
Experimental and Computational Assessment of Locomotor Coordination and 

Complexity Following Incomplete Spinal Cord Injury in the Rat  

by 

Brian Hillen 

 

 

 

 

 

A Dissertation Presented in Partial Fulfillment  

of the Requirements for the Degree  

Doctor of Philosophy  

 

 

 

 

 

 

 

 

 

 

Approved July 2012 by the 

Graduate Supervisory Committee:  

 

Ranu Jung, Chair 

Jitendran Muthuswamy 

Devin Jindrich 

Gary Yamaguchi 

James Abbas 

 

 

 

 

 

 

 

 

ARIZONA STATE UNIVERSITY  

August 2012  

 



 

 

 

 

 

 

 

 

 

This work is licensed under the Creative Commons Attribution

ShareAlike 3.0 Unported License. To view a copy of this license, visit 

http://creativecommons.org/licenses/by

Commons, 444 Castro Street, Suite 900, Mountain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
nsed under the Creative Commons Attribution-NonCommercial

ShareAlike 3.0 Unported License. To view a copy of this license, visit 

http://creativecommons.org/licenses/by-nc-sa/3.0/ or send a letter to Creative 

Commons, 444 Castro Street, Suite 900, Mountain View, California, 94041, USA.

NonCommercial-

ShareAlike 3.0 Unported License. To view a copy of this license, visit 

sa/3.0/ or send a letter to Creative 

View, California, 94041, USA. 



  i 

ABSTRACT  

   

Spinal cord injury (SCI) disrupts the communication between supraspinal 

circuits and spinal circuits distal to the injury. This disruption causes changes in 

the motor abilities of the affected individual, but it can also be used as an 

opportunity to study motor control in the absence or limited presence of control 

from the brain.  In the case of incomplete paraplegia, locomotion is impaired and 

often results in increased incidence of foot drag and decreased postural stability 

after injury. The overall goal of this work is to understand how changes in 

kinematics of movement and neural control of muscles effect locomotor 

coordination following SCI. Toward this end, we examined musculoskeletal 

parameters and kinematics of gait in rats with and without incomplete SCI (iSCI) 

and used an empirically developed computational model to test related 

hypotheses. The first study tested the hypothesis that iSCI causes a decrease in 

locomotor and joint angle movement complexity. A rat model was used to 

measure musculoskeletal properties and gait kinematics following mild iSCI. The 

data indicated joint-specific changes in kinematics in the absence of measurable 

muscle atrophy, particularly at the ankle as a result of the injury. Kinematic 

changes manifested as a decrease in complexity of ankle motion as indicated by 

measures of permutation entropy.  In the second study, a new 2-dimensional 

computational model of the rat ankle combining forward and inverse dynamics 

was developed using the previously collected data.   This model was used to test 

the hypothesis that altered coordination of flexor and extensor muscles 

(specifically alteration in burst shape and timing) acting at the ankle joint could be 
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responsible for increases in incidence of foot drag following injury.  Simulation 

results suggest a time course for changes in neural control following injury that 

begins with foot drag and decreased delay between antagonistic muscle 

activations.  Following this, beneficial adaptations in muscle activation profile 

and ankle kinematics counteract the decreased delay to allow foot swing. In both 

studies, small changes in neural control caused large changes in behavior, 

particularly at the ankle.   Future work will further examine the role of neural 

control of hindlimb in rat locomotion following iSCI. 
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Chapter 1 

INTRODUCTION 

Spinal cord injury (SCI) is an example of a large perturbation of motor control.  

The typical pathway of brain to spinal cord to muscle is disrupted.  This 

disruption causes large changes in the motor abilities of the affected individual, 

but it can also be used as an opportunity to study motor control in the absence or 

limited presence of control from the brain.  Many people think of the brain as the 

seat of all nervous control of our body, but, as many experiments show, there is 

much going on past the brainstem.  These impairments can cause significant 

changes in locomotion which often results in increased incidence of foot drag and 

decreased stability after injury.  In this dissertation, motor control following 

spinal cord injury (SCI) is assessed using computational and kinematic 

techniques.  Prior to discussing the particular studies, I will address relevant 

background.  This includes a review of motor control and coordination in the 

locomotor system, the properties of spinal cord injury, and the computational 

modeling methods.   

Motor Control 

The motor systems of the human body are able to produce voluntary, rhythmic, 

and reflexive movements [1].  Just as each of these types of movement is distinct, 

they are significantly intertwined with one another.  This is particularly true in the 

case of locomotion.  Typically, initiation of locomotion is a voluntary event.  

Other voluntary movements include many feed forward adaptations to the gait 

pattern in the presence of perturbations.  The central pattern generators for 



2 

locomotion are rhythmic in nature, providing the basic pattern of muscle 

activations necessary for movement.  Finally, the length, force, and cutaneous 

receptors supply reflexes which provide feedback adaptations to the locomotor 

pattern.  These three categories of movement are roughly mirrored in the 

structures of neural control: a basic pattern of rhythmic activity produced in the 

spinal cord (rhythmic) is regulated by descending input from the brain (voluntary) 

as well as peripheral pathways (reflexes) [2].   

Central pattern generators: the rhythmic core 

Neural circuits within the spinal cord are organized to produce rhythmic motor 

output. This rhythmic core can function like a central pattern generator (CPG) for 

control for locomotion.  In the absence of supraspinal or sensory input, the CPG 

can provide the basic locomotor rhythm [2-4].  The CPG is not a single structure 

responsible for all locomotion, but a distributed, hierarchal system [5-8].  The 

simplest CPGs can control  flexion-extension and left-right alternation [4].  These 

simple CPGs are conceptually organized as half-center models, first proposed by 

Brown [9].  The half-center model provides a simple alternation, with one output 

more active while the other is less active.  Central to this design is reciprocal 

inhibition.  In reciprocal inhibition, activation of one side inhibits the activation of 

the other side [10].  When left-right and flexor-extensor pattern generators are 

coupled, the basic locomotor pattern emerges.  The CPG alone can provide this 

basic rhythm in the absence of supraspinal input [11], local sensory input [12], or 

both [13] in quadrupeds, provided the right tonic excitatory stimulus.  However, 

this is not the case in humans where bilateral complete lesions of the corticospinal 
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tract (a lateral pathway) cause near complete loss of the ability to walk [14].  

Coordination of neural components within the CPG is discussed in more detail 

below. 

Voluntary control of locomotion 

While not strictly required for ongoing control of locomotion, inputs from the 

brain play a large role in gait.  The medial system is responsible for adjustments 

in posture, diffusely targeting the proximal and axial muscles [15, 16].  The lateral 

system contributes to fine control and voluntary modifications of gait [17, 18].  

When comparing human locomotion with that of other mammals, the basic 

properties remain [19, 20] though there are some differences.  As mentioned 

above, the corticospinal tract plays a significant role in human locomotion.  The 

rubrospinal tract (also a medial pathway)  plays a much larger role in cat and 

monkeys than in humans [21]. In monkeys, the rubrospinal tract can compensate 

for damage to the corticospinal tract [22]. Finally, the brain is responsible for 

voluntary initiation of locomotion [23].   

Peripheral reflexive control of locomotion 

As mentioned above, the CPG can function without input from peripheral sensory 

afferents.  However, these inputs function to adapt the CPG to the real world [3].  

These inputs generally come from three sources: stretch receptors, providing 

muscle length and velocity; Golgi tendon organs, providing muscle force; and 

cutaneous receptors, providing touch [1].   
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Stretch receptors and Golgi tendon organs are grouped together to describe 

proprioception, the sense of body position.  Proprioception has a number of very 

specific roles in locomotion.  Stimulating the stretch receptors in the extensors of 

the hip can initiate stepping in spinalized cats [24].  Unloading of the Golgi 

tendon organ of the ankle extensors is essential to initiation of swing [25].  

Proprioception also plays a large role in regulation of walking speed.  For 

instance, locomotor rhythm can be controlled by rhythmic movements of the hip 

[26].  Finally, proprioception modifies the level of muscle activity through a 

number of reflexes.  The simplest is the stretch reflex.  This reflex functions to 

prevent change in length of a muscle.  When the muscle (agonist) is lengthened, 

the stretch reflex activates the agonist along with any synergists while inhibiting 

any antagonists [1].  During locomotion, the Golgi tendon reflex also functions in 

the same way; increases in muscle load are met with increased excitation of the 

muscle [27].  Together, these reflexes work as a positive force feedback system, 

increasing activation of the muscle under increased loads during stance.  

Decreases in loads, such as seen during the use of a body weight support harness, 

significantly decrease the outputs of antigravity muscles [28].  The functions of 

these reflexes can also be phase dependent; responses to stretch are twice as large 

during stance when compared to swing [29].   

Cutaneous inputs also serve an important role during locomotion.  Denervation of 

cutaneous receptors causes temporary loss of precision walking, though treadmill 

walking is retained [30].    Stimulation of the dorsal surface of the foot causes a 

reflex to increase clearance of the foot.  Such stimulation causes immediate knee 
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flexion followed by flexion of the hip and ankle in order to step over an obstacle 

[31].  Plantar stimulation leads to phase dependent responses.  During swing, 

plantar stimulation causes excitation of the flexors, while during stance, it causes 

excitation of the flexors [32].  Thus the plantar cutaneous receptors help provide 

stability during stance and obstacle clearance during swing.  These results are also 

different at the ends of the subphases of gait.  Plantar cutaneous stimulation at the 

stance-to-swing transition causes ankle flexion (to allow foot swing), while during 

late swing it provides ankle extension (to reach the ground) [32].   

CPGs and Coordination  

The model of the central pattern generator presented above is a simple 

representation of some of its components.  Current research points to the CPG 

being made of two separate functional layers [7]: the first layer is the rhythm 

generating layer described above, responsible for determining cycle speed and 

phase durations, and the second layer is the pattern shaper, responsible for 

coordination of multijoint and multilimb movements.  This two-layer model had 

been used in neural network control of functional electrical stimulation devices 

[33].  In addition to this functional distribution in the CPG, there is also an 

anatomical one.  The hindlimb CPG is distributed across the entire lumbar 

enlargement [34].  Moreover, this distributed CPG has a rostral-caudal gradient in 

rhythmogenic capability, such that rostral segments (those that control the hip) 

have a greater capacity to generate rhythms than caudal segments (those that 

control the knee and ankle) [4].  This leads the hip oscillator to entrain the caudal 
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oscillators during locomotion [35].  This may be one reason why hip motion so 

directly resets the locomotor cycle. 

Rhythm generation in CPGs 

Within the spinal cord, excitatory interneurons play a key role in rhythm 

generation [4].  However, the cord itself is also activated by reticulospinal 

neurons that receive inputs from the mesencephalic locomotor region (MLR) and 

lateral hypothalamus [23].  However, control of cycle period and subphase 

duration is highly task dependent.  During walking, changes in speed are 

accomplished by changes in stance duration, while swing duration remains 

relatively constant [36].  This extensor (stance phase) dominated step cycle is due 

to intrinsic properties of the spinal cord  in spontaneously generated fictive 

locomotion in spinal cats [37].  However when locomotion is initiated in the brain 

(MLR), fictive locomotion is flexor (swing phase) dominated.  This may indicate 

that swing phase is more dominated by supraspinal inputs than stance phase.   

Left-right and flexor-extensor coordination 

Left-right coordination is required for correct alternation of opposite limbs. 

Commissural interneurons (CINs, neurons with axons that cross the midline of the 

spinal cord) are likely responsible for this left-right coordination [38].  This 

network of neurons is distributed across the hindlimb section of the spinal cord 

[39].  CINs have two categories: intrasegmental and intersegmental.  

Intrasegmental CINs organize left-right coordination by synapsing with spinal 

interneurons in the same segment on the contralateral side of the cord, including 
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those involved in the stretch reflex [40].  They may also directly target 

motoneurons with excitatory and inhibitory signals [41].  Intersegmental CINs 

have axons that project through at least 2 segments [42, 43].  Descending CINs 

have excitatory and inhibitory versions which help coordinate flexor and extensor 

alternation across segments and sides of the animal [44, 45]. Thus, left-right 

coordination is maintained by a specific set of neurons in the spinal cord.   

Flexor-extensor alternation requires inhibitory networks.  When inhibition is 

blocked, flexors and extensors activate at the same time [46].  Appropriate 

coordination of multiple muscles across the joint and the limb requires complex 

circuitry.  Some of this coordination comes from circuits involved in left-right 

coordination (as mentioned above), but flexor-extensor coordination is retained 

following spinal cord hemisection [47].  Therefore, ipsilateral networks could 

coordinate flexors and extensors.  Stretch reflexes have rhythmic activity during 

locomotion and are a likely source of this coordination [48, 49].   

Spinal Cord Injury 

Spinal cord injury (SCI) affects many people and can cause significant deficits in 

activities of daily living, many specifically relating to motor control.  In addition 

to a decrease in neural connectivity across the local injury site, there are a number 

of adaptations following injury that are similar to deficits due to disuse [50].  

These include atrophy and increase in fatigability to muscles, hyper-excitability of 

motoneurons distal to the injury, and changes in the local spinal circuitry [51].  
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Combined, these alterations produce the symptoms seen following injury in 

locomotion and other physiological processes [52, 53].   

Current annual incidence of SCI in the US is about 40 cases per million 

population [54].  Most injuries occur to males and those between the ages of 16 

and 30.  While most patients survive initial hospitalization, SCI decreases lifespan 

by about 7% per year following the injury [55]. While people with little spinal 

tissue damage tend to regain function [56], those with severe injuries rarely regain 

independence [57].     Clinical assessment takes a number of forms, but the 

American Spinal Injury Association (ASIA) impairment scale is one of the most 

commonly used.  This scale assesses sparing of sensory function and muscle 

strength in the upper and lower limbs in order to determine both the location and 

severity of the injury [58]. An ASIA score of “A” represents a functionally 

complete injury (cSCI), where no sensory or motor function remains below the 

level of the injury.  “B,” “C,” and “D” are incomplete injuries (iSCI) where some 

function is retained.  An ASIA score of “E” represents normal motor and sensory 

function.   

As spinal cord injury disrupts motor and sensory control distal to the injury, 

bowel, bladder, and sexual dysfunction may occur [59].  Complications include 

pain [60], decreased fertility [61], and autonomic dysreflexisia [62].  Pressure 

ulcers also play a significant role in life following SCI [63].  Acute care following 

SCI involves monitoring the vital signs of the patient [64] and removing bone 

fragments [65].  The only other standard in acute care is the administration of 
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methylprednisolone [66, 67].  While this has been shown to improve long term 

recovery in some studies, the therapeutic benefits are disputed [68, 69] and is only 

still used in some locations.   

Musculoskeletal changes following spinal cord injury are similar to those seen in 

most disuse paradigms [51]. Complete unloading of the limbs, as seen in 

individuals primarily using a wheelchair, can lead to bone losses at 3-4% per 

month [70, 71].  In cases where unloading is less drastic, losses should be 

correspondingly lower.  Muscle undergoes significant atrophy following injury 

[72], accompanied by a shift in muscle fiber type toward fast, fatigable units [73].   

Rat model of incomplete spinal cord injury 

While animal models differ from humans in numerous ways as already 

mentioned, such as stepping for complete transection injury, they still fill a 

valuable role in investigation of SCI. A great deal of our understanding of motor 

control has come from studies of quadrupedal animal models, specifically the cat 

and the rat.  While the bipedal locomotion of humans is different from 

quadrupedal locomotion, both are based on the same general model of neural 

control of locomotion [74, 75].  Quadrupeds have differences in supraspinal 

control, and importantly for studies of SCI, they can provide rhythmic CPG 

outputs in the absence of supraspinal or sensory inputs.    

In spite of these shortcomings, the rat model is currently one of the most studied 

and best understood models of SCI because it reflects many of the 

pathophysiological consequences observed after spinal injury in humans.  In 
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particular, the rat contusion injury model closely mimics the incomplete injury 

typically seen in humans [76, 77]. In incomplete SCI (iSCI), some motor or 

sensory function is preserved distal to the injury site.  Deficits following injury 

include deceased walking speed, altered weight bearing, poor balance, reduced 

propulsion, and foot drag [78].  The rat model has even been used in bipedal 

walking mode studies to allow comparisons of gait between humans and rats [79, 

80].  However, rat recovery from iSCI occurs on a much shorter time scale than 

humans; rats typically reach a plateau in recovery of locomotor function within 4 

weeks of injury, regardless of the injury severity [81]. 

A great deal of information is available on a number of functional impairments 

due to SCI in the rat, including the effects of injury on physiology [82] and 

behavior [83].  The general time course of rat hindlimb locomotor recovery 

following SCI has been characterized using the Basso, Beattie, Bresnahan 

locomotor recovery score [84].  This type of behavioral testing is similar to 

clinical scales such as the ASIA impairment scale mentioned previously.  Full 

kinematic, kinetic and electrophysiological analysis has also been completed in 

the rat model [85-88].  Locomotor deficits following injury include changes in 

forelimb-hindlimb coordination, loss of body weight support, decrease in stability, 

and foot drag [84].   

