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Spinal Cord Injuries: An Overview 

 
Learning Objectives 
 
Upon successful completion of this course, you will be able to: 
 
● Identify the tools for assessing spinal cord injury and repair 
 
● Identify the outcome measurements used to assess injury and recovery  
 
● Identify the steps involved in monitoring real-time progression of spinal cord injuries 
 
● Identify the current therapeutic interventions 
 
 
 
 

TOOLS FOR ASSESSING SPINAL CORD INJURY AND REPAIR 
 
Because the spinal cord is encased in the protective armor of the vertebrae, investigation of the site of 
the injury or the effects of potential therapies has required the development of a diverse set of research 
tools. In the past 40 years the rapid progress in the technologies available to perform experiments has 
largely been responsible for the great strides that have been made in understanding the basic principles 
of neuroscience. Studies with animal models have been instrumental in the rapid development of 
neuroscience and understanding of the biology of the spinal cord. The advent of cell culture techniques 
has provided a means to isolate and grow cells. Researchers can now isolate specific molecules and 
proteins and examine their roles in neuronal injury and repair in laboratory animals that mimic human 
spinal cord injuries. Recent advances in imaging techniques and methods for investigation of the 
actions of genes have advanced the understanding of spinal cord injuries even further. They also 
provide researchers with the tools that they need to examine changes in the spinal cord at the molecular 
and structural levels, for example, improving knowledge of the inhibitory conditions that serve as 
barriers to neuronal regeneration.  
 
 

This section describes the important genetic and in vitro tools that have been developed to advance 
spinal cord injury research; the key animal models that are used to mimic human spinal cord injuries 
and the major limitations of the existing animal models; and the outcome measures that have been 
developed to assess spinal cord injuries and the effectiveness of experimental therapies, including the 
development of imaging technologies. 
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MOLECULAR, GENETIC, AND IN VITRO TOOLS 

Techniques have been developed that allow researchers to isolate and grow populations of neurons to 
investigate the effects of specific proteins and molecules on neuronal injury and repair. Neurons can be 
grown in isolation or with glial cells such as oligodendrocytes or Schwann cells to study the processes 
of axonal outgrowth and myelination. Investigators use molecular biology-based techniques, such as 
DNA or protein analysis, that can be used to easily visualize or analyze outcomes. 

Demonstrating the power of a cell culture experiment, the simple growth-cone turning assay led to the 
discovery that altering various molecules inside the growing axon regulates protein and cyclic 
nucleotide activities, which, in turn, can convert an axon’s response to a growth-inhibiting molecule 
from one of repulsion to one of attraction (Song et al., 1998). When this application is applied to 
regenerating axons in the rat spinal cord, investigators showed that the regrowth of transected neurons 
has the potential to be enhanced considerably (Neumann et al., 2002; Qiu et al., 2002). Furthermore, 
the recent elucidation of the signaling pathways responsible for this switch in response may lead to the 
discovery of a strategy for enhancing axon regeneration (Wen et al., 2004). 

Often, in vitro assays can be used in experiments with animal models, thus allowing researchers to 
verify and examine the effects detected in vitro to be evaluated in a more complex system. For 
example, chondroitin sulfate proteoglycans were found to inhibit neurite outgrowth in in vitro 
experiments (Snow et al., 1990). Analysis with animal models demonstrated that the levels of these 
proteoglycans are enhanced, or up-regulated, during central nervous system (CNS) injury (Snow et al., 
1990) and led to the development of a strategy to break down these substances and promote the 
regrowth of axons in the intact rat spinal cord after an injury (Bradbury et al., 2002). 

 
Animal Models for Molecular and Genetic Studies 

Models consisting of multiple-transgenic animals have been developed to investigate molecular 
mechanisms and to identify the molecules critical for specific processes (Table 3-1). These models 
provide a better understanding of the genetic and molecular basis by which spinal cord circuits, 
specific neuronal subtypes, and synapses are formed (Shirasaki and Pfaff, 2002; Lanuza et al., 2004). 
For example, by studying the development of the nervous system of the fruit fly (Drosophila 
melanogaster), researchers have identified numerous molecules that can regulate the growth of the 
axon and the formation of neuronal connections (Vaessin et al., 1991; Kidd et al., 1998; Kraut et al., 
2001; Jin, 2002). This information should provide TABLE 3-1 Animal Models Commonly Used to 
Identify Genes Involved in Axon Growth and Circuit Formation 

AnimalTechnique(s) 
Primary 

Utility 

Fruit 
fly 

Transgenic Identify and investigate molecular expression patterns; perform genetic 
experiments to identify the molecules involved in axon growth and guidance 
and the reformation of neuronal connections 

Worm Transgenic Identify and investigate molecular expression patterns and perform genetic 
experiments 

Fish Transgenic, 
transection, 

Examine motor control and the central pattern generator after transection of the 
spinal cord and investigate axonal regeneration models 
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Mouse Transgenic, 
imaging 

Identify and investigate molecular expression patterns; perform genetic 
experiments to identify the molecules involved in axon growth and guidance 
and the reformation of neuronal connections; examine cellular and molecular 
basis of spinal cord circuits 

The insights needed to reconstruct effective circuits once axonal regeneration has been achieved. 

ANIMAL MODELS OF SPINAL CORD INJURY 

Animal models allow in-depth investigation of the anatomical and molecular changes that occur in 
response to a spinal cord injury at a level of detail that would not be possible or ethical in studies with 
humans. These insights are critical for the design and interpretation of the results of studies with 
humans. Without the knowledge gleaned from studies with animals, the spinal cord would remain the 
equivalent of a black box and therapies aimed at restoring function would be limited. For example, 
experiments with rodents demonstrated that the neurons in the spinal cord are able to regenerate after 
an injury (Richardson et al., 1980; Xu et al., 1995). 

 

 

Researchers have developed a variety of animal models that mimic different attributes associated with 
spinal cord injuries. Depending on the purpose of the study and the specific aspect of the injury to be 
investigated, researchers determine which animal model most closely replicates the injury in humans 
(Tables 3-2 and 3-3). In 2000, the International Spinal Research Trust published guidelines that 
describe four characteristics that are required for an optimal model of spinal cord injury (Ramer et al., 
2000): 

 The nature and the extent of the lesion should be precisely defined. If there is doubt about the 
extent of a lesion or whether axons have been spared, then interpretations of regeneration can 
be misleading. 

 A histological method should be available to detect the growth of axons through the lesion. 

 A method should be available to analyze the functional synaptic transmission beyond the lesion 
by measuring the electrical activity that neurons use to communicate with one another. 

 A behavioral measure should be available that is capable of detecting restoration of known 
circuits. 

  
  

It is important to examine therapies in a system that best mimics the condition of the individual with a 
spinal cord injury. For example, therapies designed for individuals with chronic conditions should not 
be tested in animal models immediately after the animal has received the injury but should be tested 
only after the animal is in the chronic stage of the injury (Kwon et al., 2002a; Houle and Tessler, 2003; 
Kleitman, 2004).  
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TABLE 3-2 Value of Animal Models for Spinal Cord Injury Research 

 Allows in-depth investigation of the anatomical changes that occur in response to an injury 

 Regeneration of axonal tracts between the brain and the spinal cord can be studied in detail 

 Individual components of the complex neural circuitry required for sensory perception and 
motor control can be examined 

 Factors that influence DNA and proteins can be characterized 

 Provides a means to examine the effects of specific genes 

 Provides a tool to identify and test the efficacies of potential therapeutic agents and targets 

 Identifies clinical end points that can be used to assess the efficacies of therapeutic agents 

 

TABLE 3-3 Criteria for Choosing an Ideal Animal Model 

 Ability to match the behavioral complication to a morphology deficit 

 Similarities and differences between the anatomy and cellular composition of the animal and 
human spinal cord 

 Similarity of the whole injury process, including genetic changes and progression, to that 
observed in humans 

 Similarities and differences between the timing of the stages of injury and life cycle in animals 
and humans 

 Similarities and differences in the genetic backgrounds of the animal strains and species that 
may influence the response and recovery from a spinal cord injury 

 Economics of the model, including the costs of care and feeding, and regulations 

  

SOURCE: Croft, 2002. 

Furthermore, each type of spinal cord injury is different and presents its own set of challenges; 
therefore, each requires its own standard animal model that reliably mimics the complications 
experienced by individuals with that type of spinal cord injury. 

A number of animal models have been developed, including models that mimic compression, 
contusion, and transection (Table 3-4). Blunt contusion injuries account for 30 to 40 percent of all 
human spinal cord injuries (Hulsebosch, 2002); thus, the contusion model provides an important tool 
that researchers can use to examine the neuropathology of the injury and to test the efficacies of 
different therapeutic agents.  

In 1978, the clip compression technique was developed by researchers to simulate the continual 
pressure and displacement of the spinal cord common in spinal cord injuries, which is not reproduced 
in contusion injuries (Rivlin and Tator, 1978).  
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This procedure has provided researchers with a great deal of information about the 
pathophysiology of the spinal cord during the acute stages of the injury; the timing, necessity, 
and effectiveness of releasing the pressure from the spinal cord; and potential therapies (Kwon et 
al., 2002b). To target and eliminate particular groups of neurons, methods that generate 
microlesions (Magavi et al., 2000) and that leave the vast majority of the nervous system intact 
have been developed. Using this strategy, the functional consequences that result from losing the 
nerve groups can be systematically examined. Researchers are determining the neuronal 
populations responsible for specific spinal cord injury deficits, including the root causes of 
chronic pain (Gorman et al., 2001).  
 
