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Abstract
A traumatic spinal injury can destroy cells, irreparably damage axons, and trigger a cascade of
biochemical responses that increase the extent of injury. Although damaged central nervous
system axons do not regrow well naturally, the distributed nature of the nervous system and its
capacity to adapt provide opportunities for recovery of function. It is apparent that activity-
dependent plasticity plays a role in this recovery and that the endogenous response to injury
heightens the capacity for recovery for at least several weeks post-injury. To restore locomotor
function, researchers have investigated the use of treadmill-based training, robots, and electrical
stimulation to tap into adaptive activity-dependent processes. The current challenge is to maximize
the degree of functional recovery. This manuscript reviews the endogenous neural system
response to injury, and reviews data and presents novel analyses of these from a rat model of
contusion injury that demonstrates how a targeted intervention can accelerate recovery,
presumably by engaging processes that underlie activity-dependent plasticity.
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The critical role of the spinal cord in a broad range of physiological functions is clearly
demonstrated by the deficits observed after spinal cord injury (SCI) and by the medical
conditions that develop in the acute and chronic phases after injury.1–3 Locomotor deficits
have been extensively studied, and numerous techniques designed to promote and accelerate
recovery of locomotor function have been developed. 4 This emphasis on locomotor
function is based on several considerations: its clinical relevance, its repetitive nature, and
the fact that it can be readily observed and measured.

Locomotion is clinically relevant because mobility has a direct effect on quality of life by
enabling individuals to participate in a range of activities and has an indirect effect on health
by enabling exercise and physical activity. These secondary health benefits can reduce the
likelihood and/or severity of conditions such as diabetes, cardiovascular disease, and soft
tissue breakdown — all of which are of great concern for individuals with SCI.5 Restoration
of locomotor ability can slow or reverse the downward spiral that can occur when injury
leads to reduced activity.6

Since locomotion involves repetitive activation of neural circuits, it is well-suited for the
study of the processes of activity-dependent plasticity and their potential role in providing
functional benefits. In many spinal cord injuries7 (and in many animal models8), a critical

Author for correspondence: Ranu Jung, Ph.D. Professor and Chair, Department of Biomedical Engineering, Wallace H. Coulter
Eminent Scholars Chair in Biomedical Engineering, Florida International University,10555 W Flagler Street, EC2602, Miami, FL
33174. rjung@fiu.edu.

NIH Public Access
Author Manuscript
Ann N Y Acad Sci. Author manuscript; available in PMC 2014 April 01.

Published in final edited form as:
Ann N Y Acad Sci. 2013 April ; 1279(1): 164–174. doi:10.1111/nyas.12061.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



subset of the spinal circuitry responsible for generating the oscillatory patterns that drive
locomotion may retain substantial capabilities and may be particularly responsive to
therapeutic strategies that activate them in a repetitive manner.9

Finally, locomotion can be directly observed, can be rated by widely-used clinical
measures,1 and can be quantitatively characterized using a combination of well-established
biomechanical measures10, 11 as well as some novel dynamical systems approaches.12 This
observability facilitates the use of locomotion as a behavior that is a biomarker of neural
function as well as deficit, and of subsequent recovery after injury.

In developing and evaluating therapies for promoting recovery after SCI, it is important to
recognize that the degree of success is often highly dependent on the time (post-injury) at
which they were administered. Many clinical trials are performed using subjects in the
chronic post-injury phase, which provides a stable baseline from which to assess the
therapeutic intervention. Furthermore, it facilitates participation in the experimental
protocol, since potential subjects would have worked through many of the lifestyle
adjustments brought on by the injury. While there is evidence that therapy administered
even long after the injury can have positive effects,13 administering therapy early has the
potential to accelerate recovery.14 This window of opportunity may primarily be the result
of factors involved in the physiological response to trauma, but they may also benefit from
an upward spiral effect in which capabilities enable activity, which in turn enhances
capabilities.

This review provides a brief overview of spinal cord injury, its pathophysiology, and its
endogenous recovery, and then describes current methods of rehabilitation with an emphasis
on strategies that leverage the endogenous neural response to repetitive stimuli. We present
results from a therapy that uses electrical stimulation in a rat model to accelerate recovery
following contusion injury.