Neuromusculoskeletal Modeling 

Neuromusculoskeletal modeling refers to computer models of motion produced 

by the muscular and skeletal system, driven by the nervous system [89].  Each of 
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these systems has a distinct history and relevance to the final output. 

Neuromusculoskeletal models have been used to adapt rehabilitation protocols 

following neurological injury [90, 91], to analyze athletic performance [92], and 

to modify functional electrical stimulation controllers [33, 93].   

Skeletal models 

Currently, musculoskeletal modeling programs are used to determine the 

equations of motion for a particular model as well as to calculate moment arms 

and musculotendon lengths.  Often these are split up into two parts, where the 

graphical representation of the skeletal system is defined in one program (SIMM, 

Motion Analysis Corporation; AnyBody, AnyBody Technology; etc.) and the 

dynamics are calculated in another (SDFast, PTC; Autolev, Online Dynamics 

Inc.; MATLAB, Mathworks Inc.; etc) [94].  As with all models, some 

assumptions and simplifications must be made.  With skeletal models, the first 

question is one of dimensionality: the number of degrees of freedom and muscles.  

If the number of muscles in the  proposed model is greater than the number 

needed to control all degrees of freedom, then the model will be redundant for 

some tasks and specialized approaches are needed to address this redundancy 

[94].  In the case of locomotion, dimensionality is often reduced to a single plane 

[95] as most of the action takes place in that plane.  For simplicity and to reduce 

muscle redundancy, the number of muscles in the model is often reduced to the 

minimum number needed to control the kinematic degrees of freedom [96].  Bone 

segments are often modeled as rigid bodies with one to three rotational degrees of 

freedom connecting them.   This simplification may fail to capture the complexity 
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of motion at a joint [97].  As with all assumptions, they must be appropriate to the 

task being studied and simplifications should fit the goal of the model.   

The last aspect of the skeletal model is the muscle attachments.  Muscles are 

usually modeled as connecting to the skeleton at a discrete point or multiple 

discrete points, determining the direction of force produced by the muscle on the 

skeleton.  The locations of muscle attachments also determine the muscle moment 

arms and lengths/velocities of the muscle when muscle models are added to the 

skeletal model [98].  Wrapping points may be added when necessary to account 

for wrapping of muscles and tendons around joints [99].   

Muscle models 

Muscle models generally fall in to two categories: Huxley-type models [100] that 

estimate the forces involved in microscopic cross-bridge formation in the muscle 

fibers, and Hill-type models [101] that characterize whole muscle force levels 

based on a number of physiological properties.  Huxley-type models are not 

typically used in multiple muscles systems as they are very complex and are 

governed by multiple differential equations which are computationally intensive 

to compute numerically [89].  Hill-type muscles contain elastic elements in series 

(tendon and aponeurosis) and parallel (passive muscle stiffness) with a contractile 

element (representing the force generation in the muscle).  The contractile 

element is determined based on the basic properties of muscle contraction as 

detailed in the basic equation: 

����� = ���� ∙ ��
� ∙ ���� ∙ ����
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Where ����� is the force of the muscle at time t, ���� is the normalized velocity 

dependent force, ��
� is the normalized length dependent force, ���� is the time 

varying muscle activation level (0-1), and ����
is the maximum isometric muscle 

force.  The force-length relationship is roughly inverted U-shaped with maximal 

force at the middle of the range of the muscle.  The force-velocity relationship is a 

roughly negative sigmoid curve, with highest forces during eccentric contractions 

and lowest forces at highest concentric speeds [102].  Activation is determined by 

neural control of the muscle, often estimated from electromyogram (EMG) 

signals.  These EMG signals can then be translated into population-based motor 

unit recruitment [103, 104]. 

Modeling dynamics 

Musculoskeletal models are typically solved in one of two ways: forward 

dynamics and inverse dynamics.  Forward dynamics models work in the order of 

natural events.  Neural signals activate muscle models which generate forces and 

movements. These models are well suited for the study of pathological motion 

[105] because the developer of the model can individually set each parameter.  

Forward dynamics models have a number of associated problems.  First, muscle 

activation is often estimated from EMG values which are highly variable, 

especially in dynamic conditions.  Second, it is difficult to accurately determine 

skeletal geometry and muscle attachment points.  Finally, small errors in 

estimates of joint torques result in large errors in position  [89].   
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In an inverse dynamics model, motion is input and muscle force and neural 

control are then inferred or predicted from the motion.  Inverse dynamic 

simulations also have their share of problems.  First, moment of inertial and mass 

must be accurately calculated for each segment.  This is particularly difficult in 

animals with poorly-defined segmental boundaries such as rats.  Also, predicting 

muscle forces from joint torques is difficult when multiple muscles span the joint.   

Both forward dynamics models and inverse dynamics models use the same 

biomechanical system and physics [106, 107]. Some research has been done with 

hybrid forward-inverse models that utilize aspects of both types of simulations 

[89, 108, 109]. 

Objectives 

The long term goal of this work is to determine the mechanisms by which spinal 

cord injury affects rodent locomotion and use these findings to help develop 

therapies for improving function following SCI.   The goal of this dissertation is 

to determine the effects of iSCI on rodent neural control of hindlimb locomotion.  

There were two specific aims toward this goal.   

Specific Aim 1: To test the hypothesis that locomotor kinematic complexity 

decreases following iSCI in the rat.   

Passive hindlimb musculoskeletal data and behavioral locomotor data during 

treadmill walking were collected from rats with sham and mild thoracic contusion 
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injuries to investigate changes in gait complexity and coordination following 

injury.  

Specific Aim 2: To test the hypothesis that altered coordination of flexor and 

extensor muscles (specifically burst shape and timing) acting at the ankle joint 

could be responsible for increases in incidence of foot drag following injury. 

A 2D model of the rat ankle was developed to test effects of neural control on the 

likelihood of foot drag in the rat.  Data was collected on lower hindlimb geometry 

including joint position and muscle attachment point locations.  The model 

incorporated the foot and lower leg segments, the ankle joint, and flexor and 

extensor muscles.   Muscle activation (burst shape and inter-muscle activation 

delay), muscle atrophy, and ankle kinematic profile were varied according to 

measured and reported values.   

Rationale  

As mentioned previously, following spinal cord injury, many physiological 

changes take place, most notably to the motor and sensory nervous system caudal 

to the site of injury.  As a result of the neural impairments, further adaptations are 

seen in the musculature, specifically atrophy and a shift in muscle fibers toward 

faster types.  Many injuries occur at the thoracic level, causing loss of leg control 

as well as bladder, bowel and sexual function impairments.  The loss of leg 

control leads to changes in functional motor behavior, reflected in gait 

performance.  
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In order to understand how neural and muscle changes affect recovery following 

iSCI as measured in locomotion, we need to assess relevant indices for motor 

impairment and recovery.  For the musculoskeletal system, we collected relevant 

geometry of the rigid body system, including muscle attachment points and joint 

centers of rotation.  We have also collected locomotor kinematics to identify 

changes in gait following injury.  

By using a computer model, we can test a variety of permutations that are either 

difficult or impossible to test experimentally.  Specifically, this allows us to test 

out how changes in neural control can affect locomotion in the absence of 

muscular changes, and vice versa.  We can also see the interaction effects 

between the two, i.e. changes in activation profile might only have an effect in the 

atrophy, not the non-atrophy case.  Our approach utilizes a rigid body approach 

for the biomechanical system which is valid due to the low bone strains seen in rat 

locomotion.  Hill-type models are used for the muscles as they accurately 

represent the muscle level forces based on experimental data [110].  Our system 

uses a combination of SimMechanics [111] and Virtual Muscle [103] to represent 

the musculoskeletal system while neural drive is modeled as a simple function.  

These two software packages have been used for these types of biomechanical 

systems in simple models successfully.   

The rat model is currently one of the most studied and best understood models of 

SCI being used. Rats have been used to study the effects of iSCI at both the 

cellular (in vivo and in vitro) and behavioral level due to the similarity of several 
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secondary injury characteristics to those that occur in humans after SCI [76, 77].  

While rats are not bipedal, their locomotor characteristics have analogues in 

human movement.  The Basso, Beattie, Bresnahan locomotor recovery score 

outlines the general time course of rat hindlimb locomotor recovery following 

SCI similar to clinical measures of human locomotion following injury [84].   

Significance 

SCI affects 250,000 Americans at around 10,000 a year [54].  The largest 

proportion of injuries is due to risk seeking behaviors, usually in young males.  As 

it tends to afflict younger people, it is with them for many years and can have 

significant impact on their quality of life. Additionally, living with SCI often has  

a high financial burden [112].  As there is currently no cure, any intervention or 

rehabilitation therapy that alleviates the consequences of loss of function and 

activities of daily living or removes or mitigates any of the deleterious effects of 

spinal cord injury on physiological function would be greatly beneficial to the 

person injured.  Scientifically, SCI is of interest as it acts like a major perturbation 

to the normally functioning nervous system and offers an opportunity to 

understand neural plasticity and response to perturbation.   

Organization of the dissertation 

This chapter has introduced the concepts and rationale for the studies presented in 

this dissertation.  Following this, each chapter (2-3) addresses one of the specific 

aims above, in order.  Each of these chapters is self contained. Finally Chapter 4 

summarizes the work, presents the overarching conclusions reached from the 
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work and proposes future work relevant to those conclusions.  A combined set of 

references is included at the end. 
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Chapter 2 

JOINT-SPECIFIC CHANGES IN LOCOMOTOR COMPLEXITY IN THE 

ABSENCE OF MUSCLE ATROPHY FOLLOWING INCOMPLETE SPINAL 

CORD INJURY IN THE RAT 

Introduction 

As a result of spinal cord injury (SCI) the connections between the brain and the 

spinal circuitry below the injury are disrupted.  This leads to adaptations in the 

neurons of the brain and spinal cord as well as changes to the sensory afferents 

and motoneurons [82, 113, 114].  Along with these neural changes, the muscles in 

the distal limb undergo changes similar to those seen in many disuse paradigms.  

For example, the muscles tend to atrophy and muscle fibers shift towards faster 

twitch, more fatigueable ones [51, 115-117].  These effects on muscle properties 

have been well studied in humans and other animals for a variety of disuse 

paradigms including weightlessness, bed rest, stroke, partial body support and 

constrained limbs [50, 118, 119].  As SCI related muscular and neural 

impairments affect the legs, locomotion is often used as a measure of impairment 

and recovery.   

Both musculoskeletal and nervous system impairments may contribute to the 

behavioral impairments seen following iSCI.  While one might expect aberrant  

neural control to dominate locomotor impairments following incomplete SCI 

(iSCI), data in humans has suggested that timing of voluntary initiation of ankle 

movement (control) is unaltered and loss of muscle strength (specifically dynamic 
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muscle strength) may be responsible for maladaptive changes in ankle gait 

patterns [120, 121].  However, dynamic muscle strength (for instance, time to 

maximal contraction) may rely on neural control, not solely muscle strength.  

Additionally, neural control of muscle in an isolated, voluntary, movement is 

significantly different than movement during gait [122]. Finally, the 

neuromuscular junction (NMJ) may be altered by SCI.  In complete spinally 

transected animals, NMJ transmission failure increases somewhat following 

injury [123].  However, the effect is not large and should be significantly smaller 

in mild-moderate contusion animals.   

Following stroke, the overarching control system for gait is simplified.  Even in 

normal individuals, synergies in muscle activations during locomotion are 

common [124].  For instance, knee extensors and the hip abductors activate at the 

same time to provide body support during stance [125].  While these synergies 

exist in normal subjects, they are numerous and varied.  Following stroke, these 

synergies collapse to just one pair: one for flexion and one for extension of the 

whole limb, indicating a decrease in motor control complexity [126].  This 

decrease in complexity may be due to unmasking of the primitive gait controller 

in the spinal cord when there is reduced input from supraspinal centers [127].  

This idea is one of some debate however, with an alternative hypothesis that these 

synergies are purely due to constraints in the task being performed [128].   

As iSCI also results in disruption of supraspinal motor control of the limbs a 

similar loss of complexity effect could be seen in iSCI.  This could lead to 
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movements in the hindlimb being synchronized such that all joints are either 

extending or flexing in unison.  There are a number of complexity measures that 

can be used to analyze time series data such as joint angle locomotor data.  

Synchronization of cyclic joint activation can be measured with principal 

components analysis and alterations in phase delay between the joint motions.  

Principal components analysis assesses how similar time series are to one another 

[129].  As the joints (hip, knee, and ankle) become synchronized, fewer and fewer 

components would be required to describe the motion of all three joints.  Joint 

synchronization can also be measured by examining the phase delays between the 

activation of joints within a limb.  As the phase delay becomes closer to 0 (exactly 

in phase), the joint motions become more synchronized.  Joint kinematic 

complexity can be measured on a joint by joint basis by looking at permutation 

entropy of the joint angle time series.  This measure assesses how likely it is for 

the joint angle to continue in the same direction from one time point to the next 

[119].   

When adapting to incomplete SCI, gait characteristics of healthy subjects are 

often compared with those of injured subjects to determine recovery.  However, 

injured subjects can often achieve gait which is stable and efficient that is not the 

same as normal; temporally normal control of gait related muscle activity is not 

required for recovery of gait following injury [130].  Identifying these new 

patterns and adapting rehabilitation patterns around them may improve functional 

recovery[131].   
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The rat model is currently one of the most studied and best understood models of 

SCI being used [76, 77]. Many researchers have studied the effects of SCI in the 

rat on a number of functional impairments and measured the effects of injury at 

multiple levels of physiology [82] and behavior[83].  The general time course of 

rat hindlimb locomotor recovery following SCI has been characterized using the 

Basso, Beattie, Bresnahan locomotor recovery score [84]. However, there has 

been relatively little research into specific hindlimb kinematics, with some 

notable exceptions [85, 88, 132, 133]. Also, little information has been collected 

on the muscles in the rat hindlimb, usually only a few muscles per study [115, 

134, 135].  

This study addresses the hypothesis that iSCI impairs gait coordination and 

decreases locomotor complexity.  This is accomplished by assessing complexity 

of 3D joint kinematics during treadmill locomotion and measuring 

musculoskeletal parameters in rats four weeks following either a sham injury or a 

mild-moderate spinal cord contusion injury.  No previous study has analyzed 

changes in kinematics complexity along with known levels of muscle atrophy.  

The analyzed data indicate that spinal contusion injury leads to impaired 

coordination and decreases in locomotor complexity, and that this loss can occur 

in the absence of muscle atrophy. Additionally, a novel set of musculoskeletal 

data were obtained that could be useful in the development of an empirically 

derived neuromusculoskeletal computational model for the rodent hindlimb.   
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Methods 

Experimental data were collected from 12 female, adult, Long-Evans rats (270-

300g). Six rats received sham injuries and six received a mild-moderate spinal 

cord contusion injury.  All rats were kept on a 12 hour light/dark cycle with ad 

libitum food and water.  The study was approved by the Institutional Animal Care 

and Use committee (IACUC) of Arizona State University and complies with the 

Guide for the Care and Use of Laboratory animals.   

Spinal cord injury surgery 

Rats were randomly selected to undergo T8 vertebral (T9 spinal) sham or mild-

moderate incomplete contusion injury (iSCI).  Surgery was performed under 

aseptic conditions similar to [136].  Rats were anesthetized under 1-2% 

isoflourane and given an injection of the analgesic buprenorphine (0.02-0.05 

mg/kg).  The vertebral process of T8 was removed and a U-shaped laminectomy 

was performed.  For animals in the contusion (iSCI) group, T7 and T9 were 

clamped in place and a mild-moderate contusion (154 ± 3 kdynes) was preformed 

with an IH Instruments force controlled impactor for a T9 spinal level contusion.  

Following contusion or laminectomy, the muscles were closed in layers using 

resorbable sutures and the skin closed with wound clips (which were removed 1-2 

weeks following surgery).  The animal was then given injections of 5 cc of sterile 

saline, and 33.3 mg/kg of Cefazolin antibiotic and allowed to wake slowly on a 

heated pad.   



24 

Animal care post surgery consisted of twice daily bladder expression until the 

animal was able to void on its own along with twice daily injections of saline, 

buprenorphine (as above) and antibiotic (as above) for the first 7 days following 

injury.  Saline administration was continued if the animal remained dehydrated 

and antibiotic administration continued an additional week if the animals showed 

signs of urinary tract infection from a urinalysis test strip.  Following surgery, 

animals were allowed to move freely in their cages for 4 weeks.  Behavioral 

analysis consisting of the Basso, Beattie, and Bresnahan (BBB) 21 point 

locomotor score [84] was collected on the animals every day for the first week 

and each week thereafter in order to verify injury severity.  Rats were observed 

for 4 min by two experimenters in order to score hindlimb function.  The scale 

takes into account milestones representative of locomotor recovery including 

motion in the leg, paw position, coordination and weight support.   