 

 

 TABLE 3-4 Commonly Used Animal Models of Spinal Cord Injury 

Animal and Injury Modeled Primary Utility and Potential Issues 

Primate transection  Test the safety and efficacies of therapies 

 Determine the role of the central pattern generator in bipedal 
animals 

 Ethical complications with the use of primates 

 High cost of animal maintenance 

 Limited number of animals that can be prepared for 
experimentation 

 Spatial arrangement of the tracts differs from that in humans 

Cat contusion, transection  Examine and define spinal cord circuitry and the central 
pattern generator 

 Central pattern generator may have different amounts of 
brain regulation compared with that in humans 

 Spatial arrangement of the tracts differs from that in humans 

 Chromosomes and genes are organized differently from 
those in humans 

Mouse contusion, compression, 
transection, transgenic, 
microlesion formation 

 Investigate molecular and anatomical changes that occur in 
response to injury; however, mice respond differently than 
humans to spinal cord injury 

 Examine specific molecular targets for potential therapeutic 
targets 

 Modify genes to test the effect on restoration or loss of 
function 
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 Difficult to assess upper extremity function 

 Genetic variability in injury response, including scar 
formation 

 Differences in scale size of spinal cord between mice and 
humans 

 Spatial arrangement of the tracts differs between mice and 
humans 

 Chromosomes and genes are organized differently from 
those in humans 

Rat contusion, compression, 
transection, microlesion 
formation 

 Investigate molecular and anatomical changes that occur in 
response to injury 

 Difficult to assess upper extremity function 

 Differences in scale size of spinal cord in rats versus humans 

 Chromosomes and genes are organized differently from 
those in humans 

NOTE: Contusion refers to a bruising of the spinal cord. Transection models are used to simulate 
lacerations to the spinal cord. Transgenic refers to modification of the animal’s genetic profile, which 
is done by deleting or modifying existing genes or introducing a novel gene. 

 

Issues Regarding Animal Models 
 
Mimicking Transection and Compression Injuries 

To make certain that the results from transection experiments are correctly interpreted and to minimize 
the variability in results, it is important that transection methods be standardized and that control 
animals be prepared at the same time that the experimental animals are treated. For example, to ensure 
that the recovery of function is due to axonal regeneration and not spared spinal cord circuitry, 
researchers must precisely perform transections of the spinal cord and must be sure that the axons 
projecting from the neurons are completely severed. If not all of the axons are severed, sparing and 
sprouting from uninjured axons become issues.  

It is important to note that damage to the dura mater as a result of a penetrating injury (including 
experimental transection) provides a route for the invasion of fibroblasts into the injury site (Zhang et 
al., 1996, 2004). Furthermore, in mice, there is extensive invasion of fibroblasts even without damage 
to the dura and the fibroblasts participate in the formation of a tissue matrix that is supportive for 
regeneration of at least some types of CNS axons. Following penetrating injuries, the potential 
contribution of fibroblasts (positive or negative) must be considered in evaluating experimental 
interventions to promote repair and functional recovery 

By virtue of the means by which compression injuries occur, there is a large amount of variability in 
the severities of spinal cord injuries. However, when initial compression studies are performed, it is 
important to be able to study a large population of animals that have the exact same initial injury 
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characteristics before the experimental therapeutic intervention. Protocols have been developed to help 
minimize the variability in injury from animal to animal. Three impactors are widely accepted as 
standard methods for the delivery of contusion injuries to rodents: the Ohio State University (OSU) 
impactor, the Infinite Horizons device, and the Multicenter Animal Spinal Cord Injury Study 
(MASCIS) impactor (Bresnahan et al., 1987; Noyes, 1987; Kwo et al., 1989; Gruner, 1992; Young, 
2002). 

 
Genetic Variability Between and Among Species 

Although it is important to test therapeutic interventions in animals before they can become established 
treatments in the clinic, genetic differences between animal species can potentially result in different 
responses to spinal cord injuries or treatments. For example, in response to injury, humans and rats 
develop a cavity in the spinal cord, but this does not occur in mice (although the precise cellular and 
molecular bases for this are not yet well understood). In amphibians, regeneration readily occurs 
directly through the glial scar. 

 

BOX 3-1 
The Story of Nogo-Knockout Mice: Cooperation, Collaboration, and Genetic Variability 

Three groups of investigators recently used the gene-knockout strategy to examine whether Nogo, a 
potential inhibitor of axon growth, was responsible for preventing neuronal regeneration after an injury 
(Steward et al., 2003). Researchers coordinated their research efforts and published their findings in 
papers published in the same issue of the journal. Each group removed a specific part of a mouse’s 
chromosome that is responsible for Nogo, with the hypothesis that if Nogo is responsible for inhibiting 
neurons from growing, then its removal would facilitate regeneration after a spinal cord injury. 
However, the experiments found contradictory results. One study reported that the loss of Nogo 
increased the extent of neuronal regeneration, as predicted (but only in young mice), and the second 
study reported a more modest enhancement; however, the third group did not find any significant 
difference (Kim et al., 2003; Simonen et al., 2003; Zheng et al., 2003). The various results could have 
been due to differences in the ages and the genetic backgrounds of the mice, the strategy used to delete 
the Nogo gene, and the compensatory changes in other genes. In order to better understand the 
differences in these results, two of the groups have set up a collaboration to share their mice and 
perform their own analyses. This example demonstrates the value of genetic techniques, the 
importance of consistency in experimental design, the need to replicate experimental results, and the 
value of collaborative and collegial interactions between research groups. 

Different strains of the same animal species may respond differently to spinal cord trauma. For 
example, the nature and the extent of the secondary injury and wound healing vary in different strains 
of mice (Inman et al., 2002). Although these differences in responses between strains and species 
complicate comparison of the results of studies with different animal species, they may provide 
important insights about the specific genes that affect postinjury signaling cascades (Inman et al., 
2002). Furthermore, the differences observed in experiments with the Nogo gene (Box 3-1) provide 
important lessons about the necessity to replicate experiments. 

Scale 

The human spinal cord is more than four times as long as the rat’s entire CNS (brain and spinal cord). 
Figure 3-1 demonstrates the difference in size between the entire CNS of a rat and the caudal end of a 
human spinal cord.  
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FIGURE 3-1 Size discrepancy between the rat and the human spinal cords. 

The human spinal cord is more than four times as long as the entire CNS of the rat. (A) A caudal 
segment of the human spinal cord, including the cauda equina. The human cauda equina is 
approximately the same length as the entire CNS of a rat, which includes its brain. (B) The diameter of 
the human spinal cord is also much larger than that of the rat spinal cord. Twenty slices of a rat spinal 
cord can fit inside one slice of a human cord. 

Consequently, regeneration of nerve fibers over a few vertebral segments in a rat—which can result in 
the restoration of function—is equivalent to only a fraction of the distance that is needed to restore 
function in humans (Dobkin and Havton, 2004).  

Furthermore, because neurons from both species demonstrate the same degree of spontaneous 
sprouting of their axons, approximately 2 millimeters (von Meyenburg et al., 1998), there are added 
complexities in promoting sufficient axon growth in humans (Dobkin and Havton, 2004). Although 
parts of the white matter of the human spinal cord are almost as large as the entire diameter of the rat 
spinal cord (Figure 3-1), there is no significant difference in the capacity for oligodendrocyte precursor 
cells to migrate to remyelinate axons in rats and humans. 

One of the issues regarding the differences in scale between smaller laboratory animals and humans 
that has been discussed is the extent to which testing is needed in primate models. Depending on the 
treatment, it may be advisable to examine the efficacies of some cell therapies in primates. However, 
there are also limitations in the use of non-human primates for mimicking human responses. For 
example, some types of monkeys have specific antibodies that can attack and inhibit the survival of 
human cells. Additionally, the bioavailability and metabolism of anti-rejection drugs in non-human 
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primates and humans differ significantly. Therefore, rodents have frequently been used as the preferred 
model to study the efficacies of new immunosuppressive agents because of similarities in metabolism 
between rodents and humans. In addition, experiments are sometimes performed in rabbits and cats, 
which have larger spinal cords and are also less expensive and easier to maintain than primates. 
Furthermore, few tests have been developed to assess changes in spinal cord recovery in nonhuman 
primates. The committee believes that every therapy need not necessarily be tested in primates before 
clinical trials are performed with humans and that tests with primates be limited to those that will 
answer questions that are best explored only with non-human primate models. 

 
Next Steps 

The promise accorded by the methodical testing of therapies with animal models is beginning to pay 
off. Scientists have identified numerous inhibitory molecules and receptors that prevent the 
regeneration of neurons in the spinal cord and have clarified the pathways by which the inhibitory 
response can be modulated. 

Additional resources and tools are still needed in some areas, however. Animal models need to be 
developed for solid spinal cord injuries, as they account for a significant portion of human spinal cord 
injuries (Hulsebosch, 2002). Primate models of contusion injury are particularly needed, as well as 
standard animal models for cervical spinal cord injuries. Furthermore, there is no standard laboratory 
animal model that spinal cord injury researchers can use to examine fine motor control of the upper 
extremities or the loss of the sensory modality proprioception, which is responsible for limb position 
and immediately varying the degree of muscle contraction in response to external stimuli. When 
individuals with spinal cord injuries lose their proprioception, they are unable to move freely and 
interact comfort-ably with the external environment (see Box 5-1). Therefore, the development of a 
standard animal model that mimics the loss of proprioception will facilitate the development of 
therapies in a timely fashion. 

