FOOT MASS VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

 

Figure 55:  Joint moment and power Monte Carlo simulations results for the mass of the 
foot segment.  Averages (thick line) and 95% confidence intervals (thin lines) are 
presented for the swing phase only as stance is unaffected.  Variation in the foot segment 
variable caused errors in the ankle and small errors in the knee and hip moments and 
powers.   
 
 
 
 

 161



 
 
LOWER LEG MASS VARIED  

JOINT MOMENTS AND JOINT POWERS 

 
 
 

 
 

Figure 56:  Joint moment and power Monte Carlo simulations results for the mass of the 
lower leg segment.  Averages (thick line) and 95% confidence intervals (thin lines) are 
presented for the swing phase only as stance is unaffected.  Variation in the lower leg 
segment variables caused errors in the knee as well as the hip joint moments and powers.   
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UPPER LEG MASS VARIED  

JOINT MOMENTS AND JOINT POWERS 

 

Figure 57:  Joint moment and power Monte Carlo simulations results for the mass of the 
upper leg segment.  Averages (thick line) and 95% confidence intervals (thin lines) are 
presented for the swing phase only as stance is unaffected.  Variation in the upper leg 
segment variables caused small errors in only the hip joint moments and powers.   
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From this study, one can see that swing phase dynamics of the rat are most sensitive to 

segment mass and segment length.  In horses, mass was shown to be very influential as 

well as center of mass (Lanovaz and Clayton, 2001).  This is interesting, as center of 

mass in the rat appeared to have little effect on this analysis method in rats.  In addition, 

the strongest effects appear to originate from the distal segments, and ‘chain up’ through 

the limbs, due to the nature of the inverse dynamics ‘ground up’ calculation method.  

This would suggest that special effort must be made to determine accurate limb segment 

masses and lengths, especially for the distal segments of the rat.  In Chapters 4 and 5, the 

limb masses and lengths of the distal segments were less difficult to determine compared 

to the proximal segments and thus, should not be impractical to determine in any future 

studies. 

 

This study indicates that our joint moment and power calculations are acceptable.  Most 

of our findings in our studies found significant differences between conditions in stance 

phase of stride.  The Monte Carlo analysis indicates that there is virtually no effect of 

varying inertial parameters on stance phase (with some minor exceptions), and thus 

would indicate that even if our inertial parameters were not accurate, it is not likely to 

effect our stance joint moment and power profiles.  However, the variation seen in swing 

phase due to the Monte Carlo simulations indicates that accurate measures of inertial 

parameters is required, and could be a reason significant differences were not seen 

between our groups in swing phase of stance in chapters 4 and 5.  The most error prone 

areas of these profiles appear to be in the peaks of the curves, where there is a change 

from increasing moment/power production to decreasing.  Most of the graphs in this 
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appendix show substantially larger ranges for the 95% confidence intervals in these areas, 

possibly due to large changes in angular velocity of the limbs.  
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