Physiological response to spinal cord injury
Although spinal cord injury can result from tumor growth or other disorders, it typically
occurs due to mechanical trauma to the spine that breaks vertebrae and/or displaces adjacent
vertebra.15 The two primary factors that determine the clinical impact of an injury are the
spinal level and the severity. Most injuries are incomplete (iSCI) in that some connections
across the injury site remain intact,16 thus sparing some supraspinal influence on function
and, perhaps more importantly, providing a substrate for plasticity that may improve
communication across the injury level, thereby affording some degree of functional
recovery. In instances of complete SCI, plasticity in circuits below the level of injury may
enhance function.17–19

Directly following the traumatic injury is a complex cascade of events, which, if unaltered,
tends to cause additional damage to the nervous system. Knowing the details of this
sequence may help determine appropriate timing for rehabilitation strategies. The following
description of the stages of injury summarizes a detailed explanation provided by Bareyre
and Schwab 2003.20 Beginning with a mechanical lesion that causes immediate damage to
the cord, the acute phase of injury continues until a few days after injury. The mechanical
trauma and initial response may result in reduced blood flow, which can cause ischemic
necrosis as well as subsequent edema in the spinal cord. These events can produce changes
in extracellular ion concentrations, which, over time (days in animal models, weeks in
humans), can lead to neural failure and spinal shock. The secondary phase of injury includes
the time period from minutes to weeks following injury. It is marked by excessive release of
neurotransmitters, inflammatory reactions, and apoptosis. During this period, the size of the
astrocytes increase in a process termed reactive gliosis, creating a glilal scar at the site of
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injury. Neutrophils, macrophages, and T-cells migrate toward the injury site. Although they
perform important functions in the body’s response to injury, they can also have detrimental
effects on central nervous system tissue. In the chronic phase of injury (days to years)
apoptosis can continue and surviving cells can be further affected by impairments in channel
and receptor functions. Finally, there can be significant scar formation along with
demyelination of some fibers and Wallerian degeneration of axons that no longer have a
target due to cell loss that immediately followed the injury or occurred in subsequent phases
of the response.

During all phases following SCI, the central nervous system undergoes substantial
reorganization. These changes include synaptic plasticity, axonal sprouting and cellular
proliferation throughout the central nervous system, not just caudal to the injury.21 Some of
the changes may involve the formation of new pathways to bypass the damaged regions,
while other changes may involve reorganization in undamaged regions to take on new or
modified functions, as occurs in the reorganization of cortical maps.22 Although expression
of neurotrophic factors increases in the days following injury, neurotransmitter receptors and
transporters and ion channels are downregulated.20 This is likely due to decreased firing of
the neurons both from the lack of supraspinal input following the injury as well as the
typical immobilization following injury. Investigations of the dendrites caudal to the injury
demonstrate a significant loss of dendritic branching23 as well as changes at the synaptic
level that result in substantial alterations in electrophysiological properties.24 Of particular
clinical importance are changes in electrophysiological properties and connectivity that
result in hyperreflexia and autonomic dysreflexia. 25–27

Despite the loss of cells due to the initial trauma and the potentially detrimental effects of
the physiological response, there is clinical evidence that at least some degree of functional
recovery is possible. Most importantly, there is growing clinical evidence that some
interventions can enhance and/or accelerate functional recovery and the scientific
community is developing an improved understanding of the mechanisms that mediate
functional recovery.

From our perspective, a combination of four critical observations motivate the investigation
of interventions delivered at specific times post-injury that use electrical stimulation: (1)the
downregulation in the production of proteins that form neurotransmitter receptors,
transporters and ion channels may be due to reduced activity levels, which would suggest
that the downregulation could be reversed by enhancing neural activity; (2) many of the
processes involved in plasticity at the subcellular, cellular and circuit levels are upregulated
after injury, thus making the system highly responsive to inputs that could help to direct
plasticity towards functional reorganization; (3) the complex interactions amongst the
various components of the physiological response to injury are time-dependent and they are
likely to affect the efficacy of interventions designed to promote functional recovery; (4) and
electrical stimulation provides a means to directly activate specific neurons and/or to
indirectly activate diverse sets of neurons in a coordinated manner by producing movements
through activation of motoneurons to generate muscle contractions. Cyclic movements, such
as locomotion, can elicit repetitive patterns of activation that may maximize the benefits to
be derived from activity-dependent plasticity.