It is important that researchers use standardized animal models and that they use them consistently. 
The National Institute of Neurological Disorders and Stroke (NINDS), in recognition of the need to 
train researchers who work on spinal cord injuries, collaborated with Ohio State University to design a 
course that emphasizes competency in the technical approaches required for standard animal care and 
treatment and experimental design (Ohio State University, 2004). In addition, the University of 
California at Irvine has developed a similar course. These courses provide researchers with the 
opportunity to be trained to use the same standards for animal research.  

By training multiple researchers to use standard techniques, consistent animal injury models can be 
implemented. These models will increase the extent to which research results can be compared and 
improve the extent to which animal models can be used to predict clinical outcomes in humans. 

 
OUTCOME MEASURES USED TO ASSESS INJURY AND RECOVERY 

Because of the variations in the severity and the nature of the outcomes that individuals with spinal 
cord injuries experience, it is often difficult for health care professionals and researchers to assess the 
success of a particular intervention. Similarly, it is difficult for preclinical researchers to consistently 
assess progress in laboratory animal experiments and to determine the amount of progress, if any, that 
results from natural recovery, drug therapy, surgical intervention, or rehabilitation. 
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Outcome Measures Used to Assess Spinal Cord Injury in Animal Models 

Tests developed to examine the recovery of function in laboratory animals have been designed 
primarily to examine motor function (Table 3-5; Appendix D). However, to accelerate the translation 
of research in other areas, including sexual function, bladder and bowel control, and chronic pain 
relief, standard tests need to be developed to assess experimental therapies for each of these major 
complications (Widerstrom-Noga and Turk, 2003). 

TABLE 3-5 Tools Used to Assess Spinal Cord Injuries in Laboratory Animals 

Functional recovery 

  Basso, Beattie, and Bresnahan (BBB) scale, an open-field locomotor test for rats 

  • Is based on 5-point Tarlov scale 

  • Analyzes hind-limb movements of a rat in an open field 

  • Is a 21-point scale used to assess locomotor coordination 

  • Rates parameters such as joint movements, the ability for weight support, limb 
coordination, foot placement, and gait stability 

  • Small changes in tissue correlate to large changes on the scale 

  • Assesses walking, not other movements requiring coordinated spinal cord 
activity 

  • Does not assess pain, bowel, bladder, or sexual function 

  Basso Mouse Scale (BMS), an open-field locomotor test for mice 

  • Is an adaptation of rat BBB scale to examine the recovery of hind-limb 
locomotor function 

  • Assesses walking, not other movements requiring coordinated spinal cord 
activity 

  • Does not assess pain, bowel, bladder, or sexual function 

  Neuronal activity assessment by electrophysiology 

  • Assesses MEPs or SSEP 

  • Stimulates corresponding cortical areas of the brain and records response in 
target nerves to see if connections are still functional 

  • Correlates to impairment of locomotor activity 

  • Is noninvasive 

  • Neuronal activity may not correlate with functional changes 

  • Hard to assess subtle but critical improvements to circuitry 
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  • Does not directly assess pain, bowel, bladder, or sexual function 

  Forepaw withdrawal 

  • Investigates recovery of heat perception 

  • The forepaw is placed on a heat block and the time that it takes for the animal to 
withdraw it is measured 

  • Forepaw withdrawal requires motor function 

  • Does not assess pain, bowel, bladder, or sexual function 

  Directed forepaw reaching 

  • Looks at coordinated limb and muscle movement 

  • Requires rats to reach under a barrier and pick up food with forepaws 

  • Limited scale for assessment 

  • Does not assess pain, bowel, bladder, or sexual function 

Morphological assessment of recovery 

  Histology 

  • Is used to look at the morphology of axons and assess the degree of tissue 
sparing, injury, and recovery 

  • Is used for anterograde and retrograde tracing of axons: a 
substance is injected above or below the location of the injury 
to determine if the neuron transports it up past the injury 
location 

  • Uses electron microscopy to look at the morphology of the 
spinal cord at very high resolution 

  • Uses antibody staining to determine the protein distribution in 
cells 

  • Assessments cannot be made in real time 

  • Cannot be performed with living animals 

  Real-time imaging of the spinal cord 

  • Uses MRI, CT, and PET, which are safe, noninvasive methods 
that provide detailed images of hard-to-view areas of the spine 

  • Resolution is not high enough to detect changes to individual 
cells 

  Genetically encoded reporter molecules 
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  • Axon regrowth and formation of functional connections are 
visualized by use of genetically encoded reporter molecules in 
intact animal models or in isolated spinal cord preparations 

  • Requires a correlation to improvements in physiological 
function 

NOTE: Abbreviations: BBB = Basso, Beattie, and Bresnahan; BMS = Basso 
Mouse Scale; CT = computed tomography; MEPs = motor evoked potential; MRI 
= magnetic resonance imaging; PET = positron emission tomography; SSEP = 
somatosensory evoked potential. 

 

Researchers use a standard scale, the Basso, Beattie, and Bresnahan (BBB) scale, to assess the 
recovery of motor function in rats (Basso et al., 1995). The foundation of the BBB scale is the 
assessment of hind-limb movements in rats with spinal cord injuries. The 21-point BBB scale is 
sensitive enough that small gains in motor function are reflected in changes  in the outcome score. 
However, the scale has several limitations as it assesses only the functional recovery of the hind limbs 
and not other elements of fine motor control that are required for coordinated activity regulated by the 
spinal cord; does not examine the recovery of sensory modalities, including pain and temperature 
sensations; does not assess other complications that arise as a result of spinal cord injuries, including 
bowel and bladder function, pain, or sexual capacity; and is not linear. 

 
Outcome Measures Used to Assess Spinal Cord Injury in Humans 

Clinicians have available more than 30 assessment tests and surveys that they can use to examine 
individuals with spinal cord injuries, including the American Spinal Injury Association (ASIA) scale 
and measures that assess all the major complications associated with spinal cord injuries. Each of these 
measures assesses a specific aspect of recovery from spinal cord injury or evaluates the individual’s 
quality of life and is not designed to examine all the major complications that arise because of a spinal 
cord injury. 

 
 
 
 

MONITORING REAL-TIME PROGRESSION OF SPINAL CORD INJURIES 
 
Biomarkers 

It is hoped that in the near future biomarkers will be available for diagnosis or prediction of the clinical 
course of an individual after a spinal cord injury; however, no biomarkers are currently available to 
identify the changes occurring in the cells in the living spinal cord, such as neurite outgrowth, cell 
death, or changes in gene expression. Researchers have identified a large number of potential 
biomarkers (Table 3-6) and are developing practical methods to assess changes to those markers that 
could be used in the clinical setting. Once biomarkers are available and validated, they could be used 
to aid researchers and clinicians with making a diagnosis and establishing a prognosis, monitoring 
changes over time, and evaluating therapeutic interventions. 
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Trauma to the spinal cord affects a large number of biochemical cascades and reactions, but specific 
details about the genes involved in these processes are not well understood. Most of these changes are 
reflected by changes in mRNA and protein levels (Table 3-7). Since mRNA is copied, or transcribed, 
from DNA and provides the transcript that the cell uses to synthesize new proteins, analysis of mRNA 
or protein levels could reveal information about changes in cellular events. Advances in microarray 
technologies over the last decade have made it possible for researchers to examine the expression 
patterns of hundreds, if not thousands, of genes at the same time by comparing changes in gene activity 
in spinal cord samples from healthy and injured individuals. Using biomarkers, microarrays, and other 
tools, investigators have started to assess the complexity of the biological response to spinal cord 
injury. The full potential uses of biomarkers for spinal cord injury research include the following: 

Diagnosis and prognosis. The expression profile of a biomarker, especially proteins, could provide 
clinicians with information that aids in establishment of a diagnosis and a prognosis of a patient’s 
injury. For instance, the progression of multiple sclerosis (MS) can be determined by examining the 
levels of a major myelin component, myelin basic protein, whose concentration increases in the 
cerebrospinal fluid in response to a demyelinating episode. Experiments with laboratory animals have 
identified similar gene expression fluctuations in response to spinal cord injuries. For example, the 
onset of the acute immune response is characterized by increases in the levels of the interleukin-6 
protein (Segal et al., 1997; Carmel et al., 2001; Song et al., 2001; Nesic et al., 2002), whereas 
apoptosis, or the controlled death of cells that begins in the secondary stage of the injury, is regulated, 
in part, by changes in the levels of the Fas protein (Li et al., 2000; Casha et al., 2001). Thus, 
identification of specific fluctuations in the levels of proteins like interleukin-6 and Fas could inform 
clinicians about changes in an individual’s level of injury. 