Hindlimb treadmill kinematics 

Prior to the spinal cord surgery, animals were allowed to acclimatize to their new 

environment for one week and trained to walk on a treadmill (Columbus 

Instruments) for 2 days for 10 min each at a progression of speeds from 0-21 

meters/min.  3D kinematic data was collected 4 weeks post injury on both sets of 

animals as described previously [88].  Briefly, animals were anesthetized under 1-

2% isoflourane, shaved as necessary, and cone-shaped reflective markers were 

attached bilaterally to the bony prominences of the ankle (lateral malleolus), knee 

(femoral condoyle), hip (greater throchanter and iliac crest), shoulder (greater 

tubercle), elbow (lateral epicondyle), and wrist (ulnar head).  In addition, a strip 
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of reflective tape was placed around the fifth metatarsal of the hindlimb, close to 

its attachment.  The markers were not spherical, as is desirable for centroid 

calculations, but their small size (approximately 5 mm) minimized any error.  

Markers were placed while the animal lay on its side.  Video was recorded from 4 

infrared-sensitive cameras with co-localized infrared light sources (2 on each side 

of the animal).  A 36 point static calibration object was first recorded.  Following 

calibration, the animal was placed on the treadmill.  Kinematic data was recorded 

at treadmill speeds starting at 11 m/min, increasing to 21 m/min in 2 m/min 

increments. The speed was increased each time the animals completed at least 5 

continuous stable step cycles (in the middle of the treadmill at a constant speed).  

The entire process took approximately 5-10 min per animal.  If an animal was 

unable to complete all speeds on the first day, the task was repeated the next day.  

No animal took more than 2 days to complete all speeds.   

Video was imported into Vicon Peak-Motus software for analysis.  The 

calibration object was digitized for odd and even fields.  A segment containing 5 

stable step-cycles at 21 m/min was identified and imported into Peak-Motus.  

Video was manually synchronized using timestamps on the video.  All reflective 

markers were digitized and the data was processed into joint angle versus time 

and marker 3D position data versus time.  Gait cycles, swing, and stance phases 

were identified by marking lift off (the first frame where the toe was not 

contacting the treadmill) and touchdown (the first frame where the toe contacted 

the treadmill) events for each limb.  Joint angles, hindlimb coordination, and joint 
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(specifically hip and toe) and segment positions were assessed for changes with 

time. Data was scaled to the hindlimb cycle and averaged across all cycles per 

animal.  Specific joint angle values were also collected at swing and stance 

maxima and minima as well as phase transitions between swing and stance.  Data 

from two of the animals (one sham and one iSCI) proved to be incompatible with 

the kinematic analysis software (most likely due to footfall event marking) and 

were excluded from most analyses.  Unless specifically mentioned, n=5 animals 

per group were used.   

Coordination 

In addition to displaying each joint independently, angle-angle plots were created 

to display information about coordination.  Intralimb coordination was displayed 

as hip vs. knee, hip vs. ankle, knee vs. ankle, and shoulder vs. elbow.  Interlimb 

coordination was displayed as each joint, left vs. right.  These plots can be used 

for qualitative assessment of a number of features of locomotion [88, 137].  When 

one joint moves while the other is held constant, a vertical or horizontal line is 

present in the plot.  A continuously changing phase relationship between the two 

joints is indicated by diagonal segments, with negative slopes indicating an out-

of-phase relationship and positive slopes indicating an in-phase relationship.  

Finally, in the interlimb coordination plots only, symmetry around the y=x axis 

can be used to assess symmetry in the joint kinematics.   

For quantitative analysis, phase delay was calculated for a number of intra- and 

interlimb combinations.  Intralimb coordination was calculated for Hip-Knee and 
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Hip-Ankle.  Interlimb coordination was calculated for forelimb-forelimb, 

hindlimb-hindlimb, and forelimb-hindlimb.  Following methods used previously 

[88, 138], the relative phase of movement of one joint or limb was assessed with 

respect to its pair.  For interlimb coordination, this involved comparing 

touchdown events between the respective limbs.  For intralimb coordination, the 

point of maximum flexion for each joint during the swing phase was used.  Each 

step cycle was normalized to % gait cycle.  Each defining point (footfall or swing 

maximum) for the first half of the pair was denoted as τai, i = 0, 1, 2, . . . N and 

the second of each pair as τbi, i = 0, 1, 2, . . . N, where N is the number of points 

in the cycle.  The phase of the second with respect to the first is then calculated 

using the following equation [139].   

������� = ���� − ���������� − ���� , ��� < ��� < ����� 

While left-right phase gives us some information about symmetry (the closer it is 

to 0.5 the more symmetric the gait is), a second symmetry measure was also used.  

In the following method, symmetry was assessed by using right side to predict the 

left side at each point in time.  This measure used kinematics, which were 

normalized to the gait cycle.  Assuming the joint angle movement is symmetric 

(as it should be in normal animals), the right side joint angles can be used to 

predict the left side joint angles with a phase lag of half of the cycle.  The 

difference between the point and its prediction (the symmetry error) can be 

calculated with the following equation [138]. 
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���� = �∑ ���� − � ��!"√2 %&' (  

��� is the angle of the right side joint at point i, � ��!" is the angle of the left side 

joint at the point one half the cycle period ahead of the right side, and n is the 

number of point in the cycle.   

Complexity measures 

Permutation entropy (PE) [140] was calculated for both unaveraged (raw) 

hindlimb trajectories and cycle-averaged trajectories for each joint angle. 

Permutation entropy quantifies the probability that a signal will remain similar 

from one segment to the next.  Changes in the direction of the signal (positive to 

negative slope, for instance), indicate increases in complexity, while a steadily 

decreasing slope would indicate less complexity [141].  Thus a signal with 

multiple phases per cycle would have higher complexity than one with only one 

phase per cycle.  Permutation entropy ranges from 0 to 1, with higher values 

having higher complexity.  The method used here comes from Olofsen [142], 

based on the work of Cao [143].  First, angle trajectories were segmented into 3 

point motifs.  The motifs were then classified into one of 6 possible categories 

(Figure 2-1). The number of motif’s belonging to each category was counted to 

obtain the probability ()�) of each one occurring.  PE was calculated using the 

standard Shannon uncertainty formula.   

 PE = − ∑)�	 × 	ln	�)��ln	�number of motifs� 
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As mentioned, PE was calculated for both averaged trajectories (a compilation 

trajectory of both left and right sides for each joint) and raw, unaveraged 

trajectories for each joint separately.  

In the context of time series data, principal component analysis (PCA) is used to 

assess the similarity of waveforms with one another.  It is used to reduce the 

dimensionality of data or to determine the highest sources of variation within the 

data [144].  PCA was used to determine the loss in complexity in overall hindlimb 

gait following injury.  If more variance in the gait data is accounted for by lower 

order principal components, then this may indicate that gait complexity has 

reduced, and the joints are moving more in synchronization with one another.  

Thus, as the value for the first principal component (PC1, the percentage of 

variance account for by that component) increases, the complexity of the system 

decreases.  In the case of hindlimb angle trajectories, as PC1 approaches 100%, 

the three joints of the hindlimb become in phase with one another such that all 

three joints are flexing and extending together.  This would be a much simpler 

pattern than is seen in normal subjects.  Analysis was performed using the 

PRINCOMP function in MATLAB on the set of three hindlimb angle trajectories 

for both hindlimbs for each animal then averaged across groups (sham and iSCI).  

When using the three hindlimb joint trajectories instead of multiple subjects, the 

maximum number of the principal components is 3, so data reduction is limited.  

Instead of counting the number of principal components required to reach a 

specified variance, amount of variance accounted for by the first principal 

component was assessed.  The method used was similar to those performed on 
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single joint angle across subjects [144-146], but the three hindlimb joint angles 

were compared as opposed to multiple subjects.  The different time points 

represent the different “variables” in a standard PCA analysis.  PCA was 

performed on each hindlimb of each animal and the proportion of variance 

accounted for by the first and the sum of the first 2 principal components was 

obtained.   

Musculoskeletal properties  

Following 3D kinematics, rats were euthanized under heavy anesthesia (40 mg/kg 

sodium pentobarbital plus supplementary 1-5% isoflourane) and the hindlimb was 

separated from the remaining tissue.  Hindlimb muscles were carefully dissected 

to lactated ringer’s solution.  Muscles included gastrocnemius (medial and lateral 

heads), soleus, tibialis anterior, biceps femoris (knee and hip portions), 

semitendinosis, vastus (lateral and medial heads), and rectus femoris.  All 

dissected muscles were weighed after light dabbing to remove surface liquid. 

Some muscles had their volume measured by displacement in a graduated 

cylinder; volume measurements were used only to calculate muscle density.  

Muscles were split along the belly and fiber pennation angle was measured using 

a goniometer and fiber length measured using a digital caliper.  Individual fibers 

or fiber bundles were dissected from the belly of the muscle and placed on a glass 

slide with a small hole in the center.  An 8 mW helium-neon (red) laser was 

beamed through the fiber and the first octave locations of the diffraction patterns 

were measured.  Diffraction was converted to sarcomere length using the 

following equation.    where d is the sarcomere length, theta is the λθ nd =sin
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angle of diffraction, n is the diffraction order, and lambda is the laser wavelength 

[147].   

Statistical analysis 

Differences in parameters between sham and iSCI groups were analyzed using 

standard t-tests with p = 0.05.   In cases where both hindlimbs were measured 

independently, left and right limb values were considered repeated measures for 

data analysis. All statistical analyses were run in SAS 9.2 (SAS institute Inc, 

Cary, NC). 

Results 

Open field locomotion indicates mild injury 

Sham injured animals showed normal locomotion on the BBB scale following 

injury.    As seen in Figure 2-2, the initial deficits seen in the iSCI animals 

recovered to and plateaued at a BBB score of appropriately 15 (indicating 

hindlimb weight support with consistent forelimb-hindlimb coordination) by 2 

weeks.  Note the early recovery of hindlimb weight support (BBB 8-13).  

Passive muscle parameters indicate a lack of muscle atrophy 

Table 2-1 summarizes all measured individual muscle parameters.  Muscle 

parameters showed no difference between sham and iSCI groups.  As expected, 

pennation angle, fiber length and sarcomere length also showed no difference.  

Pennation angle tended to be greater in the distal muscles than in the proximal 

muscles, with non-pennate muscles seen in the knee flexors and hip extensor.  

Average muscle density was 0.97 ± 0.11 g/ml for sham and 1.00 ± 0.14 g/ml for 
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iSCI groups.  Average animal masses were: 284 ± 10g pre-injury sham, 283 ± 4g 

pre-injury iSCI, 305 ± 15g 4 weeks post-injury sham and 318 ± 24g 4 weeks post-

injury iSCI.  This indicated that the iSCI animals may have gained more weight 

following surgery than the sham animals, possibly due to decrease in general 

activity following injury.   

3D locomotor kinematics indicate decrease in complexity 

Large differences in coordination were seen between sham and iSCI animals.  

Figure 2-3 shows joint angle kinematics and footfall measures during treadmill 

walking from one contusion animal, 4 weeks post injury.  The black traces are for 

the left limb and the green traces are for the right limb.  The solid vertical lines 

are touch-down and the dotted vertical lines are lift-off.  For footfall, the black 

sections represent swing and the white sections stance.  Joint angles for left and 

right limbs are shown with footfall patterns.  As seen in Figure 2-4 (averaged 

across the groups), at each hindlimb joint, there is a noted change in the joint 

angles.  The largest difference is seen in the ankle.  During the ankle joint 

excursions, only one local maximum is seen as opposed to two pre-injury (one 

during stance and one during swing).  In the hip trajectory, a lower range of 

motion was noted but the waveform was not qualitatively different.  Table 2-2 

summarizes the joint angle measures obtained at discrete time points during the 

gait cycle. At the ankle, each of the measured values was different between the 

sham and iSCI groups.  In particular, ankle range of motion and lift off value for 

the joint angle are much higher in the iSCI group than the sham group. The knee 

has a lower range of motion following injury.  
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Permutation entropy of the unaveraged limb joint angle trajectories indicated a 

decrease in complexity of movement at the ankle with a corresponding increase in 

complexity at the knee (Table 2-3).  The decrease in ankle movement complexity 

is likely due to the loss of the second local maximum in the trajectory (the ankle 

goes from biphasic to monophasic).  The increase in knee movement complexity 

may mean the opposite.  No other significant differences were found.  

Permutation entropy of averaged joint angles continued to show the decrease in 

movement complexity at the ankle, but with no commensurate increase at the 

knee.  This may indicate that the change to the complexity of movement at the  

knee may reflect step-to-step variations while the changes to the movement 

complexity at the ankle reflect within cycle changes.  The movement complexity 

change at the ankle likely is due to the loss of the second local maxima in the 

ankle trajectory.   

Interlimb coordination waveforms (L-R joint comparisons) emphasized the 

changes due to injury with significant differences seen in the knee and ankle 

coordination following injury (Figure 2-5).  The hip joint showed a lower range of 

motion but the results were qualitatively similar to the pre-injury data.  These 

observations of joint angle trajectory profiles obtained four weeks post injury 

were similar to those reported for animals with similar levels of contusion two 

weeks post injury but receiving neuromuscular electrical stimulation therapy 

[138].  
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As also seen in the interlimb coordination plots, symmetry was maintained about 

the diagonal following injury.  Ankle-ankle plots were simplified due to lack of 

the second local maxima in the individual angle trajectories.  Knee-knee plots 

showed a cruciform pattern, where one side is moving only when the contralateral 

side is not.  Forelimb coordination was mostly unaffected by the injury.  As is 

visually clear from the interlimb left-right coordination plots and symmetry error 

measurements confirm, there was no decrease in symmetry following iSCI for any 

of the hindlimb joints.  In fact, there was more symmetry at the knee following 

injury (sham: 10.7° ± 1.1°, iSCI: 7.7°± 0.3°, p=0.03), though the difference is 

small.  This could be due to the decreases range of motion in the iSCI group, 

minimizing errors in the measure as both groups are still very symmetric in 

general, with results similar to normal and rats receiving electrical stimulation 

therapy  in another study [138]. Table 2-5 shows the results of phase delay in 

intralimb and interlimb comparisons.  Left-right hindlimb and left-right forelimb 

pairs showed no difference in phase delay between groups.  This is somewhat 

expected as these animals were walking quite competently.  Forelimb-hindlimb 

coordination was significantly altered, however.  The phase delay was shifted 

approximately 50% (sham: 0.75 ± 0.22, contusion: 0.55 ± 0.31, p<0.05).  This 

indicates that the gait shifted from a traditional walk pattern (each limb ~25% 

cycle delayed from the previous one) to something like a trot (where forelimb-

contralateral hindlimb pair are alternating 50% out of phase with one another) 

[148].   
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Intralimb coordination plots were also simplified, particularly when looking at the 

Hip-Ankle. (Figure 2-6) Plots that lie close to the y=x  or y=-x diagonal reflect 

joint motions that are occurring more in sync with one another, as opposed to the 

more temporally complex pattern of joint motion seen in normal gait .  Hip-Ankle 

coordination simplified significantly, with the two joints extending and flexing in 

unison for much of the gait cycle.  Ankle-Knee plots showed a loss of the second 

co-extension phase with the ankle pre-extended before the knee begins extension. 

Sham and iSCI animals showed significantly different Hip-Knee and Hip-Ankle 

phase delays as well (p<0.005), confirming the qualitative assessment in the 

hindlimb intralimb coordination figures (Table 2-5).  Forelimb intralimb 

coordination was unaffected by the injury, as expected.  This was confirmed by 

the Shoulder-Elbow phase delay which showed no significant difference between 

groups.  These data are also similar to those reported in [138] for rats two weeks 

post injury that received 5 days of electrical stimulation therapy.  

PCA analysis quantified the complexity of movement for the entire hindlimb by 

assessing the three hindlimb angle trajectories for each individual animal’s 

kinematics.  Analysis was performed on the unaveraged joint kinematics of each 

leg of each animal and averaged together for each group (sham and iSCI).  Each 

component’s contribution to the overall variance of the hindlimb kinematics was 

compared between groups in Table 2-4.  The only effect seen is a trend toward a 

decrease in complexity in the iSCI group.  The lack of significance might be due 

to the small sample size and minimal impact to gait by the 4
th

 week following a 

mild-moderate injury.  The first components of the PCA analysis most likely 
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account for the gait cycle and the coordination between the flexors within the 

limb (and likewise the extensors) while the second and third components 

represent the intricacies of the joint trajectories.  As the first component accounts 

for more and more of the variance, the three joints of the limb become more in 

phase with one another such that they could be controlled by a single neural 

signal.   

Discussion 

In this study, data were collected from a set of mildly injured rats in the chronic 

phase of recovery (4 weeks post-injury) where muscle atrophy was negligible, but 

significant locomotor impairments were still seen during walking.  These 

impairments resulted in changes in kinematic complexity due to changes in neural 

control.  The ankle specifically was particularly sensitive to loss of supraspinal 

control.  No study to date has shown a decrease in kinematic complexity 

following incomplete spinal cord injury in rat, particularly when overall gait 

recovery was as complete as shown here.  We also showed that changes in 

kinematic complexity were joint specific, indicating that different joints are under 

differing control in locomotion.  Finally I collected musculoskeletal parameters 

from iSCI rats.   