By delivering an appropriately timed intervention that utilizes electrical stimulation to
produce cyclic movements, it may be possible to maximize the therapeutic benefits by
reversing the downregulation of receptors and other proteins, and directing plasticity to
produce functional reorganization.
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Assessment of locomotor recovery
When evaluating new therapies, animal models are often used for SCI research since
techniques have been developed to induce injuries with less variability than is observed in
human patients. In both animal models and humans, sensitive and reliable assessment tools
are needed to determine the effectiveness of SCI therapies on any timescale. Assessments of
movement utilize outcome measures that reflect the varying extent to which recovery can
occur, from increasing range of motion of a joint to increasing speed. Locomotion is often
used, as it is a repetitive, reproducible movement that relies on coordination of multiple
neurological and biomechanical levels. Locomotor assessments range from clinical
measures,1 to 3D kinematic analysis.10 Locomotion can be tested over ground or on a
treadmill (Fig. 1A). While the clinical measures do capture the level of recovery, they are
not very sensitive28 and rely on subjective assessment by individual experimenters.
However, these types of measures are relatively easy to assess, so theyare included in most
experiments. In the rat model, the Basso Beatie and Breshnehan locomotor score29 fulfills a
similar role. However, to view smaller changes in recovery without relying on experimenter
subjectivity, 3D gait analysis is often used (e.g., Fig. 1C).

Quantitative measures available from 3D gait analysis include phase lag, symmetry,
complexity, and range of motion. Left–right symmetry is perhaps the most easily
identifiable measurement. Uninjured individuals tend to have gait patterns that exhibit left–
right symmetry.10 Following injury, this symmetry can be disrupted, although it is often
regained to some extent during recovery. Intralimb joint angle phase relationships help
identify coordination within the limb. As the phase values approach 1, the joints are moving
in sync with one another, as can be seen following various injuries. Following SCI, range of
motion in the ankle increases while it decreases within the knee. Additionally, the ankle
trajectory loses a pre-stance extension phase. Complexity measures may characterize the
changes in neural control following iSCI.

Although characterizing overground locomotion can be informative, more challenging
locomotor activities may provide a more sensitive assessment of locomotor capabilities. One
possibility is to use a more complex task that requires a higher level of supraspinal input.
The horizontal ladder task assesses more fine motor control than the gross locomotor skill
needed for overground walking; fine motor control recovery is much more minimal than
gross locomotor recovery following injury.30 Accordingly, fine motor rehabilitative tasks
may be more efficacious. For instance, in a horizontal ladder task (for training and
assessment), SCI rats showed significantly more improvement when the training was
administered immediately (3–4 days) following injury as opposed to three months later.31

The early time period may be very specific.

In animals trained on a ladder starting one week post injury, performance was not
improved.32 Determining the correct window of opportunity and measurement technique for
therapy may enhance rehabilitation following SCI. Some other specific tasks may also suffer
when training is applied early. When rats are trained to swim, early training (three days post
injury) is actually worse that delayed training (two weeks post injury) in the swimming
assessment and neither time point provides overground locomotor improvement.33 Finally,
when using reaching training following cervical injury, early training has a negative effect
on untrained tasks (horizontal ladder).34 This may point to overground locomotion
(including ladder locomotion) as one of the few tasks that should be trained early. These
differential responses may be due to the different tracts involved in these tasks.35 The
corticospinal tract is involved with skilled forelimb movements in rats36 while treadmill
locomotion can persist even following complete transection in neonatal rats.37 As described
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in the example later on, even short term therapy applied at the right time point has the
potential to significantly accelerate locomotor recovery.

Accelerating locomotor recovery
While the body does undergo some recovery on its own, targeted interventions have the
possibility of accelerating or enhancing recovery following iSCI. Many existing therapies
utilize the body’s own adaptive processes. The degree of recovery is dependent on a large
number of factors including location of injury, severity of injury, and immediate and long-
term care.