  

TABLE 3-6 Criteria for Determining and Validating a Biomarker Used to Monitor Spinal Cord 
Injury Progression and Recovery of Function 

Necessary properties of a 
progression marker 

 Describe a biological process that changes with the 
progression of the disease or recovery 

 Correlate with clinical deterioration 

Necessary properties of a 
progression indicator biomarker 
measure used as a 

 Objective (i.e., it should be amenable to a blinded or a 
centralized assessment) 

 Reproducible (i.e., repeat measurements of the progression 
indicator for the same patient should be highly correlated) 

 Specific to changes in progression indicator; otherwise, the 
effects of other changes in the biomarker (e.g., compensatory 
changes related to drugs used to treat the injury or to agent 
under study in a clinical trial) should be known so that suitable 
adjustments in the analysis of clinical trial data can be made 

 Low signal-to-noise ratio for the biomarker measure 

 Safe and tolerable and should not require maneuvers that 
could unblind the study 
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Other desirable properties of a 
biomarker measure used as a 
progression indicator 

 Relatively inexpensive and easy to use 

 Capable of being used in repeated studies with a particular 
individual with a spinal cord injury 

Data needed to support the use 
of progression indicator or 
biomarker measurement for 
application to a clinical trial for 
study of spinal cord injury 

 Data from longitudinal studies should be available for a 
sufficient number of individuals with spinal cord injuries to 
allow an informative assessment of the distributional 
properties (e.g., mean and variance) of the progression 
measure progression over periods of time pertinent to future 
clinical trials; such data are needed to allow calculation of the 
sample size and power for trials to evaluate the effects of 
specific treatments on spinal cord injury progression 

NOTE: This table is based on recommendations for the development of biomarkers for use in 
monitoring the progression of Parkinson’s disease. 

SOURCE: Adapted from Brooks et al., 2003. 

 

Treatment guidance. Analysis of gene expression during the course of the injury and recovery could 
provide clinicians with detailed informa-tion about the molecular events that are responsible for 
changes in spinal cord reorganization that occur over time. With this knowledge, physicians might be 
able to avoid preventable complications and specifically target ongoing events when they treat spinal 
cord injuries. 

Outcomes assessment. Biological expression data that are correlated to functional improvement, such 
as increased locomotion, improved bowel function, or reduced spasticity, may provide helpful means 
of assessing beneficial or harmful changes to the spinal cord that may be missed when the primary 
clinical end points are behavioral. 

 The development of biomarkers that are specific for neuronal cell death, myelination, or nerve 
regeneration would be beneficial to both basic researchers and clinicians. 

Potential therapeutic targets. The analysis of changes in specific gene products that are up- and down-
regulated in response to a spinal cord injury could also provide researchers with a tool to identify 
specific targets that could be used for future drug development. Understanding of the molecular and 
cellular mechanisms involved in spinal cord injuries may permit identification of specific targets for 
therapeutic benefit. 

Traditionally, biomarkers were identified by examining candidate genes involved in cellular events 
that occur as a result of a spinal cord injury and looking for other genes that were associated with the 
function of the candidate gene. This strategy led to the identification of many candidate genes, such as 
the Nogo gene and several of the interleukin genes, which have helped define the biological processes 
affected by a spinal cord injury. Although the individual process of identifying genes involved in a 
spinal cord injury has been critical for advancing the research, the process is also intrinsically biased 
and limited in its scope because of its dependence on previous detailed knowledge about the biological 
system under study. Another limitation is that changes in individual biomarkers may be induced by 
events other than spinal cord injuries. For example, the activities of the immediate-early genes c-fos 
and c-jun have been correlated to neurite outgrowth, but they are also involved in many other 
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processes, including cancer metastasis. Therefore, for a single biomarker to provide sufficient 
predictive value, it must be specific to spinal cord injuries and provide a sensitive measure for the 
assessment of the process being examined. Consequently, changes in multiple genes will need to be 
assessed to understand gene responses specifically related to spinal cord injuries as is true in assessing 
breast cancer (Hollon, 2002). 

 
Protein Expression Profiles of Spinal Cord Injury 

Because the body contains more than 1 million proteins that regulate metabolism and disease 
(Watkins, 2001), proteomic techniques that ana-TABLE 3-7 Changes in Gene Expression After Spinal 
Cord Injury, by Stage of Injury 

Gene Function Primary Stage Secondary Stage Chronic Stage 

Apoptosis Caspases, c-jun, p53, Fas, 
FasL, CD95, rho 

Caspases, c-jun, NF-κB, HSP70 None 

Growth and 
differentiation 

Vimentin, TGFβ, ANIA-6 Vimentin, TGF, VGF, BDNF, TrkB (–) Vimentin, TrkB, 
BMPs 

Inflammation IL-6, IL-1β, IGFs, SOCS, 
MCP-1 (IESR-JE), 
ICAM-1, iNOS, GFAP, 
IL-4r, COX-2, IL-2Rα, 
HSP27 

IL-6, IL-1, IGFs, SOCS, MCP-1 
(IESR-JE), ICAM-1, iNOS, GFAP, 
TNF receptor, COX-3 (–), HSP27 

IL-6, IL-1β, 
IGFs, HSP27 

Regulation of ion 
transport 

Ca2+ ATPase (–) Ca2+ ATPase (–), K+ channels, Na+ 
channels (–), Na+/K+ ATPase (–) 

Ca2+ ATPase (–) 

Protection of 
neurons 

None Metallothionein I and II, survival 
motoneuron 

Metallothionein I 
and II 

Communication 
between neurons 

SNAP-25 (–), syntaxins 
(–), glutamate receptors 

SNAP-25 (–), syntaxins (–), synapsins 
(–), somatostatin (–), GABA 
transporters (–), glutamate receptors, 
GABA receptors (–), glutamate 
transporter 

GABA receptors 

lyze changes to individual or multiple proteins have the potential to provide investigators with 
information about cellular responses to spinal cord injuries. For example, Western blotting and 
immunohistochemistry allow investigators to examine modifications to a protein’s structure that may 
change its activity and cellular distribution. 

Protein arrays, like DNA arrays, allow researchers to screen simultaneously many proteins for changes 
in expression levels that result from the onset of a disease or a therapeutic approach. However, protein 
arrays are not as encompassing as DNA arrays. Current protein array technology only allows about 10 
percent of a cell’s total proteome to be represented on an array (2,000 to 3,000 proteins can be 
represented on a protein array, whereas 47,000 genes can be represented on a DNA array). Such arrays 
could be tailored to the specific aspect of spinal cord injury being studied. In addition, advances in 
mass spectrometry now make it possible to characterize the levels and even the phosphorylation state 
of many hundreds of proteins, allowing greater insights into the specific activities of proteins. 
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Gene Function Primary Stage Secondary Stage Chronic Stage 

Repair and regeneration of 
neurons and glia 

Nestin, JAK, 
STAT, c-fos 

Nestin, vimentin, dynamin (–
), c-fos 

Semaphorin, GAS-7, 
epithelins 1 and 2, platelet 
factor 4 

Proteins that relay exterior 
information to the nucleus 

PDE, CaM 
kinases (–) 

PDE, MAP kinases, CaM 
kinases (–) 

None 

Proteins that generate and 
maintain cellular structure 

None MOG (–), neurofilaments, 
LAMP (–), MAP-2, tau (–) 

None 

Regulation of DNA 
synthesis 

Fra-1, NGFI-A Fra-1, NGFI-A None 

NOTE: Analysis of proteomic and DNA gene array studies identified significant changes in gene 
expression in response to a spinal cord injury. Classification of these genes into specific functions 
provides further insight into the processes that are changing. All genes are up-regulated unless a “(–)” 
notation is presented, in which case the gene is down-regulated. 

SOURCES: Bregman et al., 1997; Segal et al., 1997; Li et al., 2000; Saito et al., 2000; Carmel et al., 
2001; Casha et al., 2001; Fan et al., 2001; Song et al., 2001; Zurita et al., 2001; Bareyre et al., 2002; 
Nesic et al., 2002; Shibuya et al., 2002; Tachibana et al., 2002; Bareyre and Schwab, 2003; Di 
Giovanni et al., 2003; Dubreuil et al., 2003; Liu et al., 2003; Haberkorn et al., 2004. 

 
Issues in Developing Biomarkers for Spinal Cord Injury 

It is extremely difficult to obtain samples of mRNA or protein directly from spinal cord tissue without 
inducing further complications. The most practical sources of mRNA and protein are serum and 
cerebrospinal fluid. 

However, a spinal tap—an invasive procedure, which requires the insertion of a special needle through 
the lumbar vertebral spine into the fluid space that surrounds the spinal cord—must be performed to 
obtain cerebrospinal fluid. Although serum is easier to collect by drawing blood samples, its analysis is 
complicated by the high concentration of several proteins (e.g., albumin, immunoglobulin G, and 
transferrin) that constitute approximately 80 percent of total serum proteins. These high background 
levels make it difficult to sieve through and detect changes in the levels of proteins that are present at 
low concentrations. Once a sample is obtained, issues about the usefulness of the contents remain. The 
mRNA derived from neurons and glia is not very abundant and degrades rapidly. Also, because serum 
and cerebrospinal fluid are indirect sources of spinal cord mRNA and proteins, the overall numbers of 
genes that are associated with spinal cord injuries are not well represented. Furthermore, the proteins 
that are present are typically restricted to those found on the exteriors of cells and the small 
intracellular concentrations of mRNA and proteins that are released when a cell dies, which further 
limits the pool of biomarkers that can be analyzed. Efforts are thus needed to improve the processes for 
detecting potential biomarkers. 
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Next Steps in Biomarker Development 

Experimental therapies developed in the laboratory take as long as 7 to 15 years to enter into the clinic 
(Lakhani and Ashworth, 2001). To expedite this transition, spinal cord injury researchers should use 
strategies developed in other fields, including MS, Alzheimer’s disease, and cancer biology. For 
example, clinical studies for MS and brain metastasis have been established to analyze changes in 
protein levels in the serum and cerebrospinal fluid. These trials could provide the framework for 
biomarker studies involving individuals with spinal cord injuries. 