Lack of change in musculoskeletal parameters 

Musculoskeletal parameters were collected to determine presence or lack of 

atrophy for iSCI rats four weeks post injury.  Gregory et. al [149] looked at 

muscle disuse following complete transection injury in order to assess interspecies 
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differences between rats and humans, but only assessed fiber type changes, not 

atrophy.  Liu et. al [150] compared cross sectional area of hindlimb muscles for 

18 weeks following a contusion injury (BBB: 11.1).  They showed muscle 

atrophy in all muscles for the first 3 weeks following injury, with a gradual return 

to pre-injury values starting at week four, with all muscles recovering by 12 

weeks.  As their injury level was slightly higher than in this study and a different 

strain was used (Sprague-Dawley), the minor difference in results is consistent 

with our findings.   

In a study of contusion injured rats, Hutchinson et. al. [115] measured changes in 

muscle masses following injury.  They used a higher level of injury 

(approximately 4-5 points lower in the BBB) and observed atrophy (~19%) in the 

gastrocnemius even 10 weeks post injury.  In the current study, higher BBB 

scores were observed, indicating a lower level of injury. This led to weight 

bearing occurring a few days earlier, thus ameliorating the effects of the injury on 

muscle atrophy [151].  Also of note, the rats in the current study gained weight 

following injury, while the rats in Hutchinson et al.’s study lost weight, possibly 

leading to an increase in atrophy rate.  When compared to a weight-matched set of 

sham controls, the muscle masses for rats in the current study are approximately 

1% (TA) to 23% (soleus) greater than those reported by Hutchinson.  This could 

be due to differences in strain.  As mentioned earlier, muscle fiber type 

representation can change following injury, with percentage of slower fibers 

decreasing and percentage of faster fibers increasing [51].  However, as rat fiber 

types are predominantly fast to begin with [152], this effect should be minimal.  
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Of the muscles measured, only the soleus (a fairly small muscle) has a large 

proportion of slow fibers.   

Other studies have examined atrophy in different experimental paradigms.  In a 2 

week hindlimb unloading experiment, significant (41%) atrophy was seen in the 

soleus, a slow twitch muscle, while a smaller decrease (18%) was seen in the 

extensor digitorum longus [153].  While the course of this experiment was 

shorter, the unloading paradigm represents a more severe disuse paradigm than 

our contusion injury.  Also, the effects were more prominent on the slow muscles, 

of which the soleus is the only member in the rat hindlimb [152].   

Changes in locomotor coordination in absence of atrophy 

Along with the lack of muscle atrophy, a loss of complexity in gait following 

injury was identified.  PCA analysis indicated that iSCI animals had slightly more 

coordinated flexion and extension phases in the gait cycle, but this effect was 

small and was not statistically significant. PCA has not been applied in this 

fashion before, but the analysis technique could be an important tool to assess gait 

with higher levels of injury or larger sample sizes.  However, the analysis could 

be complicated by the fact that the 3 joint trajectories are from a single animal and 

the results may appear different than those used in other types of PCA analysis of 

joint kinematics where each joint (hip, etc.) is assessed independent from one 

another [144].   

In the intra-limb coordination plots (with the exception of the Knee-Hip plot), the 

waveforms appear to collapse to a diagonal in the injured animals, implying that 
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the joint motions for injured animals become coordinated around just two control 

signals (flexion and extension) as seen in stroke[126].  This is most noticeable in 

the Ankle-Hip plot.  Lack of complexity in injured animals is also supported by 

the hindlimb phase delay data, which showed a decrease in phase delay in the 

Hip-Ankle in the iSCI animals; the peaks of the two angle trajectories came closer 

to one another in time.  Ankle and knee joints, however, became more out of 

phase with one another following injury.  This change may have counteracted the 

decrease in phase delay between the hip and ankle when using PCA.  Thus the 

decrease in phase delay between the hip and ankle (which would indicate a 

decrease in complexity in the PCA) was counteracted by the increase in phase 

delay between the ankle and knee (which would indicate an increase in 

complexity in the PCA).   

The overextension of the ankle observed in this study is likely directly due to the 

loss of supraspinal control following injury[87].  However, as the locomotor 

system attempts to maintain similar foot position when re-establishing gait[154], 

compensation must take place at the other joints.  Knee-knee angle plots show a 

symmetric, consistent pattern following injury so it is likely that the knee 

compensates for ankle overextension. EMG data from normal rats indicate that a 

second burst in knee extensor muscles during the last part of stance may be, in 

part, responsible for development of propulsive force[88].  The absence of normal 

late-stance knee extension in injured animals could indicate that the injury caused 

loss of muscle strength or alternatively, the loss of a second peak in EMG activity 

of knee extensors.  As iSCI animals in this study did lose the second peak but did 
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not have muscle atrophy, this loss of kinematic complexity is most likely due to 

loss of supraspinal control (the loss of the second EMG burst) and not loss of 

muscle strength.  Finally, as indicated in Figure 2-4, the overextension in the 

ankle and lower range of motion in the knee tended to counteract each other, 

indicating that remaining impaired control signals to the hindlimb can be used to 

establish correct foot position.   

The cruciform pattern seen in intralimb coordination (Figure 2-5) is not unique to 

this study.  In Jung et. al. 2009, rats were given the same level of injury as 

reported in this study.  One week following the injury they were given 5 days of 

patterned electrical stimulation to the hip muscles in order to produce a locomotor 

pattern at the hip.  3D kinematics were then collected 14 days post injury (dpi).  In 

both the current study and Jung, BBB scores indicated that the animals were 

nearly recovered; however, the animals permanently altered their gait as indicated 

by kinematics.  The post-therapy animals developed a cruciform pattern in the 

Knee-Knee angle plots [138](14 dpi, 7 days post therapy) similar to that observed 

in the iSCI animals in this study at 28 dpi, suggesting that the stimulation therapy 

accelerated recovery following injury. While this pattern was greatly different 

than that seen in normal animals, the animals were able to reach the targeted 

treadmill speeds with ease.  Along with this similarity was one in forelimb-

hindlimb coordination.  In both Jung and the current study, forelimb-hindlimb 

coordination shifted from approximately 50% out-of-phase to 100% out-of-phase.  

As this gait is stable and effective, it is a successful endpoint for locomotor 

recovery despite not matching pre-injury patterns.  
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Changes in hip control have been used to allow foot position to remain the same 

following SCI [155].   Hip range of motion was smaller in our studies than in 

other studies performed in similar conditions [88, 138].  This is likely due to 

changes in the position of the animal while the hip markers were applied.  When 

the animal is on its side (as was done in this study), the skin tends to be closer to 

the spine than when it is in a walking position (as was used in the studies 

mentioned above), causing the markers to be closer to the floor than desired.   

The changes to forelimb-hindlimb symmetry were also of note.  In normal rats, 

the two limbs are approximately 25% out of phase with one another.  This leads to 

the standard rhythmic walking pattern normally observed in rats.  Following 

injury, however, the two limbs become completely out of phase with one another.  

This may also indicate a decrease in complexity.   

Joint-specific changes in locomotor complexity 

While PCA analysis did not prove a decrease in complexity in the whole limb 

kinematics, PE analysis of individual joint kinematics showed joint-specific 

changes in complexity.  PE also showed itself to be a sensitive measure of gait.  A 

relatively small change in PE at the ankle led to very large changes in ankle 

angles.  While analysis of control of locomotion tends to focus on the joints as 

similar structures (i.e., receiving similar input from sensors, supraspinal sources, 

and the CPG [156]), the results of this study emphasize the importance of also 

considering specific roles for individual joints [157-159].  In general, all joints do 

receive similar input from all sources of locomotor control.  A tonic drive from 
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the brain initiates gait and provides feed-forward adaptations to perturbations [2, 

160].  The CPG and pattern shapers produce the basic profile for gait [7].  

Sensory information from muscles spindles, Golgi tendon organs, and cutaneous 

receptors modify the gait pattern [156, 161].  A number of specific aspects of gait 

are less general than this however, with each joint being affected differently by 

feed-forward supraspinal control or reflex sensory input during different phases of 

the gait cycle.  Data from guinea fowl show a proximal to distal gradient in 

neuromechanical control; proximal muscles use more feed-forward control and 

the distal muscles less [158].   

The stance-to-swing transition has been extensively studied and shown to be 

controlled by hip flexion [162] and ankle force [159].  The significant role of hip 

position in control of gait is possibly why there is very little change in the hip 

kinematics.  It is mostly sinusoidal to begin with (quite simple) so any changes 

would have large effects on the rest of the limb.  A biphasic hip cycle, for 

instance, could lead to premature swing initiation.   

Ankle muscle amplitude is as much as 70% controlled by local sensors [163] 

which may be even greater when supraspinal control is decreased [164].  This 

may be due to a very high proprioceptive gain in the ankle muscles [165, 166]. 

Due to the high reliance of the ankle on sensory input for motor control, the lack 

of significant muscle forces or cutaneous input during swing may contribute to the 

ankle flexor muscles (Tibialis Anterior) continued activation until the end of 

stance.  This would lead to the lack of the normal end swing ankle extension as 
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was seen in the iSCI animals in this study.  Studies in humans indicate that the 

ankle has little to no feed-forward control following incomplete injury while the 

hip still maintains a large feed-forward component [157].  In the absence of 

planned foot placement, the ankle stays flexed for the duration of swing and loses 

its second minima/maxima.  This hypothesis is further supported by the type of 

injury sustained.  As described in the surgical methods for the experiment, the 

contusion injury applied to the animals strikes the dorsal surface of the cord.  This 

leads to significant damage to the dorsal tracts [136].  In the rat, the primary 

dorsal tracts are the dorsal corticospinal tract, the fasciculus gracilis (trunk and 

hindlimbs) and the fasciculus cuneatus (forelimbs) [167, 168].  In rats, the 

corticospinal tract serves a very limited purpose, only directly controlling 

individual digit movements [169, 170].  However, it also serves to modulate 

lumbar stretch reflexes [169].  As the ankle is primarily controlled by local 

reflexes, damage to the dorsal corticospinal tract would lead to significant 

changes in ankle control.   

As with the initiation of foot swing, the ankle tends to act as a controller for the 

hip, with ankle-foot loads modulating hip torques [157, 171].  In humans 

following iSCI, the ankle has little to no feed-forward control while the hip still 

has a significant amount (though both still have significant feedback 

control)[157].  The lack of feed-forward control at the ankle may serve a positive 

purpose.  In guinea fowl, feed-forward planning for perturbations during 

overground locomotion has a more negative effect on gait than an unplanned 

perturbation [172].   
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The knee mostly functions to couple the hip to the ankle.  It contains many 

multiarticular muscles, coupling it with the proximal and distal joints.  Knee 

extensors are synergistic with ankle extensors and inhibit ankle flexors [173]. The 

knee-ankle synergy is further increased following stroke [174].  The knee contains 

functional neural connections to the hip as well.  The extensors in the hip are 

coupled to the knee via the stretch reflex [175].   Changes in the knee joint angle 

excursions are then likely due to the changes in control of the other joints [176].  

Brain-spinal interactions provide dynamic stability for motor control.  

Interruptions caused by the contusion are likely to also affect the regularity of the 

output from the intrinsic spinal CPGs that would affect kinematics at all joints 

[177]. Further investigations will thus be necessary to determine the actual control 

mechanism at play at each joint and the overall limb.   

Conclusions 

In this study, treadmill walking was used to assess locomotor capabilities.  The 

data showed that changes in kinematic complexity were joint-specific, indicating 

that different joints are under differing control in locomotion.  Specifically, the 

ankle showed a decrease in complexity of movement, likely due to its unique role 

in locomotion.  The ankle showed only a modest decrease in complexity but this 

accompanied a large change in ankle angles showing the sensitivity of the PE 

measure for gait analysis.  Animals in this study showed a complete lack of 

changes to measured musculoskeletal parameters.  This may indicate that weight 

bearing within 6 days following injury is sufficient to ameliorate the disuse-

induced changes in the muscles.   
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Despite the injury, the animals do achieve stable and efficient gait, able to reach 

the desired 21 m/min speed used for data collection.  Following the injury, 

communication between the hindlimbs and the brain is reduced and locomotor 

impetus shifts toward the local circuitry of the spinal cord and sensors.  As such, a 

more primitive gait is unmasked.  Despite these changes the animals were able to 

achieve locomotion that would look normal to the naïve observer.  While rats may 

regain effective locomotion following injury, communication is never fully 

restored and thus the animal must adapt to use the local hindlimb circuitry for 

locomotion resulting in proficient gait.  This data suggests that evaluation of 

hindlimb EMG and the timing of these signals may further demonstrate the loss of 

complexity in movement seen following injury, specifically at the ankle.   
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Figure 2-1  - Permutation entropy method. 

Permutation entropy (PE) was calculated for both unaveraged hindlimb 

trajectories as well as cycle averaged trajectories for each joint angle. Permutation 

entropy quantifies the probability that a signal will remain similar from one 

segment to the next.  Changes in the direction of the signal (positive to negative 

slope, for instance), indicate increases in complexity, while a steadily decreasing 

slope would indicate less complexity.  A unitless number 0-1 describes the results, 

with higher values having higher complexity.  The angle trajectories are 

segmented into 3 point motifs (A).  The motifs are then classified in to one of 6 

possible categories (B). PE is then calculated using the standard Shannon 

uncertainty formula.    
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Motif 5
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Figure 2-2  - Basso-Beattie-Bresnahan (BBB) locomotor scores for 4 weeks post 

injury. 

Sham injured rodents had a score of 21 indicating no injury. The BBB score for 

the iSCI group increased from 2, at 1 day post injury and plateaued at 

approximately 15 indicating recovery of hindlimb weight support and forelimb-

hindlimb coordination. Data are mean±SD. 
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Figure 2-3  - Locomotor kinematics during treadmill walking in a contused rat. 

Joint angle kinematics and footfall measures during treadmill walking from one 

contusion animal (T9 spinal level), 4 weeks post injury.  The black traces are for 

the left limb and the green traces are for the right limb.  The solid vertical lines 

are touch-down and the dotted vertical lines are lift-off.  For footfall, the black 

sections represent swing and the white sections stance.  LHL, left hindlimb; LFL, 

left forelimb; RHL, right hindlimb; and RFL, right forelimb.  This animal is 

beginning to regain the second local maxima in ankle joint kinematics.   
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Figure 2-4  - Limb joint angles averaged across all cycles per animal. 

Range of motion in the hip and ankle was greater in the iSCI group, particularly in 

the ankle due to overextension toward the end of the stance phase.  Additionally, 

the angle trajectory of the iSCI animals shows one instead of two local maxima as 

seen in the sham group.  The second local maximum is a result of pre-activation 

of the gastrocnemius in preparation for touchdown.  As expected, forelimb 

trajectories are mostly unchanged following injury. Data are mean  ± SEM 

degrees, n=5 per group.  Vertical line indicates lift off.   
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Figure 2-5  - Interlimb coordination during locomotion.

Left-right coordination plots for sham and incomplete spinal cord injury (iSCI) 

groups.  Following injury, symmetry is maintained about the diagonal.  An

Ankle plots are simplified due to weakened control signals to the distal joint

the loss of the biphasic nature of the 

show a cruciform pattern where one side is moving only when the contralateral 

side is not.  Forelimb coordination is mostly unaffected by the injury.  Lines are 

mean (solid) plus SEM (dashed).  Circles mark a time spacing of 8.33 ms with 

solid indicating stance and open indicating swing.  n = 5 per group.  
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Interlimb coordination during locomotion. 

right coordination plots for sham and incomplete spinal cord injury (iSCI) 

Following injury, symmetry is maintained about the diagonal.  An

Ankle plots are simplified due to weakened control signals to the distal joint

the loss of the biphasic nature of the joint angle kinematics.  Knee-Knee plots 

show a cruciform pattern where one side is moving only when the contralateral 

.  Forelimb coordination is mostly unaffected by the injury.  Lines are 

mean (solid) plus SEM (dashed).  Circles mark a time spacing of 8.33 ms with 

solid indicating stance and open indicating swing.  n = 5 per group.   
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Ankle plots are simplified due to weakened control signals to the distal joint and 

Knee plots 

show a cruciform pattern where one side is moving only when the contralateral 

.  Forelimb coordination is mostly unaffected by the injury.  Lines are 

mean (solid) plus SEM (dashed).  Circles mark a time spacing of 8.33 ms with 

 



Figure 2-6  - Intralimb coordinat

Intralimb joint-joint coordination plots for sham and incomplete spinal cord injury 

(iSCI) groups.  Forelimb intralimb coordination is expectedly unaffected by the 

injury.  Hip-Ankle coordination simplifies significantly with the two

extending and flexing in unison.  Ankle

extension phase with the ankle pre

Lines are mean (solid) plus SEM (dashed).  Circles mark a time spacing of 8.33 

ms with solid indicating stance and open indicating swing.  n = 5 per group.  
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Intralimb coordination during locomotion. 

joint coordination plots for sham and incomplete spinal cord injury 

Forelimb intralimb coordination is expectedly unaffected by the 

Ankle coordination simplifies significantly with the two joints 

extending and flexing in unison.  Ankle-Knee plots show a loss of the second co

extension phase with the ankle pre-extended before the knee begins extension.  