In addition to the repetitive motion therapies discussed below, a large number of different
types of therapy have been attempted for spinal cord injury. These include the application of
transplants and neurotrophic factors,38 viral vectors,39 neural bypasses,40 and combinations
of treatments.41, 42

Passive exercise
One of the most basic types of rehabilitation following iSCI is passive exercise. Limbs are
moved with the help of physical therapists, motorized bikes, or robots. Much of the control
of movement is organized around reflex circuits. These circuits coordinate movement
around a joint and between joints.43 Thus, when reflexes are disrupted, as seen following
iSCI, movement coordination may suffer as well. Passive movement therapy has been
shown to normalize some of these improper reflex actions44 and enhance general reflex
modulation following SCI.45 For instance, passive cycling exercise has been shown to affect
a pathway involved in regulation of protein synthesis, cell growth, and proliferation,46 and
upregulate neurotrophic factors while minimizing muscle mass loss following spinal cord
injury47. The primary limitation of passive exercise is that it does not directly activate
motoneurons, thus possibly limiting (though not eliminating) the activation of processes that
would promote activity-dependent plasticity.

Active exercise
Active exercise in which the individual generates volitional contractions to perform specific,
repetitive movements may be the most intuitive rehabilitative strategy following iSCI. One
of the most common is treadmill-based locomotor retraining therapy in which the individual
walks on a treadmill with a harness providing some body weight support and physical
therapists helping to move the legs. Newer versions of this therapy include robot-assisted
movements.48 The addition of volitional drive to the passive exercise regime may help to
activate a network of supraspinal and spinal circuits that may engage activity-dependent
processes. If the volitional drive is successful in producing muscle contractions, it may
enhance sensory feedback by activating muscle spindles and Golgi tendon organs. Active
locomotor training following SCI in rodent models has led to an increase in expression of
neurotrophic factors49 mitigating the effects of some negative adaptations. The effect of
active exercise on increased expression of neuotrophic factors and synaptic plasticity in the
spinal cord is particularly strong.50, 51

Repetitive active training has also been shown to promote cortical remapping52–54 and
improve corticospinal drive.55, 56 The primary limitation of active exercise is that it requires
some level of function in the individual to work. The results achieved by the individual are
often relative to the amount of function they have before starting therapy.
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Electrical Stimulation
A number of clinical and basic science studies suggest that therapy is most likely to
efficiently promote functional reorganization if it produces rich, appropriately-timed
patterns of activity that are associated with functional activities.57, 58 While performing
passive movements or active (volitional) activities, the patterns of activity produced in the
spinal cord and supraspinal circuits are likely to be deficient relative to the patterns in an
uninjured individual. Most notably, paralyzed or paretic muscles may not receive sufficient
excitation to generate contractions of sufficient strength. This insufficiency in motor drive
would reduce the activity of sensors in the muscle and tendon and would limit or alter the
activity in other somatic sensors by impairing the production of a suitable movement
pattern. If delivered appropriately, it may be possible to use electrical stimulation of
motoneurons to produce muscle contractions in an appropriately-timed sequence to activate
sensors in the muscles and to generate functional movements that activate somatic sensors.
This rich pattern of activity in sensorimotor circuits may prove to be more effective than
passive or volitional exercise in activating activity-dependent processes to provide
functional gains.6 Furthermore, it may be possible to initiate an electrical stimulation
intervention earlier in the post-injury phase than protocols that depend upon volitional
activation. In a number of studies, it has been demonstrated that electrical stimulation can
affect the properties of the spinal pattern generator:59 it can increase neurotransmitter
expression 60, and it has been shown to partially restore spinal reflex action.61 While the
goal of electrical stimulation is generally to elicit appropriate movement, even stimulation of
the sensory afferents alone may increase recovery following iSCI.62 Thus, electrical
stimulation addresses much of the pathophysiology of SCI as well as the sites of neural
plasticity identified during the recovery phase. The properties described above apply to
electrical stimulation in general (including open-loop stimulation, as described in our
example below), but further gains may be obtained with more advanced controllers. One
important challenge is to deliver patterns of electrical stimulation that are appropriately
timed to generate the desired movement pattern in a specific individual. Given the complex,
time-dependent interactions of the processes of the endogenous response to injury, a second
key challenge is to identify the appropriate time-window after injury to deliver electrical
stimulation-based therapy.

Adaptive control of electrical stimulation
For any given movement, although there is some consistency in muscle activity patterns
across individuals, there is substantial variability due to individual differences in neural and
musculoskeletal properties, and such differences are likely to be exacerbated after
injury.28,63 Pre-defined, or open-loop, stimulation patterns are therefore limited in their
ability to produce desired movement patterns and the limitations are magnified by the high
rate of fatigue of electrically-stimulated muscle64–66. Adaptive control strategies have been
developed to help account for the variability observed across individuals and for muscle
fatigue. 65, 67–70 If successful, this type of control accurately produces the desired motion in
a highly repeatable manner66 and may therefore maximize the therapeutic benefits of
electrical stimulation.