In 2000, the National Cancer Institute established the Early Detection Research Network (EDRN) to 
guide the process of biomarker discovery in an effort to produce a useful population-screening tool 
(Kutkat and Srivastava, 2001). This network consists of three laboratory components: biomarker 
discovery laboratories, biomarker validation laboratories, and clinical epidemiological centers. EDRN 
also helped to establish standards for the development and evaluation of biomarkers and guide the 
process of biomarker discovery related to cancer biology. Using EDRN as a model, the spinal cord 
injury community can transfer many of the recommendations and strategies developed to facilitate 
progress on cancer research for spinal cord injury research. In 2001 and 2004 NINDS issued two 
program announcements that focused on advancing proteome arrays and identifying clinical 
biomarkers (NINDS, 2001a, 2004); these are not specifically fo-cused on spinal cord injuries but do 
offer potential for advances in this area. Additionally, NINDS put out a request for proposals (NINDS, 
2001b) for studies designed to define gene expression profiles following traumatic spinal cord injuries. 

Because the technologies used to identify biological markers can detect small but significant changes 
in gene expression, they are sensitive to slight variations in protocol.  

 

 

In fact, the gene profiles obtained from experimental studies are affected by differences in the 
instruments used to analyze the samples and by small changes in the ways in which samples are 
collected (e.g., the relative time after injury that tissue is collected, the location of the injury, and the 
quantity of the specimen) (Bareyre and Schwab, 2003). A standard set of methods is needed to 
minimize variability and maximize reproducibility (Bareyre and Schwab, 2003). 

 
Visualizing the Living Spinal Cord 

The spinal cord is embedded in bone and is surrounded by cerebrospinal fluid, which precludes direct 
visualization. The advent of neuroimaging techniques has allowed investigators to visualize the spinal 
cord so that they can begin to study the progression of spinal cord injuries. Magnetic resonance 
imaging (MRI) and computed tomography (CT) provide real-time information about the state of the 
injury and recovery. Moreover, imaging is noninvasive and the same region of the spinal cord can be 
repeatedly visualized to identify changes occurring over time. Imaging technologies, biomarkers, and 
molecular genetic technologies are being combined to provide researchers with powerful tools to 
monitor the progression of the injury and recovery through the visualization of specific molecular 
markers that define cellular events and functional changes. 

MRI is a safe and noninvasive method of evaluating the spinal cord that provides detailed pictures of 
hard-to-view areas of the spine, including the spinal canal, vertebra, and soft tissue (Levitski et al., 
1999). Clinicians use MRI after an individual has an acute spinal cord trauma to visualize the location 
and the extent of the spinal cord trauma and compressive lesions (e.g., blood clots) (AANS/CNS, 
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2002). It is superior to positron emission tomography (PET), CT, and other imaging technologies for 
the detection of abscesses or other masses near the spinal cord and is used to monitor patients with 
chronic compression injuries. However, imaging technologies have practical limits in the setting of 
acute spinal cord traumas, as a patient may not be stable enough to enter an MRI machine or may have 
other medical priorities that take precedence over receiving a detailed image of the spinal cord. 

Functional MRI (fMRI) can provide second-by-second images of the brain to reveal changes in 
neuronal activity in response to different sensory 

stimuli and mental tasks. It allows researchers and clinicians to study the changes in injured neuronal 
circuits. However, fMRI relies on the metabolic changes that occur in response to neural activity and 
the images obtained by fMRI are not a direct measure of neural activity. Therefore, caution should be 
placed on interpretation of the accuracies of the spatial maps generated by fMRI (Ugurbil et al., 2003). 
The National Institutes of Health has recommended that fMRI techniques be developed to assess the 
degree of loss and recovery of sensation in rodents with contusion injuries to their spinal cords 
(Hofstetter et al., 2003; NINDS, 2004). 

Radiologists use CT scans as a standard procedure to clarify areas of clinical concern (Youmans, 1996; 
AANS/CNS, 2002). Although MRI is better suited for analyzing the soft tissue of the spinal cord, the 
strength of using CT scans is in investigating the bone structure and detecting fractures of the vertebrae 
(Figure 3-2). Helical CT scans offer advantages over traditional radiology X-rays due to their speed in 
accruing the images and increased accuracy (4.5 minutes and 98.5 percent, respectively, for helical CT 
compared with 25 minutes and 43 percent, respectively, for X-rays). Therefore, in conjunction with 
MRI, CT scans provide useful tools for emergency clinicians (Nunez et al., 1994). 

 
FIGURE 3-2 MRI (A) and CT (B) of an injured spinal cord. Imaging of a spinal cord contusion injury 
by MRI and CT helps to reveal different aspects of the injury. The MRI image on the left reveals the 
soft spinal cord and bone, whereas the CT scan image on the right clearly delineates bone structures. 

SOURCE: AANS, 1999.  

 

Unlike MRI, fMRI, and CT scans, PET scans detect and localize specific naturally occurring proteins; 
molecules, such as sugars and water; and other substances, such as neurotransmitters, which have been 
modified to emit radioactive energy. 
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At present, PET scans are not commonly used in the clinic to assess spinal cord injuries. However, as 
discussed below, the technology has much potential to provide researchers and clinicians with a means 
by which to visualize changes in gene expression in the spinal cord. 

 
Next Steps: Future Imaging Technologies 

Imaging technologies provide clinicians with important tools to gauge the responses of patients to 
different therapies (Jacobs et al., 2003). The creation of sensitive assays that merge image-based 
technologies with biomarker research will allow investigators and clinicians to use specific tracers to 
localize molecular, genetic, and cellular processes in real time, thus providing further insight into the 
biological processes that affect the progression of the injury (Blasberg and Gelovani, 2002). 

As of January 2005, no clinical studies in the United States were specifically examining the use of 
imaging marker technologies for the study of spinal cord injuries. In comparison, markers are used to 
assess the state of MS and Alzheimer’s disease and imaging techniques are used to monitor the effects 
of different treatments for these conditions. For example, imaging assays are being developed to 
visualize specific neurotransmitter levels and to determine if they are involved in memory loss (Brown 
et al., 2003). 

 
 

The Future of Magnetic Resonance Technology 

In animals with syringomyelia, diffusion-weighted MRI, which is sensitive to the diffusion or random 
motion of water molecules in tissue, can detect cystic lesions in the gray matter of the spinal cord 
(Schwartz et al., 1999). The increased sensitivity offered by diffusion-weighted MRI will enable 
physicians to detect specific complications of spinal cord injuries sooner, thus increasing the potential 
for treatment. 

Magnetic resonance technology can be adapted to provide more than diagnostic information about the 
structural changes occurring in response to a spinal cord injury. In 2001, Bulte and colleagues used 
magnetic resonance to track oligodendrocyte stem cells that were prelabeled with super paramagnetic 
iron oxide nanocomposites, which are small beads invisible to the naked eye that can be detected by 
MR technology (Bulte et al., 1999, 2001). Using this approach, the investigators were able to track the 
real-time migration and integration of these oligodendrocyte stem cells for up to 6 weeks in the same 
animal, which is important for distinguishing the efficacies of endogenous cells versus those of the 
exogenous transplanted stem cells. 

 

The Future of PET Scans 

PET scan technology is being developed to inform clinicians about whether drugs can bind to the 
appropriate targets. For example, clinicians are using PET scans to determine if treatments are 
effective by looking at the uptake of glucose, which tumors need to nourish their growth (Van den 
Abbeele and Badawi, 2002; Pollack, 2004). These effects can be observed before structural changes in 
the tumor can be detected. 

Two caveats about the use of PET scans must be kept in mind. First, current technology does not have 
enough resolution to allow complete visualization through the entire diameter of the spinal cord. 
Furthermore, the current spatial resolution of commercial PET scanners is 4 mm but 2.5 mm resolution 
has been achieved in research instruments that use motion compensation. Second, information obtained 
from PET scans is based on metabolic events that correlate to neural activity and may not directly 
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correspond to the location where the changes in activity are occurring. Therefore, the images generated 
by PET scans could be misleading because they may not accurately represent the spatial specificities of 
the changes (Ugurbil et al., 2003). However, refinements to PET scans could provide important 
information about the cellular states of the injury, such as gene activation or suppression in response to 
the injury; this would provide physicians with the ability to quantify responses to different spinal cord 
injury treatments (Brooks et al., 2003) and to identify functional changes before the onset of structural 
changes identifiable by MRI (National PET Scan Management, LLC, 2004). PET ligands have been 
developed that can detect glucose metabolism, inflammation, and receptor abundance, including agents 
that track the N-methyl-D-aspartate (NMDA) receptor activity and proteases. PET measures very 
different process than does MRI whose spatial resolution is superior. However, PET contrast resolution 
for identification of proteins can be hundreds of times greater than MRI depending on the target. The 
potentials of PET for assessing the severity of injury and the responses to therapy await application of 
high resolution systems with recently developed radiopharmaceuticals. 