Lines are mean (solid) plus SEM (dashed).  Circles mark a time spacing of 8.33 

lid indicating stance and open indicating swing.  n = 5 per group.  

joint coordination plots for sham and incomplete spinal cord injury 

Forelimb intralimb coordination is expectedly unaffected by the 

joints 

Knee plots show a loss of the second co-

extended before the knee begins extension.  

Lines are mean (solid) plus SEM (dashed).  Circles mark a time spacing of 8.33 

lid indicating stance and open indicating swing.  n = 5 per group.   
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Figure 2-7  - Joint angle measures based on the whole gait cycle. 

Joint angle values for cycle minimum, cycle maximum and cycle range for all 

measured joints for both sham injury and incomplete spinal cord injury (iSCI) 

groups.  Large increases were noted in all measures at the ankle, particularly at 

cycle max (overextension) and in cycle range when comparing iSCI to sham 

animals.  The range of motion and cycle max for the knee were decreased in iSCI 

animals when compared with sham.  Hip range of motion also increased.    

Mean±SEM degrees for 5 rats per group. (*) indicates p<0.05. 
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Figure 2-8  - Joint angle measures based on gait subcycles. 

Joint angle values for swing phase minimum, stance phase maximum and 

subcycle range for all measured joints for both sham injury and incomplete spinal 

cord injury (iSCI) groups.  Large changes were noted in all measures at the ankle, 

particularly in stance max (overextension) and subcycle range.  No significant 

changes were noted at any other joint.  Mean±SEM degrees for 5 rats per group. 

(*) indicates p<0.05. 

  

  

0

20

40

60

80

100

120

140

160

Sham iSCI Sham iSCI Sham iSCI Sham iSCI Sham iSCI

Hip Knee Ankle Shoulder Elbow

*

*

*

Swing Min to 
Stance Max
Sub RangeJo

in
t 
A

ng
le

 (
°)



54 

  

Figure 2-9  - Joint angle values at liftoff and touchdown. 

Joint angle values for liftoff and touchdown for all measured joints for both sham 

injury and incomplete spinal cord injury (iSCI) groups.  In the sham animals, knee 

angles values at liftoff and touchdown are very different from one another and 

ankle angle values are very similar to one another.  For iSCI animals, the opposite 

is true.  Knee values become similar to one another and ankle values become 

vastly different.  Mean±SEM degrees for 5 rats per group. (*) indicates p<0.05. 
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Table 2-1  - Hindlimb muscle properties in sham and iSCI rats.   

 
Muscle weight, pennation angle, fiber length and sarcomere length were obtained 

for Gastrocnemius Medialis (GM), Gastrocnemius Lateralis (GL), Soleus (SOL), 

Tibialis Anterior (TA), Biceps Femoris-hip extensor (BFh), Biceps Femoris-knee 

flexor (BFk), Semitendinosis (ST), Vastus Lateralis (VL), Vastus Medialis (VM), 

and Rectus Femoris (RF).  Statistically significant differences were not observed 

for any measures between groups, suggesting absence of muscle atrophy.  

Standard deviation was also similar between groups for all measures.  Data are 

Mean ± SD, n=5 per group. 

  

Muscle Weight (g) Pennation Angle (deg) Fiber Length (mm) Sarcomere Length (mm)

Sham Contusion Sham Contusion Sham Contusion Sham Contusion

GM 0.80 ± 0.10 0.82 ± 0.10 29.7 ± 9.0 23.3 ± 5.6 10.63 ± 4.53 7.77 ± 0.62 1.99 ± 0.15 2.12 ± 0.23

GL 1.24 ± 0.20 1.18 ± 0.11 31.0 ± 7.4 27.3 ± 7.6 10.92 ± 6.57 9.93 ± 2.36 2.03 ± 0.07 2.10 ± 0.19

SOL 0.18 ± 0.03 0.18 ± 0.02 24.3 ± 11.2 21.0 ± 1.4 9.81 ± 3.04 8.69 ± 3.70 2.23 ± 0.11 2.14 ± 0.23

TA 0.69 ± 0.06 0.66 ± 0.03 32.3 ± 11.6 26.3 ± 9.0 13.32 ± 3.16 11.72 ± 3.98 2.24 ± 0.32 2.07 ± 0.25

VL 1.13 ± 0.09 1.22 ± 0.13 28.9 ± 4.6 27.3 ± 6.6 12.78 ± 1.08 13.67 ± 2.21 2.09 ± 0.06 2.09 ± 0.39

VM 1.60 ± 0.08 1.51 ± 0.17 21.8 ± 17.9 22.5 ± 3.5 11.96 ± 4.21 14.76 ± 2.63 2.24 ± 0.40 2.18 ± 0.06

RF 0.88 ± 0.15 0.86 ± 0.07 27.3 ± 2.1 34.2 ± 4.3 8.25 ± 1.59 8.19 ± 1.87 2.02 ± 0.19 1.95 ± 0.15

ST 1.28 ± 0.23 1.22 ± 0.27 0.0 ± 0.0 0.0 ± 0.0 29.96 ± 3.49 26.18 ± 5.15 2.12 ± 0.18 2.05 ± 0.14

BFk 2.09 ± 0.33 2.12 ± 0.27 0.0 ± 0.0 0.0 ± 0.0 26.92 ± 1.70 22.45 ± 3.69 1.99 ± 0.17 2.03 ± 0.16

BFh 1.02 ± 0.24 0.90 ± 0.16 0.0 ± 0.0 0.0 ± 0.0 25.87 ± 9.85 22.70 ± 5.77 2.01 ± 0.09 1.94 ± 0.17
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Table 2-2  - PE analysis of joint angles 

 
Permutation entropy for unaveraged limb trajectories (5-12 cycles per animal, n=6 

per group; Mean±SD) and averaged trajectories (n=5 per group; Mean±SEM).  

Higher values indicate higher complexity.  (*) indicates p<0.05. 

 

  

Unaveraged Hip Knee Ankle Shoulder Elbow

sham 0.61 ± 0.07 0.58 ± 0.05 0.65 ± 0.01 0.55 ± 0.04 0.57 ± 0.04

contusion 0.57 ± 0.08 0.64 ± 0.02 0.57 ± 0.04 0.54 ± 0.02 0.56 ± 0.05

p-value 0.31 0.004 * <.0001 * 0.63 0.91

Averaged

sham 0.39 ± 0.01 0.38 ± 0.01 0.41 ± 0 0.37 ± 0.01 0.38 ± 0.01

contusion 0.39 ± 0.01 0.40 ± 0.01 0.38 ± 0.01 0.37 ± 0 0.36 ± 0.01

p-value 0.84 0.26 0.0006 * 0.78 0.25
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Table 2-3  - PCA analysis of hindlimb joint angles 

 
Percent of variance accounted for by all three principal components.  n=5 per 

group  

 

  

Sham iSCI %change p-value

%1st 63.9 66.1 -2.3 < 0.1083

%2nd 28.7 27.6 1.1

%3rd 7.4 6.3 1.2
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Table 2-4  - Phase delays for inter- and intralimb coordination 

 
Phase delays are represented by proportion (0-1) of gait cycle out of phase.  Phase 

values are calculated as lead (positive value) or lag (negative value) of the 

maximum flexion or touchdown for the second item with respect to the first item.  

HKnee, hip to knee; HAnkle, hip to ankle; SElbow, shoulder to elbow; 

RHL_LHL, right hindlimb to left hindlimb; RHL_RFL, right hindlimb to right 

forelimb; and LFL_RFL, left forelimb to right forelimb. Mean±SEM for 5 rats per 

group. (*) indicates p<0.05 when compared with sham. 

 

HKnee HAnkle SElbow

Sham 0.22 ± 0.01 0.13 ± 0.01 -0.18 ± 0.01

iSCI 0.14 ± 0.01 * 0.03 ± 0.01 * -0.16 ± 0.01

RHL_LHL RFL_RHL LFL_RFL

Sham 0.51 ± 0.01 0.75 ± 0.07 0.48 ± 0.02

iSCI 0.54 ± 0.02 0.55 ± 0.03 * 0.51 ± 0.05
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Chapter 3 

EFFECTS OF SPINAL CORD INJURY INDUCED CHANGES IN MUSCLE 

ACTIVATION ON FOOT DRAG IN A COMPUTATIONAL RAT ANKLE 

MODEL 

Introduction 

During locomotion, ankle muscle activation helps forward propulsion, body 

support, and accelerating the leg forward during early swing [178].  . Changes in 

ankle load are associated with modulation of hip torque [157, 171] and 

contribution to the initiation of the stance-to-swing transition [179-181].  Studies 

in cats have shown that ankle extensor afferents may excite other extensors in the 

limb [182].  Hence, understanding the mechanisms for control of the ankle joint 

could also provide insight about hindlimb coordination [183].   

Following spinal cord injury (SCI), depending on the severity of the injury 

supraspinal control of neural cells and circuits distal to the injury is eliminated or 

altered.  The loss/alteration of supraspinal drive changes lumbar motoneuron 

output and the consequent aberrations in muscle activation patterns result in a 

decrease in locomotor capabilities [184].  Associated with the severity of the 

injury, a number of different locomotor impairments can be observed, including 

those at the ankle [84, 138, 185].  The ankle is particularly important as its 

kinematics are more affected following injury than any other hindlimb joint in the 

rat (See Chapter 2 of this dissertation).  Among the possible impairments 
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following injury is foot drag (foot drop), where the foot does not clear the ground 

during the swing phase of walking [138, 185-187].   

In humans, a number of devices have been used to decrease foot drop following 

incomplete SCI (iSCI).  Function electrical stimulation (FES) of the common 

peroneal nerve (ankle dorsiflexion) has been used to increase walking speed and 

decrease drop foot [188].  FES of the plantar flexor muscles has been used to 

increase gait speed following iSCI as well as assist in foot clearance of obstacles 

such as pavement curbs and stairs [189].  Mechanical devices such as ankle-foot 

orthoses have also been used for assistance in ambulation for those with drop foot 

[190].  This has led to the ankle being used as a target for research looking at 

motor control following SCI [121].   

Changes in ankle muscle coordination following iSCI could be responsible for 

foot drag.  iSCI can cause changes in the relative timing of flexor and extensor 

activations as well as changes in the overall shape of the activations [185, 191].  

In a study in rats [185], electromyography (EMG) of the ankle of normal animals 

showed a roughly rectangular activation profile and an activation delay of about 

40 ms between termination of the gastrocnemius medialis muscle burst and the 

initiation of its antagonist (tibialis anterior) muscle burst.  Following iSCI 

however, the activation profile of the gastrocnemius (primary ankle plantarflexor) 

began with an initial high burst followed by a gradual decrease and a smaller or 

nonexistent gap before the initiation of the tibialis anterior (primary ankle 

dorsiflexor) burst.  These changes in coordination have opposing effects.  The 
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decrease in the gap of activation (activation delay) between the two muscles may 

decrease net ankle torque at the stance-to-swing transition by allowing the 

residual force in the stronger muscle (the gastrocnemius) to overpower the smaller 

tibialis anterior.  This would increase the likelihood of foot drag following injury.  

The change in activation shape of the gastrocnemius may decrease this effect, 

however, by slowly decreasing muscle activation thereby decreasing the residual 

force in the gastrocnemius when the tibialis anterior activates.  This may result in 

increased ankle torque at the stance-to-swing transition, allowing the animal to 

regain foot swing (and prevent foot drag) following injury.  Therefore, we wished 

to test the hypothesis that iSCI-induced alterations in muscle coordination consists 

of positive (adaptive) and negative (maladaptive) changes which may characterize 

the recovery of foot swing following injury. In order to do this, we constructed a 

computational model of the rat ankle based on experimentally collected data from 

normal and iSCI rats to assess the causes of foot drag.   

A thoracic level incomplete spinal cord injury was used in this study.  In such an 

injury (any injury to the spinal cord at the thoracic level), function of the arms (or 

forelimbs), neck, and breathing typically have no deficits.   Control of trunk 

muscles is impaired as well as legs (or hindlimbs).  Following the initial injury, 

secondary processes further damage the cord proximate to the injury site [192].  

While the neurons distal to the injury are affected due to the change in their input 

signals, in many cases, they are not damaged directly by the injury [193].  The rat 

model of spinal cord contusion injury reproduces the local secondary injury 

effects of iSCI as seen in many human cases [76, 77] and the general course of rat 
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hindlimb locomotor recovery following has been well characterized using the 

Basso, Beattie, Bresnahan locomotor recovery score [84].  Recovery can come 

from a return to a pre-injury state or from compensatory changes in central 

control of locomotion resulting in a new gait pattern [194].   

Along with these neural changes already discussed, the muscles in the distal limb 

can undergo changes similar to those seen in many disuse paradigms.  The 

muscles tend to atrophy and muscle fibers shift towards faster twitch, more 

fatigueable ones [51].  If such changes are detected, they may alter the forces in 

the ankle joint.   

A computational model could help us understand the mechanisms underlying the 

changes following injury.  Using a standard rigid-body mechanics approach to 

model the bones, along with the applied muscle forces, we can simulate the 

biomechanics of the hindlimb.  Muscles are typically modeled using Hill-type 

muscle models [101, 110, 195].  The force generating elements of Hill-type 

muscle models usually include the important Force-Length and Force-Velocity 

properties of muscles scaled to muscle activation level and maximal force output 

[102].  This data can be obtained experimentally and applied to existing models 

for mammalian muscles to create rat muscle models.  Measurements of macro- 

and microscopic properties of muscles are related to their contractile properties 

[103].  Measurements of musculoskeletal geometry are necessary to determine 

moment arms for the muscles acting about the joints [196].  Musculoskeletal 
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models of the rat have been used before to elucidate control mechanisms 

following SCI [135].   

Toward testing the hypothesis that iSCI induced changes in muscle coordination 

may affect the incidence of foot drag and contribute to foot swing recovery 

following injury, the goals of this study were: to obtain a set of rat 

musculoskeletal parameters, obtain rat locomotor kinematic data, and develop a 

physiologically relevant musculoskeletal model for use in examining the role of 

altered neural control in production of foot drag.  A two dimensional (2D), one 

degree-of-freedom (DOF) ankle model with gastrocnemius (GAS, primary 

plantarflexor) and tibialis anterior (TA, primary dorsiflexor) muscles was 

developed. Since GAS can produce more ankle torque than TA (as GAS is a 

larger muscle with a similar moment arm), it is hypothesized that GAS activation 

delay and activation shape significantly affect the ability of the foot to transition 

from stance-to-swing. Our results suggest that even small changes in the ability to 

precisely de-activate muscles could lead to the foot drag commonly observed 

following SCI. 

Methods 

Study groups 

Musculoskeletal and locomotor data were collected from 12 female, adult, Long-

Evans rats (270-300g), 6 sham injured and 6 with a mild-moderate T8 vertebral 

(T9 spinal) spinal cord contusion injury.  All rats were kept on a 12 hour 

light/dark cycle with ad libitum food and water.  The study was approved by the 
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Institutional Animal Care and Use committee (IACUC) of Arizona State 

University and complied with the Guide for the Care and Use of Laboratory 

animals.   

Surgical procedures 

Rats were randomly selected to undergo either sham or mild-moderate contusion 

injury at the T8 vertebral (T9 spinal) level.   Surgeries and contusions were 

performed similarly to Scheff et. al. 2003[136].  All animals were anesthetized 

under 1-2% isoflourane and given an injection of analgesic (buprenorphine, 0.02-

0.05 mg/kg) for post-surgery pain.  Using aseptic techniques, the vertebral process 

of T8 was removed and a U-shaped laminectomy was preformed.  For animals in 

the contusion (iSCI) group only, T7 and T9 were clamped in place and a mild-

moderate contusion (154 ± 3 kdynes) was preformed with a force controlled 

impactor (IH instruments).  Following the contusion for the iSCI animals and the 

laminectomy for the sham injured animals, the muscles were closed in layers 

using resorbable sutures and the skin closed with wound clips (which were 

removed 1-2 weeks following surgery).   Animals were then given 5 cc of sterile 

saline and 33.3 mg/kg of Cefazolin antibiotic and allowed to wake slowly on a 

heated pad.   

Animal care post surgery consisted of twice-daily bladder expression until the 

animal was able to void on its own along with twice-daily injections of saline, 

buprenorphine and Cefazolin as above for the first 7 days following injury.  Saline 

administration was continued if the animal remained dehydrated and antibiotic 
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administration continued an additional week if the animals showed signs of 

urinary tract infection from a urinalysis test strip.  No animals showed signs of 

continued infection longer than 2 weeks.  Following surgery, animals were 

allowed to move freely in their cages for 4 weeks.  During this period, the Basso, 

Beattie, and Bresnahan (BBB) 21 point locomotor score [84] was collected on the 

animals every day for the first week and each week thereafter in order to verify 

injury severity.  Rats were observed for four minutes by two experimenters, 

scoring hindlimb function according to the scale.  Notable milestones of interest 

include motion in the leg, paw position, coordination, and weight support.   

Ankle treadmill kinematics 

Before surgery, all animals were allowed to acclimatize to their new environment 

for one week and trained to walk on a treadmill (Columbus Instruments) 2 days 

for 10 min each at a progression of speeds from 0-21 meters/min.  3D kinematic 

data was collected 4 weeks post injury on both sets of animals as in Thota et. al. 