Early application of neuromuscular electrical stimulation
Neuromuscular electrical stimulation (NMES) (open-loop) applied during the second week
post-injury may accelerate recovery following iSCI. As previously mentioned, the timing of
rehabilitation techniques may contribute to their effectiveness. Rats reach the chronic phase
of their recovery approximately 4–6 weeks following iSCI, so immediate intervention is
needed to assess effectiveness of therapies within the window of recovery. In Jung et al
2009,64 five days of electrical stimulation to hip flexors and extensors (Fig. 1B) was applied
one week following a mild-moderate T9 spinal contusion injury (tested two weeks following
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the injury). Animals with the same level of injury but without therapy were assessed at two
weeks and four weeks71 post injury. Animals were tested using 3D gait analysis while
walking on a treadmill.10 This analysis yielded trajectories of individual joint angles of the
hip, knee and ankle over multiple cycles of movement. Inter- and intralimb angle–angle
trajectories reflect the coordination among the different joints and limbs. Quantitative
measures of symmetry between left and right joint angles can be obtained. Similarly, phase
delays between particular events during the gait cycles (e.g., touch-down of each hind limb
or maximum joint angle during the gait cycle) can be determined. The stimulation training
protocol caused the animals to improve on a number of measures and adopt gait
characteristics similar to those of animals four weeks post injury. This is evident in the left–
right interlimb coordination plots (Fig. 2), particularly at the knee. When the right joint
angle trajectory is plotted versus that of the left, symmetry about the diagonal indicates
symmetry in locomotion. The pattern is clearly more symmetric in the two-week trained and
four-week animals as compared to the two-week untrained animals. It, however, is still very
different from the normal (sham) animals. Quantitative symmetry analysis also indicated
that the NMES trained animals have more symmetric gait than the untrained animals.64 Both
two-week NMES animals and four-week untrained animals showed a cruciform pattern in
the interlimb coordination plots. This pattern indicates that one joint moves while the other
is held constant. While this pattern is different from normal, it represents a further time point
in the natural recovery. Since the pattern for the two-week trained animals is similar to that
of the four-week untrained animals, the data suggest that NMES accelerated recovery
following injury. This pattern of accelerated recovery is also reflected by the phase delay
analysis (Fig. 3). Again, while not the same as the sham animals, the phase delay for the
two-week stimulation trained animals is similar to the four-week untrained animals. While
the left–right phase in the two-week untrained animals is different from the four-week
untrained animals, it is not different from the two-week NMES animals. Both intralimb
phase delay measures (hip–knee and hip–ankle) show differences following injury, with a
trend toward recovery seen. Particularly, the NMES trained animals have values between the
untrained two-week and untrained four-week animals. One method for quantitative analysis
of gait parameters is permutation entropy.72 Permutation entropy quantifies the likelihood of
a signal to change direction. This new analysis of the data from Jung and colleagues64 uses
the code for PE from Olofsen et. al. 200873 for tau = 1. The level of complexity at the hip, as
measured by permutation entropy, decreased due to the stimulation (Fig. 4), presumably
because the intervention was a simple alternating flexor/extensor pattern of stimulation at
the hip. Most notably, the ankle lost significant complexity, mostly due to the loss of the
second local maxima (pre-stance extension) in the ankle trajectory. Overall, there was a
trend for increasing complexity from untrained two-week to NMES two-week to untrained
four-week.