 

 

 

Tracking Recovery with PET and Magnetic Resonance 

Improvements to PET and MR technologies enable investigators to visualize the molecular signatures 
of damage and repair to the CNS. In an attempt to examine the activities of specific neuronal circuits, 
imaging markers that mimic neurotransmitters and receptors that are nonradioactive are being created, 
including the iron analog annexin V (Schellenberger et al., 2002), the fluorescent marker Cy5.5 
(Petrovsky et al., 2003), and markers that do not become active until they reach their target. Future 
modification and adaptation of these technologies could be used to examine specific stages of 
regeneration, including those designed to detect neurite outgrowth, astrocyte scarring, oligodendrocyte 
myelination, and immunological response. 

 

Transgenic Animals: Following the Labeled Cell 

At present it is difficult to follow the path of cell transplants (such as stem cells, Schwann cells, and 
olfactory ensheathing cells) in the living spinal cord; therefore, it is difficult to draw conclusions about 
the efficacy of an experiment with such cells. Continued advancement of imaging techniques will 
provide a mechanism by which investigators and clinicians can assess the integration of grafted tissue 
or cells into the preexisting neuronal network or monitor the response to gene therapy by tracking the 
transgene location. Transgenic animal models have thus been developed. Specific populations of cells 
in these animals are genetically engineered to be fluorescent or to emit a fluorescent signal when they 
are functionally activated. Such approaches, which use two-photon confocal imaging to detect the 
signal, can be directly applied to spinal cord preparations in vitro and administered to intact mice and 
rats. With improvements in the current technology, the use and improvement of near-infrared markers 
might also provide researchers with a means to monitor the progression of a spinal cord injury and 
recovery in laboratory animals. 

 

Multidisciplinary Research and Bringing Molecular Imaging to the Clinic 

The promise of molecular imaging technologies can be realized only if the technologies can be 
successfully transferred to the clinical setting. The transfer of these technologies will require cross-
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disciplinary collaborations and multidisciplinary research efforts among molecular and cellular 
biologists, imaging scientists, nanotechnologists, and clinicians. A review article by Massoud and 
Gambhir (2003) identified the following goals for the transfer of molecular imaging technologies from 
the research laboratory to the clinic: 

 develop noninvasive in vivo imaging methods that detect specific cellular and molecular 
processes, such as gene expression and protein-protein interactions; 

 monitor multiple molecular events in concert; 

 monitor the trafficking and targeting of cells; 

 optimize drug and gene therapies; 

 image drug effects at the molecular and cellular levels; and 

 assess the molecular pathology of disease progression. 

Achieving these goals and translating those achievements into reliable clinical technologies will be 
critical steps toward the treatment and diagnosis of spinal cord injuries at the molecular level. To 
achieve these objectives, continued advances need to be made to overcome the challenges of 
biocompatibility, probe delivery, and high-resolution signal detection (Mahmood and Weissleder, 
2002). 

Cross-disciplinary collaboration and multidisciplinary research is needed to bring together molecular 
and cellular biologists, imaging scientists, nanotechnologists, and clinicians to reach these goals 
(Blasberg and Gelovani, 2002). Many of the imaging techniques used to examine the CNS were 
designed to visualize brain tumors or to assess Alzheimer’s disease, Parkinson’s disease, and MS. 
These resources and technologies can be applied or can provide models for spinal cord injury research. 
For instance, investigators are examining the utility of using multiphoton imaging techniques to 
monitor the progression of senile plaques in mice that model Alzheimer’s disease (Christie et al., 
2001). This technology could also be modified to assess and monitor the progression of the glial scar 
formation that results from spinal cord injuries. 

The cancer research field not only has led the way in developing technologies but also has helped to 
establish research centers that have been critical in creating a means for translating imaging 
technologies into the clinic. In particular, the National Cancer Institute has developed two programs: 
the Small Animal Imaging Resources Program (SAIRP) and the In Vivo Cellular and Molecular 
Imaging Centers (ICMIC) Program. These programs, along with support mechanisms sponsored by the 
National Institute of Biomedical Imaging and Engineering, provide mechanisms and model systems 
that can be used to promote the cooperative development of new imaging systems for spinal cord 
injury research and treatment. 

 
RECOMMENDATIONS 

Recommendation 3.1: Increase Training Efforts on Standardized Research Tools and Techniques 

Spinal cord injury researchers should receive training in the use of standardized animal models and 
evaluation techniques. Pre- and postdoctoral fellowship training programs focused on spinal cord 
injury research should require participation in courses designed to train investigators on the appropriate 
use of the available tools and techniques. 
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Recommendation 3.2: Improve and Standardize Research Tools and Assessment Techniques 

Preclinical research tools and animal models should be developed and refined to examine spinal cord 
injury progression and repair and assess the effectiveness of therapeutic interventions. These 
preclinical tools and assessment protocols should be standardized for each type and each stage of 
spinal cord injury. Particular emphasis should be placed on: 

 improving imaging technologies to allow real-time assessment of the current state and 
progression of the injury; 

 identifying biomarkers that can be used to monitor the progression of the injury and recovery; 

 developing additional animal models to explore the progression of spinal cord injury and 
repair; 

 establishing standardized sets of functional outcome measures for the evaluation of 
experimental therapies for each type and each stage of spinal cord injury in animal models; and 

 enhancing functional assessment techniques to examine motor function as well as secondary 
complications, including pain and depression of the immune system. 
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CURRENT THERAPEUTIC INTERVENTIONS 

As a result of recent advances in science and technology, individuals with a spinal cord injury have 
improved survival rates, increased opportunities for independent living, and longer life spans—all 
difficult to imagine possible even a few decades ago. Beginning at the accident scene, immobilization 
of the spine prevents or reduces the severity of a spinal cord injury, and advances in emergency 
response have improved the medical care for other urgent and life-threatening problems often 
associated with spinal cord injuries, including significant blood loss, blocked respiratory pathways, 
major head or body system trauma, and a dramatic drop in blood pressure. Improvements in 
rehabilitative care and treatment options have also provided significant functional enhancement and 
improved daily function. 

Organized according to the stage of the injury and the targets for therapeutic intervention, this section 
describes the current standards of care and the treatment options for reducing the sequelae and 
secondary complications associated with spinal cord injuries, including improving sexual, bowel, and 
bladder functions; minimizing pulmonary embolisms, depression, and spasticity; alleviating pain; and 
enhancing function. The following material provides details of the progress that is being made in 
neuronal repair and regeneration and discusses the committee’s recommendations for moving forward 
in developing therapeutic interventions. 

 
CURRENT STANDARDS OF CARE 

Clinical practice guidelines are used in all areas of medicine to promote the best available treatments 
backed by scientific evidence. Given the complexity of spinal cord injuries, only a limited number of 
guidelines have been developed or are under development. Clinical practice guidelines for spinal cord 
injuries have come largely from two professional groups, both of which rated the evidence by similar 
criteria to arrive at formal treatment recommendations. Guidelines from the American Association of 
Neurological Surgeons and the Congress of Neurological Surgeons (AANS/CNS) deal with acute care, 
and those developed by the Consortium for Spinal Cord Medicine deal with acute and chronic care 
(Table 4-1) (PVA, 2002). Other groups have developed additional evidence-based clinical guidelines 
(AHRQ, 1998). Panels accord the greatest weight to evidence from randomized, prospective, 
controlled clinical trials and the least weight to evidence from case reports describing one or more 
patients who improved with treatment. A lack of clinical guidelines for a particular treatment does not 
mean that the treatment is ineffective; rather, some treatments have not been entered into clinical trials 
to examine efficacy. 
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TABLE 4-1 Clinical Practice Guidelines for Treatment of Spinal Cord Injury 

Current Guidelines 

 Acute Care 

 • Acute management of autonomic dysreflexia: Individuals with spinal cord injury presenting to 
health care facilities (1997, 2001)a 

 • Pressure ulcer prevention and treatment following spinal cord injury: A clinical practice guideline 
for health-care professionals (2000)a 

 • Diagnosis of occipital condyle fractures by computed tomography (CT) imagingb 

 • Isolated fractures of the axis in adultsb 

 • Management of pediatric cervical spinal injuriesb 

 Chronic Care 

 • Neurogenic bowel management in adults with spinal cord injury (1998)a 

 • Depression following spinal cord injury: A clinical practice guideline for primary care physicians 
(1998)a 

 • Outcomes following traumatic spinal cord injury: Clinical practice guidelines for health-care 
professionals (1999)a 

 • Prevention of thromboembolism in spinal cord injury (1997a, 2002b) 

Guidelines Under Development 

 • Respiratory managementa 

 • Preservation of the upper extremity functiona 

 • Bladder managementa 

 • Acute management of spinal cord injurya 

 • Sexuality and reproductive healtha 

 • Treatment of spasticitya 

aConsortium for Spinal Cord Medicine. 

bAmerican Association of Neurological Surgeons and the Congress of Neurological Surgeons. 