2004 [88].  Animals were anesthetized under 1-2% isoflourane, shaved, and cone-

shaped reflective markers were attached to the bony prominences of the ankle 

(lateral malleolus) and knee (femoral condoyle) joints.  In addition, a strip of 

reflective tape was placed around the fifth metatarsal of the hindlimb, close to its 

attachment.  The markers were not spherical, as is desirable for centroid 

calculations, but their small size (approximately 5 mm) minimized any error.  

Video was recorded from 4 infrared sensitive cameras with co-localized infrared 

light sources, 2 on each side of the animal.  Prior to data collection, a 36 point 

static calibration object was recorded and the animal was placed on the treadmill.  
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Treadmill locomotion was recorded at speeds starting at 11 m/min, increasing to 

21 m/min in 2 m/min increments. The speed was increased each time the animal 

completed at least 5 continuous stable step cycles (in the middle of the treadmill 

at a constant speed).  The entire process took approximately 5-10 minutes per 

animal.  Data collection was completed on the following day if the animal was 

unable to achieve consistent locomotion at all treadmill speeds on the first day.   

The video was imported into Vicon Peak-Motus software for analysis.  The 

calibration object was digitized for odd and even (a total of 2) fields.  A segment 

containing at least 5 stable step cycles at 21 m/min was identified and imported.  

The video segments from the four cameras were manually synchronized using 

timestamps. All reflective markers were digitized and the data was processed into 

ankle angle data versus time.  Gait cycles were identified by marking lift-off (the 

first frame where the toe was not contacting the treadmill) and touchdown (the 

first frame showing the toe contacting the treadmill).  5-12 cycles per animal were 

averaged together to created the average profile for that animal.  The animals 

were then further averaged across groups (sham and iSCI).  All averaged cycles 

were computed as % gait cycle.   

Musculoskeletal properties  

Rats were euthanized under heavy anesthesia and the hindlimb was separated 

from the remaining tissue.  Superficial muscles were removed and the hindlimb 

was mounted on a rigid frame (Figure 3-1A).  Clamps were attached to the foot 

and pelvis.  Tie wrap was used to hold the tail and spinal column.  Suture was 
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used for additional support along the body.  Tension was maintained along the 

axis of the leg to maintain stability in the absence of a clamp on the femur or tibia.  

Muscle attachment points for ankle muscles and visible bony prominences were 

measured using a custom designed probe consisting of a flat surface with 6 

reflective markers and a coplanar sharp tip (Figure 3-1B).   The location of the tip 

can be calculated from the locations of the 6 markers.  The device was 

manufactured of aluminum according to precise specifications and the distances 

were verified with a calibrated digital caliber.  Reflective surfaces apart from the 

markers were either covered with matte tape or sandblasted.  For each measured 

point, the tip of the probe was held at the point of interest, with the smallest 

amount of pressure as not to deform the hindlimb setup, and two video cameras 

recorded 2 seconds (120 fields) of data. The same calibration object used in the 

kinematics testing was used for the 3D digitization.  Video was collected directly 

into Vicon Peak-Motus then digitized and pre-processed into 3D marker 

locations before exporting to MATLAB for tip calculations.  For each visible 

combination of 3 reflective markers, the location of the tip was calculated using 

vector algebra.  3D tip location was calculated by averaging all three-marker 

calculations over all 120 fields.  No more than 2 markers were obscured in any 

particular measurement.  All points were then transformed into local coordinates 

systems as shown in Figure 3-1C.  The foot coordinate system was defined by the 

following sets of axes: X: malleolus midpoint (0,0,0) to 2
nd

 and 5
th

 metatarsal 

midpoint, Y: X crossed with medial to lateral malleolus, and Z: X crossed with Y.  

The lower leg coordinate system was defined by the following axes: X: condoyle 
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midpoint (0,0,0) to malleolus midpoint, Y: X crossed with lateral to medial 

condoyle, and Z: X crossed with Y.   

Following attachment point measurement, ankle muscles were carefully dissected 

to lactated ringer’s solution.  Measured muscles included tibialis anterior (TA), 

gastrocnemius medialis (GM), and gastrocnemius lateralis (GL).  Dissected 

muscles were weighed after light dabbing to remove surface liquid and some 

muscles had their volume measured by displacement in a graduated cylinder.  

Volume measurements were used only to calculate muscle density.  For 2 

animals, the external tendon for both the GAS and TA was measured ex vivo with 

a digital caliper. 

Following weighing, muscles were split along the belly and fiber pennation angle 

was measured using a goniometer and fiber length measured using a digital 

caliper.  Individual fibers or fiber bundles were then dissected off and placed on a 

glass slide with a small hole in the center.  A laser was then beamed through the 

fiber and the diffraction measured.  Diffraction was converted to sarcomere length 

using the following equation.  λθ nd =sin  [147] where d is the sarcomere length, 

θ is the angle of diffraction, n is the diffraction order, and λ is the laser 

wavelength.   

Differences in musculoskeletal parameters between sham and iSCI groups were 

analyzed using standard t-tests with p < 0.05.   All statistical analyses were run in 

SAS (SAS institute Inc, Cary, NC).   
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Musculoskeletal model 

An open-loop muscle dynamics model was developed to study the kinematics of 

the ankle during gait. An approach that combines procedures for developing 

Forward Dynamics models and Inverse Dynamics models was used. Forward 

dynamics models work in the order of natural events.  Neural signals activate 

muscle models which generate forces and movements. In an inverse dynamics 

model, motion is assumed and muscle force and neural control are then inferred or 

predicted from the motion.  Here, ankle kinematics from treadmill walking were 

used to generate muscle lengths, velocities, and moment arms about the ankle 

joint.  Model muscles were activated to produce force based on EMG profiles for 

activation based upon the calculated lengths and velocities.  Forces were 

converted into moments using the moment arms.  Net ankle moments were then 

used as an outcome measure. As shown in Figure 3-2, this represents a method in 

between standard inverse and forward kinematics approaches.  Both kinematics 

(as in inverse dynamics, open loop) and muscle activations (as in forward 

dynamics, closed loop) are used to drive the model.  This way, using a smaller set 

of experimental data, we can make hypotheses about behavior.   

A 2D, 1 DOF model of the rat ankle with one rotational degree of freedom was 

constructed in the SimMechanics add-on for Matlab/Simulink R2009b. Figure 

3-3A describes the geometry defined: ankle joint, and insertion and origin points 

for the gastrocnemius and tibialis anterior muscles.  Ankle joint geometry was 

averaged from data collected from 7 animals.  The geometry for both muscles 

included one origin and one insertion point with no via points.  The via point for 
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the TA was used as its insertion for moment arm calculations with the fixed 

length between the via point and true insertion added in for muscle length 

calculations.  Via points for the gastrocnemius origin were omitted as the knee 

and upper leg segment were lumped with the lower leg so the moment around the 

knee was excluded.  The lower leg and the foot were each modeled as a single 

rigid segment connected by a single rotational degree of freedom for the ankle.  

Ankle motion was imposed to follow rat treadmill kinematics for one stance 

phase.  Representative ankle kinematics from sham and iSCI rodents walking on a 

treadmill at 21 m/min were used (Figure 3-3C).  During this simulated stance 

phase, muscle lengths and muscle moment arms with time were obtained.  This 

completed the inverse dynamics portion.  As motion is determined from 

kinematics, not muscle forces, gravity has no effect on this model.   

The muscle models were constructed using Virtual Muscle 4.0.1 [103, 104] for 

Matlab/Simulink R2009b.  Virtual Muscle is a Matlab program that creates 

Simulink blocks which can be integrated with other Matlab and Simulink code 

(such as SimMechanics) to create a full musculoskeletal model. The Simulink 

muscle blocks have inputs for muscle length and muscle activation level (0-1) and 

output muscle force.  The models are based upon cat data [197, 198], but each 

parameter may be modified based on data supplied by the user.  The model is an 

expanded Hill-type model whose contractile element incorporates muscle force-

length and force-velocity properties, scaled by muscle physiological cross 

sectional area (PCSA) and muscle specific tension.  A standard Hill-type 



71 

contractile element is determined from the basic properties of muscle contraction 

as detailed in the basic equation: 

����� = ���� ∙ ��
� ∙ ���� ∙ ����
 

Where ����� is the force of the muscle at time t, ���� is the normalized velocity 

dependent force, ��
� is the normalized length dependent force, ���� is the time 

varying muscle activation level (0-1), and ����
is the maximum isometric muscle 

force.  The force-length relationship is roughly U-shaped with maximal force at 

the middle of the range of the muscle.  The force-velocity relationship is a 

roughly negative sigmoid curve, with highest forces during eccentric contractions 

and lowest forces at highest concentric speeds [102].  Virtual Muscle uses the 

following simplified PCSA equation assuming a muscle density of 1.06 g/cm: 

lengthfascicleitymuscledens

massmuscle
PCSA

×
=  

����
 is then determined by multiplying PCSA by specific tension [199].  Parallel 

and series elastic components representing the passive properties of the muscle 

tissue are also included (Figure 3-4).  The software utilizes default parameters for 

cat muscles published previously by the authors [197, 198].  The default specific 

tension value of 31.8 N/cm
2
 was used [200].  Sample cat muscle model code for 

fast muscles was altered to include experimental data from the rat for muscle 

mass, fiber length, fiber pennation angle, and free tendon length (Table 3-3). 

Average rat sarcomere length (2.4 µm) was used from Burkholder and Leiber, 



72 

2001 [201]. Measured fiber lengths were converted by multiplying the ratio of 

relaxed sarcomere length (as measured with laser diffraction above) to average 

sarcomere length from Burkholder and Leiber, 2001 for each muscle before input 

to Virtual Muscle.  Only one type of fast fibers was used because, while ignoring 

fatigue, both kinds of type II fibers have similar dynamics [202, 203]. The Natural 

Continuous recruitment model was used to increase computational efficiency.  

This model lumps multiple motor units of the same muscle fiber type together 

into a single unit in a way that approximates the discrete recruitment of motor 

units [104].  Elastic elements were modeled using a log/linear relationship as in 

[204].  Muscle in-series aponeurosis in the gastrocnemius was modeled by adding 

2x (both ends) the cosine of the pennation angle multiplied by measured fascicle 

length L0 (measured as fiber length above) to the external tendon measurement 

(geometric determination of the aponeurosis length).  The TA was altered by 

doing the same, but only 1x as the TA contains little to no origin aponeurosis 

[205].  GAS was summed or averaged, where appropriate, from GM and GL.  

Muscle models were run using SIMULINK’s ode4 Runge-Kutta fixed step solver 

with a 0.00001 s time step. The muscle models represent the forward dynamics 

portion.  Muscles were activated using a variety of simplified neural drive profiles 

described below.   

Simulation protocol 

Ankle motion was first simulated using the skeletal model with imposed averaged 

treadmill ankle kinematics for sham and iSCI rats from this study (at 21 m/min).  

This converted ankle angles into muscle lengths and moment arms versus time.  
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These muscle lengths, combined with simulated neural drive patterns, were used 

to drive the muscle model to generate forces.  The forces were converted into net 

ankle torque using the muscle moment arms from the skeletal model.  One stance 

phase was simulated.  Maximum net ankle torque was assessed for a 40 ms 

window at the stance to swing transition.  The assessment window was limited to 

a small period around the stance-to-swing transition for the purposes determining 

foot swing as forces developed too late after the kinematic stance-to-swing 

transition would not help a foot that was already dragging.  If this value was 

positive, the trial was defined to have foot swing, if this value was negative; the 

trial was defined to have foot drag.   

Table 3-1 lists the parameters varied between trials: ankle kinematics, muscle 

activation latency, muscle activation shape, and muscle strength.  In order to 

assess the effect of altered locomotion following injury, ankle treadmill 

kinematics that were input into the model were the averaged traces obtained from 

sham, and  iSCI rats, and a hypothetical animal dragging its foot (Figure 3-3C) 

(ankle angle maintained at 155 degrees). Neural drive was simulated  to be similar 

to EMG burst durations determined from literature values of intact Long Evans 

rats walking on a treadmill [88].  The TA burst was set at 88.5 ms in duration, 

starting 50 ms prior to initiation of foot swing in the kinematic profile.  TA 

activation magnitude was set to decrease from 1 to 0.4 during the burst.  The GAS 

burst duration was set at 253 ms with its start and end times defined by the muscle 

activation latency parameter.  The latency between the end of the gastrocnemius 

activation and the beginning of the tibialis anterior activation was varied between 
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-10 ms (slight co-activation of the GAS and TA muscles) and 50 ms (a gap 

between TA and GAS muscle activations) in increments of 10 ms to show 

responses from co-activation through normal activation profiles.  Muscle 

activation shape was varied by changing the gastrocnemius activation profile 

between rectangular (GAS activation at 1 for the entire burst) and trapezoidal 

(GAS activation magnitude decreasing from 1 to 0.5 during the burst) as seen in 

Figure 3-3B to assess the effect of activation shape. These two shapes are 

simplified forms of the activation profiles seen in Thota, 2004 [185].  Muscle 

strength was simulated by varying muscle mass between normal (100% each) and 

moderate iSCI (100%TA, 80% GAS.) [115] in order to study the effect of muscle 

atrophy due to iSCI.    

Results  

Locomotion measures indicate mild-moderate injury 

As shown in Figure 3-5, sham injured animals all showed normal locomotion on 

the BBB scale following injury. Initial deficits seen in the iSCI injured animals 

recovered to and plateaued at appropriately 15 (indicating hindlimb weight 

support and consistent forelimb-hindlimb coordination) by 2 weeks.  Note the 

early recovery of hindlimb weight support (BBB 8-13).    

Averaged rat ankle treadmill kinematics normalized to gait cycle are presented in 

Figure 3-6.  Mean ± SEM (dotted lines) angle values are reported.  The dashed 

vertical line indicates the stance-to-swing transition.   In the sham animals, two 

local maxima are present.  The first one is extension of the ankle through stance 
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phase; this one is present in the iSCI animals as well.   The second local 

maximum is extension of the ankle in preparation of ground contact.  Following 

iSCI, the ankle loses or minimizes the second local maximum in the curve. This is 

coupled with a greater range of motion of the ankle joint, particularly 

overextension near the end of the stance phase.  More severe injuries can further 

alter the gait pattern, leading to irregular gait [81].  Additionally, nearly all forms 

of injured gait include hyperextension and hyperflexion of the ankle [78].  

Musculoskeletal parameters show no difference between sham injured and iSCI 

rodents 

Measured skeletal parameters for the ankle are included in Table 3-2.  There were 

no significant differences between sham and iSCI groups in the musculoskeletal 

attachment points or joint centers.  Table 3-3 summarizes all measured muscle 

parameters.  There was no significant difference in muscle mass between the 

sham and iSCI groups.  There was no significant difference between groups or 

muscles for sarcomere length, pennation angle, or fiber length.  Both the GAS and 

TA had no measurable origin tendon.  The insertion tendon for GAS was 10.4±0.2 

mm and for the TA was 14.6±2.1 mm as measured in two sham and two iSCI 

animals. When adding in-series aponeurosis to the muscle model using the 

conversion presented in the Methods section, both muscles’ fascicle maximum 

length was 1.60x the optimal length. 

Computational model 

Figures 3-7 and 3-8 show the results of all model simulations. In both figures, 

ankle moment is displayed against activation delay.  The separate curves represent 
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the different combinations of factors tested in the model.  Each point on each 

figure is the maximum net ankle moment during a 40 ms window centered around 

the stance-to-swing transition for a particular set of parameters.  Figure 3-7A 

shows the net moment at the ankle joint obtained at different activation delays for 

a rectangular muscle activation profile. It examines the changes in these moments 

in the computational models that include kinematics for sham injury and iSCI 

injury under conditions mimicking no atrophy of muscles or moderate atrophy of 

muscle. The four lines representing these comparisons are: variations in muscle 

atrophy (none: solid versus moderate: dashed) and kinematic profile (sham: 

square marker versus iSCI: diamond marker).  As activation delay decreases, the 

likelihood of foot swing decreases until foot drag is predicted.  iSCI kinematics 

and, to some degree muscle atrophy, can counteract the effect of decreased 

activation delay to allow foot swing.  Figure 3-7B shows the ankle moment 

obtained with a trapezoidal muscle activation profile.  The same trend in 

activation delay is noted with the trapezoidal activation however, the values are 

all higher, with no drag cases.  Finally, Figure 3-8 shows the net ankle moments 

obtained when simulating a drag kinematics profile with every combination of 

other factors (muscle activation profile and muscle atrophy).  In the drag 

kinematic profile, for one step-cycle previous to the one being assessed, the foot 

was dragging.  A summary of the specific net ankle moment at 0.04s (sham) and -

0.01s (iSCI) activation delays is presented in the bar chart in Figure 3-9.  For each 

change in parameter, there is a corresponding change in ankle moment at the 

stance-to-swing transition.  All values increase as you move to the right, with the 
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combination of rectangular activation, sham kinematics, no atrophy and -0.01 s 

activation delay being the lowest; and trapezoidal activation, iSCI or drag 

kinematics, moderate atrophy and 0.04s activation delay being the highest.   In all 

parameters except activation delay, increases in ankle moment are associated with 

iSCI-type values. 