In this example, applying a very small dose of stimulation to a small number of muscles
very soon following injury was able to accelerate recovery. Although the intervention had an
effect, a more complex stimulation pattern may be able to increase the effect. The course of
recovery was not followed beyond this time point, however, so future studies will be needed
to determine if accelerated recovery leads to improved outcomes that are persistently
improved following therapy. An adaptive stimulation paradigm that can produce a
movement pattern similar to that in intact animals66 may be able to provide a greater degree
of recovery of the complexity of movement at each joint. It is also important to note that
accelerating recovery may have a positive feedback effect on clinical outcomes because
faster recovery can lead to higher activity levels, which would in turn speed recovery.
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Conclusions
The complex time course of the various components of the endogenous response to injury
provides the substrate for rehabilitation interventions. Results from clinical and basic
science studies indicate that repetitive movements may promote functional recovery by
tapping into the processes that underlie activity-dependent plasticity. The efficacy of any
rehabilitation strategy may be determined, or at least strongly influenced, by the extent to
which it can produce functional, coordinated patterns of activity across spinal and
supraspinal circuits. Electrical stimulation therapy can accelerate recovery of function and
can be readily implemented in the clinic. It can be incorporated into movement therapies of
varying complexity that meet clinical constraints and are appropriate at the various stages of
progression after injury. Current goals are to utilize the technique for producing complex
movement patterns and to determine the appropriate windows of opportunity to maximize
functional benefits. If successful, electrical stimulation may play a critical role in slowing or
reversing the downward spiral that can occur when injury leads to reduction in activity
levels.
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Figure 1.
Rat locomotor testing and therapy. (A) Rat walking on a treadmill, reflective markers are
placed on bony prominences for 3D visualization to collect kinematic data. (B) Stimulation
therapy setup (figure modified from64). Electrodes for neuromuscular stimulation are
implanted in the hip flexors (IL-iliacus) and extensors (BFh- biceps remoralis anterior head).
Electrode leads are routed to a head connector for connection to a stimulator. The rat is
mounted on a platform for stimulation training. (C) Sham injured kinematic data from a rat
walking on a treadmill (data from the study described in71). Note the biphasic nature of the
knee and ankle trajectories.
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Figure 2.
Sham and incomplete spinal cord injury (iSCI) intralimb coordination patterns. Averaged
traces from 4–6 animals, 5–12 step cycles each. Sham: sham injured rats, NT2 and NT4:
iSCI rats with no training tested two weeks and four weeks post injury respectively,
NMES2: iSCI rats with five days of electrical stimulation therapy tested two weeks post
injury. Sham and NT4 data derived from,71 NT2 and NMES2 derived from.64 Left joint
angle plotted versus right joint angle. Symmetry in movement is indicated by symmetry
about the diagonal. Symmetry is lost in the knee and ankle two weeks following injury.
Symmetry is maintained if NMES therapy is added or an additional two weeks have elapsed.
Note the simplification of the ankle–ankle pattern. In both the NMES and the NT4 animals,
the knee–knee pattern shows a cruciform shape, with one joint moving while the opposite
one remains stationary. Though the NMES2 and NT4 animals do not show the same
trajectories as the sham animals, both groups were able to walk proficiently.
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Figure 3.
Phase delays for kinematic events. Sham and NT4 data derived from study described in,71

NT2 and NMES2 data derived from.64 Hind limb fore limb and Left–right hind limb phase
delay: relative phase of each limb touchdown with respect to another within a gait cycle.
Phase is defined at discrete moments within a gait cycle and varies between 0 and 1 (two
consecutive touchdown events for each limb). Hip knee and hip–ankle: relative phase
calculated from time between maximum joint angles for each joint during a gait cycle,
within a limb. Injury causes a change in forelimb-hindlimb coordination, shifting it from
approximately 0.75 to approximately 0.5, or completely out of phase. Left–right phase delay
is altered following injury, however, NMES training or an additional two-week recovery
period returns left right coordination to symmetry. Intralimb phase delays (hip–knee and
hip–ankle) are significantly decreased following injury, with a progressive increase from
stimulation therapy or additional time for recovery. Sham: sham injured rats, NT2 and NT4:
iSCI rats with no training tested two weeks and four weeks post injury respectively,
NMES2: iSCI rats with five days of electrical stimulation therapy tested two weeks post
injury.
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Figure 4.
Permutation entropy complexity measures. Sham and NT4 data derived from study
described in,71 and new analysis based on data of NT2 and NMES2 data from.64

Permutation entropy quantifies the complexity of a time series signal, indicating how often it
changes direction. Higher values indicate higher complexity. Following stimulation therapy,
hip complexity decreased due to entrainment to the simple stimulation pattern. Following
injury, ankle complexity decreased with a concomitant increase in knee complexity. Sham:
sham injured rats, NT2 and NT4: iSCI rats with no training tested two weeks and four weeks
post injury respectively, NMES2: iSCI rats with five days of electrical stimulation therapy
tested two weeks post injury.
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