SOURCES: Apuzzo, 2002; PVA, 1998, 2000, 2001, 2002. 
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THERAPIES FOR ACUTE INJURIES 

Acute care begins at the scene of an injury, continues through transport of the patient, and ends with 
early evaluation and care at a trauma center. The complex medical challenges faced in treating patients 
who suffer a spinal cord injury begin at the injury scene where often the patient not only needs to be 
immobilized because of concerns about a spinal cord injury but also requires immediate attention for 
other urgent and life-threatening problems: significant blood loss, blocked respiratory pathways, major 
head or body system trauma, or a dramatic drop in blood pressure. One indicator of the progress that 
has been made in acute care is that patients increasingly arrive at the emergency department with less 
severe injuries. Most patients (55 percent) in the 1970s came to regional centers with complete spinal 
cord injuries, whereas today approximately 39 percent arrive with complete injuries (AANS/CNS, 
2002a). The transformation to less severe injury is most likely the result of improved emergency 
medical services (EMS) at the accident scene and more careful handling and patient care during 
transport (Garfin et al., 1989). Apart from immobilization at the accident scene, few therapies for acute 
spinal cord injuries have been proven to be effective and safe. 

 
Immobilization at the Scene and Transport to Acute Care 

At the scene of the injury, the primary considerations related to the spinal cord injury are to stabilize 
the spine and to ensure rapid transport to the nearest acute-care facility. These goals are vital to 
preventing further injury, considering that it has been estimated that in the past between 3 and 25 
percent of spinal cord injuries took place after the initial trauma, either during transport or early in the 
course of patient evaluation (Hachen, 1974). In the United States, the practice of immobilizing the 
neck and spine of all trauma patients at the scene has become nearly universal. Immobilization at the 
scene is supported by clinical experience and by biomechanical evidence that it reduces the 
pathological motion of the spinal column. 

A major improvement in EMS arrival and transport times has led in recent decades to striking 
decreases in rates of mortality, injury severity, complications, and lengths of hospital stays (Hachen, 
1974; Tator et al., 1993). In the mid-1990s, a large clinical trial conducted in multiple states noted the 
rapid times of EMS arrival at the scene (e.g., 4 minutes for 25 percent of cases) and arrival to the first 
emergency department in about 1 hour (Geisler et al., 2001). The elapsed time from the injury to the 
arrival at a specialized trauma center averaged 6.2 hours. Also, the quality of the care administered 
during transport has improved. Before 1968, many deaths took place in transit as a result of inadequate 
respiratory or cardiovascular support. Current treatment guidelines call for rapid transport to the closest 
facility with the capacity to evaluate and treat spinal cord injuries (AANS/CNS, 2002c). 

Despite the progress in care at the scene of the injury, there are as yet no demonstrably effective 
pharmacological therapies that can be administered at the scene or during transport. Further attention 
needs to be given to the development of acute-care therapeutic interventions and to evaluation of other 
emergency response efforts that might improve patient outcomes, such as methods to relieve 
compression of the spinal cord and prevent further cell death, edema, and ischemia. 

 
Decompression of the Spinal Cord 

Decompression of the spinal cord, if it is performed during the appropriate time window, may provide 
a benefit to individuals with spinal cord injuries. In many patients, surgery is performed soon after the 
injury to remove the tissue debris, bone, disc, and fluid that compress the spinal cord.  
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The goal is to alleviate pressure and to improve the circulation of blood and cerebrospinal fluid, 
particularly for those with central cervical spinal cord injuries (Dobkin and Havton, 2004). Yet there 
are many unknowns about the value and timing of this procedure. Studies of decompression in rodents 
after a spinal cord injury demonstrate that the longer compression of the spinal cord exists, the worse 
the prognosis for neurological recovery (Dimar et al., 1999). 

A meta-analysis found that although decompression clearly improves neurological recovery in animal 
models, the findings for humans are less impressive (Fehlings et al., 2001). Studies favoring 
decompression have mostly been case studies, which are less robust types of analyses than randomized 
controlled trials. No prospective clinical trials of the benefits and risks of decompression have been 
conducted. Furthermore, in the studies that have already been completed, the timing of surgery was not 
uniform, so the optimal timing remains unknown. Nevertheless, the best indication about timing comes 
from a large case series that found that the greatest benefits were obtained when decompression was 
performed within 6 hours of the injury (Aebi et al., 1986). Some evidence, on the other hand, indicates 
that decompression of the spinal cord may be harmful and is best avoided, as long as the individuals 
are provided with nonsurgical therapies (Fehlings et al., 2001). Weighing the evidence as a whole, two 
professional groups adopted the position that decompression does not constitute the standard of care 
but should remain an option (Silber and Vaccaro, 2001; AANS/CNS, 2002c). The Christopher Reeve 
Paralysis Foundation is in the process of developing an international clinical trials network and is 
examining the feasibility of performing a clinical trial to examine the optimal timing for spinal cord 
decompression. 

 
Neuroprotection 

Several human clinical trials of potential neuroprotective therapies after spinal cord injury were 
conducted in the 1980s and 1990s (Mirza and Chapman, 2001); however, none of these conclusively 
demonstrated a benefit for increasing function after a spinal cord injury. The most high profile clinical 
trials were of the medications methylprednisolone and the ganglioside GM-1. After careful review of 
the results by two separate panels, neither of the two medications received endorsement as a standard 
of care (Fehlings and Spine Focus Panel, 2001; AANS/CNS, 2002c). 

The three clinical trials of methylprednisolone, a corticosteroid, were sponsored by the National Acute 
Spinal Cord Injury Study (NASCIS) (Bracken et al., 1984, 1990, 1997). The trials were launched after 
it was reported that methylprednisolone preserved neurological function in animal models by inhibiting 
ischemia, axon degeneration, and inflammation, among other effects. The first human clinical trial in 
the early 1980s compared high- versus low-dose methylprednisolone (Bracken et al., 1984); the second 
clinical trial compared the effects of methylprednisolone with those of another agent and a placebo 
(Bracken et al., 1990); and the third clinical trial compared the timing of methylprednisolone treatment 
(Bracken et al., 1997). Concerns have been raised about the robustness of the statistical analyses and 
the heterogeneity of the populations with spinal cord injuries used in the studies, which made it 
difficult to compare due to differences in the baseline characteristics of the study populations (Bracken 
and Holford, 2002). Consequently, it has been stated that the data describing improved recovery from 
methylprednisolone treatment are weak and that the improvements observed may represent random 
events (Hurlbert, 2000). In some cases the trials documented serious side effects, the most prominent 
of which were higher infection rates, respiratory complications, and gastrointestinal hemorrhage. 

 

Another pharmacological therapy, the ganglioside GM-1, a lipid that is abundant in mammalian central 
nervous system membranes, was also reported to show improvement in animal models but has not 
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been found to be useful in humans. Its potential therapeutic value was suggested by its ability to 
prevent apoptosis and to induce neuronal sprouting in animal models. However, the findings from a 
large-scale clinical trial were negative when the results for the treated group were compared with 
individuals who received placebo (AANS/CNS, 2002c). 

Similarly, experiments with rodents (Behrmann et al., 1994) and cats (Faden et al., 1981) have 
demonstrated that thyrotropin-releasing hormone (TRH) can significantly improve long-term motor 
recovery after a spinal cord injury. However, a large-scale randomized clinical trial designed to 
examine the effects of TRH analogs in individuals with acute spinal cord injuries was not fully 
completed (Pitts et al., 1995), and such an evaluation has not been revisited. 

 

TREATING COMPLICATIONS OF SPINAL CORD INJURIES 
 
Prevention or Elimination of Chronic Pain 

Chronic pain, one of the most common sequelae of spinal cord injuries, is not adequately controlled by 
currently available treatments. Inadequately controlled pain not only erodes quality of life, functioning, 
and mood but also can lead to depression and, most tragically, suicide (Hulsebosch, 2003; Finnerup 
and Jensen, 2004). Some clinicians have been slow to recognize that chronic pain is real, has serious 
consequences, and should not be dismissed as grounds for psychiatric referral (Hulsebosch, 2003). 

To assist with the development of treatments for the chronic pain associated with spinal cord injuries, 
an International Association for the Study of Pain task force was formed to define distinct categories 
and sources of pain (Vierck et al., 2000). Two categories were defined: at-level neuropathic pain and 
below-level neuropathic pain. At-level neuropathic pain is correlated to the amount of damage to the 
gray matter above and below the primary injury site (Yezierski, 2000) and the amount of secondary 
cellular damage caused by the release of neurotransmitters (glutamate and N-methyl-D-aspartate 
[NMDA]) (Tator and Fehlings, 1991) and inflammatory cytokines (Bethea et al., 1998; Vierck et al., 
2000). Below-level neuropathic pain is associated with axonal disruption, loss, or damage along the 
spinothalamic tract (Bowsher, 1996). 

Experts in spinal cord injury-associated pain consider the development of pain therapies to be a major 
and feasible research priority, considering the body of research that has been amassed over the past 10 
years about pain mechanisms in individuals with spinal cord injuries, as well as related research on 
other forms of neuropathic pain. Neuropathic pain results from direct damage to neural tissue, whereas 
nociceptive pain is caused by damage to nonneural tissues (bone, muscles, and ligaments). Nociceptive 
pain is what most healthy people are familiar with, and it is more treatable and controllable with 
standard pain therapies like anti-inflammatory agents and analgesics. Neuropathic pain is often treated 
with antidepressants and anticonvulsants, but their efficacies specifically for the treatment of spinal 
cord injury-associated pain are weak (Finnerup and Jensen, 2004). 