Decreased activation delay decreases likelihood of foot swing 

In figures 3-7A, 3-7B and 3-8 for each set of parameters, decreasing activation 

delay reduces the net force at the stance-to-swing transition, and accordingly, the 

chance for successful foot swing (as you go from left to right on each line, the net 

ankle moment decreases).  This effect is very minimal in the drag kinematics 

traces.  As the gastrocnemius turns off later and later, there is an increase in 

overlap of torques produced by activation of the GAS and TA, decreasing the 

chance for successful foot swing.  As the GAS is a stronger muscle with a longer 

moment arm than the TA, as the activity cycles for the two muscles become 

closer to one another, the extension caused by GAS activation tends to override 

the flexion caused by activation of the TA and prevent foot swing.   

Trapezoidal activation profile increases chance of foot swing 

When comparing figure 3-7A to 3-7B, changing the activation profile from 

rectangular to trapezoidal decreased the required activation delay for successful 

foot swing (On comparison of figure 3-7A to 3-7B all moments increase, allowing 

closer activation of the two muscles while maintaining foot swing).  This is due to 

the gradual decrease in ankle torque provided by activating the GAS lowering its 



78 

force sooner and increasing the chance that activation of the TA can overcome the 

residual muscle force.   

Muscle atrophy increases chance of foot swing 

In each of figures 3-7A and 3-7B, muscle atrophy did not have an adverse effect 

on the likelihood of foot swing.  All “no atrophy” cases (dashed lines) produce 

lower net moments than moderate atrophy (solid lines).  In the case of moderate 

atrophy (80% GAS, normal TA), the chance for successful foot swing is increased 

in all cases as this atrophy profile shifts the torque ratio towards the TA, allowing 

flexion caused by its activation to more easily overcome the extension caused by 

activation of the GAS.  This effect is not large however (each solid line is only 

slightly above its paired dashed line).   

Injured kinematic profiles increase chance of foot swing 

Comparing the net ankle moments obtained in simulations with kinematics from 

sham injured (square marker) and mildly injured (diamond marker) rats in Figure 

3-7A and 3-7B, the kinematics of mildly injured animals did help increase the 

likelihood of foot swing (all lines with diamond markers are significantly higher 

than those with square markers).  There is a similar effect when comparing the net 

ankle moment for kinematics from sham injured (Figures 3-7A and 3-7B, square 

markers) to severely injured (drag) rats (Figure 3-7C).  This is due to the weaker 

position of the GAS on the force-length curve, allowing the TA to more easily 

generate enough force at the stance-to-swing transition to allow foot swing.     

Additionally, the drag kinematic profile overpowers all other variations in factors; 



79 

all four possible combinations with a drag profile are nearly linear in the figure, 

with no variation between any factor combinations.   

Summary of all factors 

The main effect of each factor is summarized in Table 3-4 (Muscle atrophy, 

muscle activation profile, muscle activation delay, and ankle kinematics).  This is 

the effect of the factor alone, averaged across the levels of other factors, where a 

level of a factor is a value that factor can take on (such as rectangular and 

trapezoidal for activation profile).  For this table, activation delay is collapsed to 

two physiological values, -0.01s (iSCI) and 0.04s (normal).  The largest main 

effect is seen in kinematic profile, particularly sham-drag where using the drag 

profiles results in an average increase in net ankle moment of 0.56 N-cm.  

Following that is sham-iSCI at 0.34 N-cm. This effect is due to changes in the 

length and velocity of the muscle.   Activation delay has the next largest effect 

(0.33 N-cm).  This effect is due to the residual force in the gastrocnemius muscle 

following termination of activation.  This is one aspect of the forward dynamics 

modeling: muscle forces responding to activation level in a time appropriate 

manner.  The closer the activations of the two muscles are, the larger the residual 

force.  Activation profile and muscle atrophy have the next largest main effects, in 

order.   

Discussion  

We collected the necessary data to construct and test a 2D model of the rat ankle 

to assess the causes of foot drag following iSCI.  As hypothesized, timing of 
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gastrocnemius muscle activation delay has a large effect on the likelihood of foot 

swing.  Even slight variations in the shut-off time for GAS resulted in large 

variations in net ankle torque.  Due to the characteristic patterns of muscle 

atrophy seen following injury, the resultant loss of muscle strength did not 

interfere with foot swing, it in fact assisted it.  Muscle force-length properties 

dominated the effects of changes in joint kinematics.  When ankle kinematics 

took on a more injured profile, the increased ankle angle near the stance-to-swing 

transition helped the TA-caused flexion to overcome the GAS-caused extension, 

thereby ameliorating foot drag.  Finally, when assuming the foot had been 

dragging for the previous step cycle, foot swing was facilitated due to the weaker 

position of GAS on the force-length curve. Overall, changes in neural control 

(activation delay and activation profile) and kinematics had a larger effect than 

muscle atrophy.   

In our model, we used a combination of inverse and forward dynamics to arrive at 

a behavioral prediction.  Inverse dynamics was used to provide lengths and 

velocities to the muscles, while a forward dynamics method was used to drive the 

muscles to produce forces in response to these kinematic inputs and muscle 

activation.  By using this method, we were able to simulate the model in the 

absence of information about body segment parameters and force platform data 

typically needed for a forward dynamics model. We were able to alter interesting 

parameters and see their resultant effect on the model outcome.  Additionally, this 

method allowed us to ignore the complexities of foot contact and liftoff inherent 

in forward dynamics models.  This technique of combining forward and inverse 
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dynamics has been used previously to avoid computational difficulties involved in 

initial contact simulations [206] and for efficiency of computation [207].  

Open/closed hybrid models have also been used with success in control of [109] 

or improving optimization of [208] musculoskeletal models.  Finally, simplified 

neural drive patterns were used in order to exaggerate the differences in muscle 

activation profiles.  The model also does not include the passive properties of the 

rat ankle that have been recently reported [209].  These may affect the outcomes 

of the models quantitatively, but the trends seen will be sustained. As this model 

only simulated one step-cycle and only looked at the outcome at the stance-to-

swing transition, the results cannot be extrapolated beyond that event.   

In the absence of supraspinal input, forces at the ankle tend to synchronize muscle 

activity in the limb.  As flexion and extension are synchronized [182], the delay 

between flexors and extensors of various limbs may be altered, including the 

decrease in activation delay at the ankle.  The adaptation to trapezoidal activation 

profiles may take place on the scale of weeks as the rats return to coordinated 

walking.  Initially, the forelimb-hindlimb gait pattern is uncoordinated (as seen in 

BBB scores) with the hindlimb adopting an alternating drag-swing pattern.  As 

the shape of GAS activation adapts, the rats develop coordinated gait.  This effect 

could be further studied by assessing muscle activation (EMG) in injured animals 

as they recover from iSCI.   

Net ankle joint moment was used as an outcome measure for two reasons.  First, 

at the stance to swing transition, the ankle is free hanging and any positive net 



82 

torque would contribute to foot swing.  Secondly, joint torques reflect muscle 

strength [210], which is often an indicator of recovery. For example, Wirth et. al. 

2009, in a voluntary contraction study with humans, indicated that muscle 

strength is more impaired than muscle control following injury [120]. However, 

the outcome measure used to identify control was time to maximal contraction 

which does not represent the same control scheme used during locomotion.  They 

addressed this in another study where they mentioned that these results do not 

necessarily correlate with recovery of gait following injury [121]. As mentioned 

earlier, force in the ankle extensors has been implicated in control of the stance-

to-swing transition [180].  In this case, muscle strength and control would be 

intertwined.  Decreasing ankle extensor force due to decreased weight bearing or 

inability to generate maximal contraction following injury could lead to a 

decrease in afferent feedback.  This may lead to a delay of the stance-to-swing 

transition.  As the signal to initiate swing is delayed, the gastrocnemius burst is 

lengthened, and the GAS-TA activation delay is decreased.  This may increase 

chance of foot drag.   

Following iSCI, human subjects lose the ability to complete voluntary single joint 

movements and lose reciprocity between flexor-extensor pairs [122].   This may 

be due to alteration in circuits controlling coordination in the limbs, specifically 

those involved in flexor-extensor coordination [4], possibly allowing overlap in 

activation of agonist-antagonist pairs [194].  Our results suggest that this is not a 

compensatory mechanism for rats as such co-activation would result in the 

gastrocnemius activation overpowering the tibialis anterior activation and rats 
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would almost never see foot swing following a severe injury. This may be due to 

the biomechanical difference between digitigrade walking seen in the rat hindlimb 

and plantigrade walking used by humans.   

While increased co-activation of agonist/antagonist pairs can be seen as a power 

loss for the joint, it can also be seen as an adaptive behavior to increase stability 

in that joint.  In unimpaired human subjects, or in the unimpaired side of a stroke 

subject, co-activation at the ankle is normal and lends itself to stability [211].  

However in a variety of sensory (proprioception) impaired individuals, stroke 

[174], SCI [212], aging [213], etc., co-contraction leads to a reduction in motor 

performance.  As such, co-activation following SCI should not be seen as a 

positive adaptive behavior.  

This model uses very simplified activation profiles to control the muscles in 

question.  One extension of the model could be to include a more realistic control 

strategy involving a model of the spinal cord control mechanism for locomotion 

such as a central pattern generator (CPG) model or one involving multiple 

modeled neurons.  The results of change in control strategy shown from this 

expanded model could be used to enhance control of an ankle prosthesis.  Either 

supplementing ankle dorsiflexion while the gastrocnemius is active or attempting 

to limit gastrocnemius activation during late stance phase could be a useful 

strategy to employ.  The model used in this study could be applied to either 

different populations (other types of rats, humans, etc.) or specific individuals 

within those populations to tailor their rehabilitation protocol.  Using the Virtual 
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Muscle model and supplementing it with subject-specific or population-specific 

muscle parameters and geometry and presenting a simple torque balance, data-

specific predictions about foot swing could be obtained.  However, the muscle 

activation timing and profile have the greatest effect on likelihood of foot swing 

and accurate measurement of those values will have the greatest impact on the 

outcome measure.  

Conclusions  

From the combined results of the model it is hypothesized that rats may adjust the 

shape of their gastrocnemius activation (extensor) to compensate for the problems 

resulting from decrease in activation delay between the gastrocnemius and the 

tibialis anterior (flexor).  In other words, they change their GAS activation profile 

from a rectangular one to a trapezoidal one in order to allow foot swing following 

injury. This suggests a time course of recovery of foot swing.  Initially after 

injury, flexor-extensor coordination is impaired causing an irregular gait, with 

alternating foot swing and foot drag across the whole animal step cycle.  As the 

animal recovers, it alters the activation profile of its gastrocnemius muscle as to 

slowly turn it off during its activation phase (adopting the trapezoidal activation 

profile) allowing it to regain foot swing despite continued intralimb coordination 

impairments.   

Confirming our hypothesis, the musculoskeletal model revealed that movement 

dynamics are not equally sensitive to different aspects of neural output. Failure to 

precisely deactivate the gastrocnemius muscle could result in foot drag following 
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SCI. Although muscle activation is an important contributor to movement 

dynamics, intrinsic muscle properties also substantially affected motor output.  

Future models could examine the role of the stretch reflex, as it is known to 

change after SCI [214], possibly affecting foot drag as co-contraction is often an 

attempt to compensate for decreased stretch reflex signals [215].  One other 

possible explanation for foot drag may lie in the joints not modeled here.  Work in 

cats has suggested that foot drag during treadmill walking may be due to impaired 

intralimb coupling between the hip and knee at the stance to swing transition 

[184].  Adding additional joints to future versions of the model may further 

determine the exact mechanism of foot drag.  While not unexpected, the 

implication for human recovery of foot swing is that timing and control are more 

important than muscle strength following injury for foot drop.  Purposefully 

weakening the ankle extensors to allow foot swing would not be a feasible 

rehabilitation plan and would likely have undesired consequences in other aspects 

of gait.  Strengthening of the tibialis anterior muscles would also have limited 

success, as muscle strength was the weakest factor of those tested in this study.  It 

would be impractical to make the tibialis anterior stronger than the gastrocnemius.   

  



Figure 3-1  - Procedures for determining musculoskeletal geometry.

Musculoskeletal geometry was obtained from sham and iSCI rats four weeks 

following injury. A: Dissected hindlimb mounted for digitization.  Clamps hold 

the pelvis and foot.  A tie wrap hold the tail and the spinal column along with 

suture.  Tension is maintained along the axis of the leg.  

to digitize points of interest.  Numbered reflective markers are at each circle in the 

same plane as the sharp tip.  Re

defined in manufacture and verified with a calibrated digital caliper.  For each 

point of interest, the tip was held touching the point while marker positions were 

recorded via 2 video cameras for 120 frames.   

for skeletal geometry.  Red dots show digitized locations of bony prominences 

used to establish axes for local coordinate systems.  One coordinate system was 

used for each of the ankle and lower leg.  The primary axis in ea

proximal to distal one.   

86 

Procedures for determining musculoskeletal geometry. 

Musculoskeletal geometry was obtained from sham and iSCI rats four weeks 

Dissected hindlimb mounted for digitization.  Clamps hold 

ie wrap hold the tail and the spinal column along with 

suture.  Tension is maintained along the axis of the leg.  B: Aluminum probe used 

to digitize points of interest.  Numbered reflective markers are at each circle in the 

same plane as the sharp tip.  Relative locations of the tip and markers were 

defined in manufacture and verified with a calibrated digital caliper.  For each 

point of interest, the tip was held touching the point while marker positions were 

recorded via 2 video cameras for 120 frames.    C: Coordinate system definition 

for skeletal geometry.  Red dots show digitized locations of bony prominences 

used to establish axes for local coordinate systems.  One coordinate system was 

used for each of the ankle and lower leg.  The primary axis in each case was the 

  

 

Musculoskeletal geometry was obtained from sham and iSCI rats four weeks 

Dissected hindlimb mounted for digitization.  Clamps hold 

ie wrap hold the tail and the spinal column along with 

Aluminum probe used 

to digitize points of interest.  Numbered reflective markers are at each circle in the 

lative locations of the tip and markers were 

defined in manufacture and verified with a calibrated digital caliper.  For each 

point of interest, the tip was held touching the point while marker positions were 
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ch case was the 
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Figure 3-2  - Musculoskeletal model organization.   

A combined forward dynamics and inverse dynamics approach was utilized for 

development of the musculoskeletal model. Muscle model Simulink blocks were 

formulated from base Virtual Muscle cat data, supplemented with collected rat 

musculoskeletal parameters.  Muscles were driven by simplified neural drive 

profiles and ankle joint kinematics which were converted into muscle lengths 

using the experimental skeletal geometry.  Muscle force output was converted 

into joint torque using dynamic muscle moment arms from the skeletal model.  If 

net ankle torque was positive during a small window at the stance-to-swing 

transition of the selected kinematic profile, then the trial was determined to have 

successful foot swing.  If the net torque was negative, then trial was said to 

indicate foot drag.  Dotted lines indicate the unused portion of a closed loop 

system.  By breaking the loop before converting moments into kinematics, we are 

able to make behavioral predictions in the absence of segment properties, ground 

reaction forces and numerical instabilities inherent to traditional forward 

dynamics simulations.   
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Figure 3-3  - Musculoskeletal model components   

Musculoskeletal model structure and time varying inputs.  A: Model includes 

lower leg fixed to ground attached to a foot with a single degree rotational joint.  

Gastrocnemius and tibalis anterior muscles are attached between the two 

segments.   B: Muscle activation was varied between rectangular and trapezoidal 

profiles and the activation delay was varied from positive (a gap) to negative 

(overlap/co-activation) values.  C: Ankle joint kinematic profiles for stance used 

to determine muscle lengths.  Notice the overextension and lack for a second local 

minima in the iSCI trajectory.  Dragging was a theoretical profile assuming that 

the foot had been dragging for at least one entire step cycle before the current foot 

swing attempt.   
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Figure 3-4  - Modified Hill-type muscle model 

The muscle model is an expanded Hill-type model whose contractile element 

incorporates muscle force-length and force-velocity properties, scaled by muscle 

physiological cross sectional area and muscle specific tension.  A: Physiological 

representation of the muscle.  B: Schematic representation of the muscle.  Parallel 

and series elastic (PE and SE) components representing the passive properties of 

the muscle tissue as well as a contractile element (CE) are included. SE is 

constructed from aponeurosis and external (free) tendon.  C: Components that 

contribute to the contractile element model include contributions of length, 

velocity, and activation level.  
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Figure 3-5  - Basso-Beattie-Bresnahan (BBB) locomotor scores for 4 weeks post 

injury.   

Sham injured rodents had a score of 21 indicating no injury. The BBB score for 

the iSCI group increased from approximately 2 at 1 day post injury and plateaued 

at appropriately 15 by day 21 indicating recovery of hindlimb weight support and 

forelimb-hindlimb coordination. Data are mean ± SD. 
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Figure 3-6  - Treadmill ankle joint kinematics 

Averaged joint kinematics (in degrees) ± SEM across the step cycle for n=5 

animals in each group.  Range of motion was increased in the iSCI animals, 

particularly in overextension in the ankle.   Additionally, the trajectory is 

simplified, losing a second local minimum seen in the normal animals.   
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Figure 3-7  - Ankle moment at stance-to-swing transition: sham and iSCI 

kinematics.   

Ankle moment is displayed versus activation delay.  The separate curves represent 

the different combinations of factors tested in the model.  Each point on each 

figure is the maximum net ankle moment during a 40 ms window centered around 

the stance-to-swing transition for a particular set of parameters.  The four lines 

representing the parameters are: variations in muscle atrophy (none: solid versus 

moderate: dashed) and kinematic profile (sham: square marker versus iSCI: 

diamond marker).  A: net moment at the ankle joint obtained at different 

activation delays for a rectangular muscle activation profile. B: ankle moment 

obtained with a trapezoidal muscle activation profile.  As the activation delay is 

reduced following injury, the chance of foot swing is decreased.  The change in 

activation pattern from rectangular to trapezoidal following injury counteracts the 

decrease in ankle moment to allow foot swing.  Similar positive adaptations are 

seen for changes in kinematic profile and muscle atrophy representative of injured 

animals.    
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Figure 3-8  - Ankle moment at stance-to-swing transition: drag kinematics.   

Ankle moment is displayed versus activation delay.  The separate curves represent 

the different combinations of factors tested in the model.  Each point on each 

figure is the maximum net ankle moment during a 40 ms window centered around 

the stance-to-swing transition for a particular set of parameters.  The four lines 

representing the parameters are: variations in muscle atrophy (none: solid versus 

moderate: dashed) and activation profile (rectangular: diamond marker versus 

trapezoidal: square marker).  Note the near similarity of each curve.  As long as 

the animal was dragging its foot in the previous step, the following step should 

result in swing.   This can lead to an alternating pattern where the foot drags in 

some steps and swings in others.   
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Figure 3-9  - Ankle moment for all combinations of model factors   

Model results when activation delay is collapsed to two values, 0.04 s and -0.01 s.  

Values above 0 indicate foot swing while values below zero indicate foot drag.  

For each change in parameter there is a corresponding change in ankle torque at 

the stance-to-swing transition.  All values increase as you move to the right, with 

rectangular activation, sham kinematics, no atrophy and 0.04 s activation delay 

being the lowest and trapezoidal activation, iSCI or drag kinematics, moderate 

atrophy and -0.01s activation delay being the highest.   In all parameters except 

activation delay, increases in ankle moment are associated with iSCI-type values.  
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Figure 3-10  - Main effect of each model factor   

The main effect is the effect of the factor alone, averaged across the levels of 

other factors, where a level of a factor is a value that factor can take on (such as 

rectangular and trapezoidal for activation profile).  The difference in ankle 

moment cause by the change in level of that factor is summarized in this figure.  

Ankle kinematics tended to have the largest effect on foot swing, particularly the 

drag profile.  Activation delay was the next strongest factor followed by 

activation profile and finally, muscle atrophy.  
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Table 3-1  - Simulation parameters 

 
 

All variable simulation parameters.  Kinematic profile describes the ankle 

kinematics used as an input in the model to determine muscle lengths, velocities, 

and moment arms.  Normal and iSCI are data collected in this experiment while 

dragged is a hypothetical profile where the ankle was dragging in the step 

previous to the one being analyzed.  GAS profile is the shape of the 

gastrocnemius muscle activation burst.  GAS activation delay is the gap (or 

overlap if negative) between the end of the GAS burst and the beginning of the 

tibialis anterior burst (varied in 10 ms increments).  Muscle atrophy determines 

the mass of the muscle being simulated.  

  

Parameter Kinematic Profile GAS Profile GAS Activation Delay (ms) Muscle Atrophy

Normal Rectuangular -10 to 50 Normal

Value Mild iSCI Trapezoidal Moderate iSCI

Dragged
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Table 3-2  - Musculoskeletal geometry 

 
 

Ankle joint is defined as (0,0), positive values are more distal.  3D position values 

were projected on to the single line segments.  No significant differences were 

seen between groups.  Values are mean ± SD.   

  

Average

Point X(cm)

Foot Ankle 0.00 ± 0.00

TA insertion 0.19 ± 0.16

GAS insertion -0.33 ± 0.08

Lower Leg Ankle -4.10 ± 0.10

TA Origin -0.50 ± 0.10

GAS Origin 0.00 ± 0.00
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Table 3-3  - Ankle musculoskeletal properties 

 
GM: Gastrocnemius Medialis, GL: Gastrocnemius Lateralis, TA: Tibalis 

Anterior.  No statistically significant differences were seen between groups for 

any measure indicating a lack of muscle atrophy.  GAS was summed or averaged, 

where appropriate, from GM and GL.  Values are mean ± SD 

Muscle Weight (g) Pennation Angle (deg) Fiber Length (mm) Sarcomere Length (mm)

Sham Contusion Sham Contusion Sham Contusion Sham Contusion

GM 0.80 ± 0.10 0.82 ± 0.10 29.7 ± 9.0 23.3 ± 5.6 10.63 ± 4.53 7.77 ± 0.62 1.99 ± 0.15 2.12 ± 0.23

GL 1.24 ± 0.20 1.18 ± 0.11 31.0 ± 7.4 27.3 ± 7.6 10.92 ± 6.57 9.93 ± 2.36 2.03 ± 0.07 2.10 ± 0.19

TA 0.69 ± 0.06 0.66 ± 0.03 32.3 ± 11.6 26.3 ± 9.0 13.32 ± 3.16 11.72 ± 3.98 2.24 ± 0.32 2.07 ± 0.25
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Chapter 4 

CONCLUSIONS 

Summary 

Incomplete spinal cord injury (iSCI) caused large changes in locomotion in rats in 

this study.  These changes were evident in kinematics of treadmill walking 

following iSCI, the largest of which were at the ankle.  There was not a whole-

limb decrease in complexity of movement as predicted by stroke experiments, but 

a joint-specific decrease at the ankle.  These joint-specific changes in complexity 

of movement may be due to differences in motor control between the various 

joints of the hindlimb.  Some of these changes in motor control at the ankle may 

be responsible for foot drag, a common locomotor deficiency observed in the 

early stages following injury in the rat; others may be compensatory and allow 

foot swing as recovery of gait ensues with time post injury.   

A computational model of the rat ankle based on experimentally collected data 

gave evidence of which factors may be most responsible for foot drag and which 

may compensate to allow foot swing.  A decrease in the delay between the 

cessation of activity in the gastrocnemius muscles and initiation of activity in the 

tibialis anterior muscle was the only identified maladaptive change in our model.  

Changes in muscle atrophy, gastrocnemius activation profile, and ankle 

kinematics were all helpful following injury, counteracting the decreased 

activation delay to allow foot swing.  Of these, changes in the joint angle 
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kinematic profile and gastrocnemius muscle activation profile had the largest 

positive effects.   

In both studies, small changes in neural control had large changes on behavior 

(foot swing or foot drag).  Small changes in ankle complexity had large changes 

on ankle kinematics.  Small changes in muscle activations had large changes on 

foot drag.   

Locomotor Control 

Changes in locomotion seen in this study were likely due to the unique control 

scheme for the ankle joint as compared to other joints in the hindlimb.  Unlike the 

other joints in the hindlimb,  ankle movement is primarily governed by inputs 

from local proprioceptors [163].  Cutaneous receptors also provide strong inputs 

to the control of the ankle, but they also affect the whole limb.  Activation of 

plantar cutaneous receptors (as during stance) facilitates whole leg extension 

while lack of activation (as seen during normal swing) facilitates whole leg 

flexion and the continuation of swing phase [216, 217].   Stimulation of dorsal 

cutaneous receptors on the other hand facilitates whole limb flexion as well.  In 

normal quadrupeds, this helps the hindlimb clear any obstacle hit by the leg 

during swing [32].  However, following injury, dorsal activation is used to assist 

in clearance of smooth surfaces as well if the ankle does not properly rotate at the 

stance-to-swing transition.   Finally, ankle load is used as a trigger for the stance-

to-swing transition and ankle activation facilitates activation of other muscles in 

the leg [180].   
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These points suggest that the ankle is a significant controller of locomotion 

patterns, instead of being significantly controlled by the locomotor control 

circuitry of the central nervous system (CNS).  Why then, does the ankle joint 

have the largest changes in kinematics following incomplete SCI, a change in 

input from the CNS?  This may indicate that the ankle does not receive significant 

modulation from the spinal cord, relying more on brain-derived signals for 

alterations of pattern shape.  The basic locomotor pattern (left-right and flexor-

extensor alternation) is maintained following injury; however, the shape of the 

pattern is changed, which could be due to disruptions of the connections to the 

brain.  This hypothesis is supported by the fact that the ankle has no short term, 

feed-forward control following iSCI in humans [157].  This hypothesis is further 

supported by the type of injury sustained.  As described in the surgical methods 

for the experiments, the contusion injury applied to the animals strikes the dorsal 

surface of the cord.  This leads to significant damage to the dorsal tracts [136].  In 

the rat, the primary dorsal tracts are the dorsal corticospinal tract, the fasciculus 

gracilis (trunk and hindlimbs) and the fasciculus cuneatus (forelimbs) [167, 168].  

In rats, the corticospinal tract serves a very limited purpose, only directly 

controlling individual digit movements [169, 170].  However, it also serves to 

modulate lumbar stretch reflexes [169].  As the ankle is primarily controlled by 

local reflexes, damage to the dorsal corticospinal tract would lead to significant 

changes in ankle control.  More work is necessary to determine the actual control 

mechanism at play.   
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Significance 

This dissertation focused on assessing changes following iSCI.  The first study 

assessed locomotion in experimental animals while the second assessed changes 

in an experimental model.  First, this research has given new insight into the role 

of the ankle in locomotion, leading to further study of its control.  While this work 

did not directly test a rehabilitation technique, the knowledge gained here can be 

used in applied settings.  The most direct application is using the effect of 

changing muscle activation timing and delays in the development of functional 

electrical stimulation devices.  Understanding the significant role of the ankle in 

locomotion may lead to better robotic trainers and manual locomotor training.  

For example, the Locomat® robotic trainer uses passive control at the ankle while 

the knee and hip are actively controlled.  Adding active control of the ankle may 

improve locomotor recovery results from use of the device.     

Future Work 

Changes in muscle activations following iSCI 

A possible time course of recovery of foot swing following injury was proposed 

in Chapter 3.  Immediately following injury, the delay between gastrocnemius 

deactivation and tibialis anterior activation may decrease, increasing incidence of 

foot drag.  During recovery, changes in kinematics and muscle activation profile 

compensate for the decreased delay, allowing foot swing to return.  One way to 

test this hypothesis would be to measure EMG and kinematics for rats during the 

recovery stage, 0-4 weeks following injury.  Following incomplete spinal cord 

injury, locomotor coordination distal to the level of injury is impaired.  This is due 
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partly to the disruption of supraspinal drive controlling locomotor circuits, but 

also to the secondary changes that occur as a result of the injury.  Frequently, 

disruptions to normal gait arise as a result of impaired coordination.  This includes 

impairments in intralimb coordination, flexor-extensor as well as multi-joint; and 

interlimb coordination, left-right and forelimb-hindlimb.   Following incomplete 

injury, intralimb coordination is markedly changed while left-right coordination 

can be maintained or regained [138, 218].  This is most noticeable in the retention 

or recovery of symmetry in the left-right angle-angle kinematic plots.  Thus, while 

SCI primarily disrupts the supraspinal drive to the hindlimbs, the behavioral effect 

is greater on the network involved in intralimb coordination than that controlling 

interlimb coordination.  Additionally, Chapter 3 suggested that impaired intralimb 

coordination following iSCI is implicated in foot drag.  It also suggested that the 

rat may undergo adaptations in motor control, specifically activation shape, in 

order to regain foot swing in the later stages of recovery.  Bilateral, flexor-

extensor electromyograms (EMG) of the rat ankle muscles would allow us to 

determine changes in left-right and flexor-extensor coordination as well as the 

shape of the muscle activation burst.  This method has been used previously to 

assess control of locomotion in normal rats [88, 219, 220], and normal and spinal 

cord injured mice [221].  Locomotor coordination is important for assessment of 

recovery following SCI and often not captured by simple behavioral measures 

[222].  The ankle is of particular interest when looking at gait coordination as 

ankle load may modulate intralimb coordination as shown in previous EMG 

studies in humans [171].  Differential loss of intralimb over interlimb 
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coordination may be due to the nature of the procedures used to create the 

standard rat SCI experimental model.  Long descending propriospinal tract 

(LDPT) axons are spared more than short thoracic propriospinal tract axons 

during weight drop contusion injuries in rats, with LDPT neurons being 

particularly important in interlimb coordination [223].   

Below, brief descriptions of a future study to address the proposed hypothesis 

(that changes in muscle activation delay lead to foot drag which is then 

compensated for by changes in muscle activation shape) are presented.  Long 

Evans rats would be selected and trained using the same method described for the 

studies presented in Chapter 2 and 3.  Spinal cord injury surgery and post-surgical 

care would be the same as well.  Combined kinematic and EMG analysis would 

take place on data collected pre and 1, 2, 3, and 4 weeks post injury.  EMG 

electrodes would be implanted bi-laterally in the tibialis anterior and 

gastrocnemius medialis for the duration of each EMG/kinematics session and 

removed immediately following testing.  EMG electrodes would be constructed 

from Teflon coated stainless steel wire, deinsulated 3 mm at the tip.  The wire 

would be inserted in a 27 gauge needed and bent around the tip to create a barb.  

A larger, multistranded wire would be used to create a ground electrode.  Animals 

would be anesthetized before electrode implantation and the electrode sites 

shaved and cleaned with alcohol and betadine.  The ground electrode would be 

inserted in the middle of the back.  EMG electrodes would be inserted 

subcutaneously, pointing distally and sutured to the skin near their exit.  One pair 

of electrodes would be inserted near each of the four muscles to be measured, 
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approximately 2 mm apart.  All 9 electrodes would be routed to the back using 

tape and attached to a differential amplifier.  The signals would then be amplified 

and filtered and sampled at an appropriate rate using a data acquisition device in a 

personal computer.  EMG data would be full wave rectified and passed through a 

50 ms moving average before being normalized to maximum amplitude.  Cross 

correlation between flexor-extensor and left-right pairs could be conducted to 

determine coordination, phase lag and overlap between the two signals.  Muscle 

activation shape could be determined by segmenting the EMG signal into 

individual muscle bursts and normalized to a magnitude and pulse width of 1.  

These bursts would then be compared to three possible activation profiles.  Profile 

one, a rectangular waveform with an amplitude and pulse width of 1 

(Rectangular).  Profile two, a trapezoidal profile starting with an amplitude of 1 

and decreasing to an amplitude of 0.5 with a pulse width of 1 (Decreasing).  

Profile three, a trapezoidal profile starting with an amplitude of 0.5, increasing to 

an amplitude of 1 with a pulse width of 1 (Increasing). 

By analyzing the shape and sequence of muscle activations alongside kinematics 

it would be possible to see the effects of muscle coordination on locomotion 

directly.  For instance, if a decreased delay (phase lag) between the gastrocnemius 

and tibialis anterior is seen during most instances of foot drag, then the foot drag 

hypothesis would be supported.   
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Higher degree-of-freedom model 

While our computational model addressed the largest muscles and forces involved 

in foot swing, additional insight may be gained by adding more joints and 3D to 

the model.  Ankle inversion/eversion may play an as of yet undetermined role in 

foot swing as the forces at the rat ankle are significant outside of the sagittal plane 

[85].  Adding the knee and upper leg with via points for the gastrocnemius may 

increase the accuracy of the moment arm and muscle length calculations.  The 

first steps of such a model would include testing the passive properties of the leg.   

Passive torques for the joints could be added [107] based on experimental data 

collected from anesthetized animals using manual perturbations.  Passive torques 

for rat hindlimbs have recently been reported [209] and could be used in such 

models.  Result from such a model may indicate the importance of other muscles 

in foot swing.   

Experimentally measured muscle forces 

The structurally determined muscle models used in Chapter 3 may not perfectly 

represent the muscle forces produced in the rat.  Changes following spinal cord 

injury may include ones not measured in the experiments. Data from isometric 

and isotonic isolated muscle force experiments may be used to verify the muscles 

forces produced in the computational model.   As spinal cord injury may have 

effects such as atrophy or change in muscle length-tension properties [149, 224], 

verifying the structural based model is important.  Following iSCI, there is a 

decrease in mobility, which leads to disuse-type effects in the muscles following 

injury.  These changes stem from the lack of loading of the limbs which can cause 
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decreases in bone density, muscle atrophy, or hypertrophy if spasticity is 

significant [225].  Apart from atrophy, the contractile properties of the muscles 

may be affected [226, 227].  Additionally, location of the muscle along its force-

length curve may change following injury [224].  This may lead to improper 

estimates of force using a structurally derived model.  While the results should be 

similar to those produced using the structurally determined muscle model, they 

may provide slightly different contractile properties that may affect the results of 

Chapter 3.   
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