Few randomized controlled clinical trials of pain therapies for individuals with spinal cord injuries 
have been published in the medical literature, and none of the trials that have been conducted found 
commonly used pain therapies to be highly effective (Table 4-2) (Finnerup and Jensen, 2004). Explicit 
guidelines for the treatment of both pain and spasticity (see the next section) for clinicians and 
caregivers are lacking. 

 However, evidence is accumulating that opioid agents given in combination with other agents may 
have therapeutic value (Mao et al., 1995; Wiesenfeld-Hallin et al., 1997; von Heijne et al., 2000). 
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The use of some therapies that encourage axonal elongation may be inadvisable because they could 
also cause chronic pain. For example, in addition to promoting axon regrowth, brain-derived 
neurotrophic factor has been found to elicit pain (Kerr et al., 1999), likely by enhancing synaptic input 
into the superficial dorsal horn, where nociceptive pain processing takes place (Garraway et al., 2003). 

 

 

TABLE 4-2 Randomized Controlled Trials of Pharmacological Treatments for Pain in 
Individuals with Spinal Cord Injuries 

Active Drug Number of Patients Tested Outcome Reference 

Valproate 20 No effect Drewes et al., 1994 

Gabapentin 7 No effect Tai et al., 2002 

Lamotrigine 22 No effect Finnerup et al., 2002 

Amitriptyline 84 No effect Cardenas et al., 2002 

Trazodone hydrochloride 18 No effect Davidoff et al., 1987 

Lidocaine 21 Better than placebo Loubser and Donovan, 1991 

Lidocaine 10 Better than placebo Attal et al., 2000 

Mexiletine 11 No effect Chiou-Tan et al., 1999 

Morphine 9 No effect Attal et al., 2002 

Morphine 15 No effect Sidall et al., 2000 

Clonidine 15 No effect Sidall et al., 2000 

Morphine and clonidine 15 Better than placebo Sidall et al., 2000 

Ketamine 9 Better than placebo Eide et al., 1995 

Alfentanil 9 Better than placebo Eide et al., 1995 

Propofol 8 Better than placebo Canavero et al., 1995 

Baclofen 7 Better than placebo Herman et al., 1992 

  

SOURCE: Adapted from Finnerup and Jensen, 2004. 

 

Primary sensory neurons (also known as primary afferents) in the spinal cord convey pain information 
from the primary sensory neuron to the brain. After a spinal cord injury, these neurons become 
hyperexcitable; namely, they fire more readily than before the injury. To explain hyperexcitability, a 
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recent study with animals revealed that projection neurons possess more sodium channels of a 
particular type (Nav1.3) (Hains et al., 2003). Strategies to reduce the formation of this sodium channel 
may reduce hyperexcitability and pain. Furthermore, suppression of the activation of a key enzyme, 
known as MAP kinase, which aids the transmission of signals from the projection neuron’s membrane 
to its nucleus (Kawasaki et al., 2004), may prevent the onset of pain. 

 

Relief of Spasticity 

Spasticity refers to the debilitating muscle spasms and other types of increased muscle tone that occur 
after a spinal cord injury. Spasticity is similar to pain in that both are highly common after spinal cord 
injuries and have multiple possible mechanisms that might account for their onset. The key difference 
between them is that spasticity results from the heightened activity of reflex pathways (proprioceptive 
sensory neurons and motor neurons), whereas pain reflects the heightened activities of pain pathways. 

Spasticity affects, to various degrees, the vast majority of people with spinal cord injury (Kaplan et al., 
1991). Treatment begins with stretching and other rehabilitation techniques. If it remains uncontrolled, 
drug interventions are used, and if it is severe, the treatment is surgery and administration of the drug 
baclofen by implanted pumps (Kirshblum, 1999). Baclofen and tizanidine have inhibitory effects on 
motor neurons because their actions mimic that of the inhibitory neurotransmitter γ-aminobutyric acid 
(GABA). No treatment for spasticity is uniformly successful or provides a complete cure, most likely 
because of spasticity’s multiple underlying causes, but it can be controlled in many individuals 
(Burchiel and Hsu, 2001). The drug fampridine, a potassium channel blocker, appears to alleviate some 
degree of spasticity and is being evaluated in clinical trials. One of the issues in the development of 
drugs used to control spasticity is that they may have the undesirable effect of inhibiting spontaneous 
activity that might be necessary for axon regrowth (McDonald and Becker, 2003) and may deprive 
patients of useful muscle contraction. 

 
Thromboembolism 

Thromboembolism is a potentially life-threatening condition frequently encountered in the early weeks 
after a spinal cord injury. Deep vein thromboses (DVTs) are blood clots that form deep within the 
veins, usually in the legs and thighs, and result from slowed or halted blood flow (venous stasis) in 
immobilized individuals with spinal cord injuries. The most feared complication of DVT is pulmonary 
embolism, which can bring sudden death. Pulmonary embolism occurs when a blood clot within a deep 
vein dislodges and travels to the pulmonary artery, where it obstructs the passage of oxygenated blood 
to the rest of the body. Widespread adoption of preventive regimens in the early 1990s decreased the 
incidence of DVT in individuals with spinal cord injuries in acute care or rehabilitation from 14 to 9.8 
percent and the incidence of pulmonary embolism from nearly 4 to 2.6 percent (Chen et al., 1999). 

Today, the incidences of both DVTs and pulmonary embolism have declined because of greater 
awareness of the conditions and several controlled clinical trials that found that combination strategies 
are effective in preventing DVT and pulmonary embolism. A panel rating the quality of evidence 
found several treatment modalities that warranted designation as a standard of care because they had 
been found to be effective in controlled clinical trials (AANS/CNS, 2002b).  

The standards for preventing DVT call for prophylactic treatment with low-molecular-weight heparins 
(an anticoagulant) or adjusted-dose heparin, the use of rotating beds, or a combination of these 
modalities. Low-dose heparin, in combination with compression stockings or electrical stimulation, is 
also recommended as a standard of care. High doses of heparin have been found to lead to higher 
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incidence of bleeding. Several other preventive treatments were also listed as options for care 
(AANS/CNS, 2002c). 

 
Bladder Dysfunction 

Bladder dysfunction affects virtually all individuals with spinal cord injuries. Its treatment depends on 
the site and the type of injury, including the extent of sacral injury. Three types of bladder problems 
are common after a spinal cord injury. The first, flaccid bladder, results from injury to the sacral cord, 
which controls reflexive contraction of the bladder. The injury leaves the bladder’s detrusor muscle 
incapable of being contracted and thus causes urine to back up in the kidneys. The treatment is 
intermittent catheterization, in which a tube is inserted into the bladder to permit passive drainage at 
regularly scheduled intervals to prevent urine from overfilling the bladder. Bladder overfill causes 
damage to the bladder wall and heightens the risk of infection (Burns et al., 2001). In order to reduce 
the incidence of urinary tract infections, intermittent catheterization should be performed by the patient 
(Cardenas and Mayo, 1987). 

The other two types of dysfunction are detrusor hyperreflexia and detrusor-sphincter dyssynergia. The 
goal of treating detrusor hyperreflexia is to prevent incontinence. Treatment of detrusor-sphincter 
dyssynergia is aimed at ensuring adequate drainage, low-pressure storage, and low-pressure voiding. 
Both of these bladder conditions can be treated with anticholinergic or other types of medications that 
suppress contraction of the detrusor muscles. However, in many cases these medications do not 
suppress contractions. Bladder augmentation (augmentation cystoplasty) is often recommended for 
patients who have destrusor hyperreflexia or reduced compliance that fails to respond to 
anticholinergics (Sidi et al., 1990). New treatments have been introduced for these conditions, 
including pharmacological therapies to reduce the hyperactivity of the detrusor muscle (such as 
botulinum toxin or capsaicin) and functional electrical stimulation (see below). For example, a Food 
and Drug Administration (FDA)-approved device, known as the Vocare bladder system, uses 
surgically implanted electrodes to stimulate the sacral nerves controlling bladder function. The patient 
manually controls the stimulator using an external transmitting device. The benefits of these therapies 
have yet to be fully investigated (Burns et al., 2001). In another strategy, male patients may undergo 
sphincterotomy or stent placement to use the hyperreflexia to empty the bladder. The Consortium for 
Spinal Cord Medicine will soon be describing the strength of the evidence in a clinical practice 
guideline under development. 

 
Neurogenic Bowel Treatment 

Neurogenic bowel, the absence of voluntary control over stool elimination, affects the vast majority of 
individuals with spinal cord injuries. Some studies have found that as many as 95 percent of 
individuals with spinal cord injuries require at least one therapeutic procedure so that they can defecate 
(Glickman and Kamm, 1996). The majority of individuals with spinal cord injuries rate bowel 
dysfunction as a major life-limiting problem (Kirk et al., 1997). Before they leave the hospital, most 
patients are taught how to care for neurogenic bowel. Care is designed to regularize bowel movements 
and prevent constipation, incontinence, other gastrointestinal symptoms, and serious complications 
from impacted bowels (see the section on autonomic dysreflexia below).  

It consists of a program with several components that are individualized to patients with one of two 
types of neurogenic bowel: reflexic bowel and areflexic bowel. Both types require dietary fiber and 
fluid intake, oral medications, and rectal suppositories. Treatments help to stimulate the transport of 
stool through the bowels and hold moisture within the stool. Key differences in treating reflexive 
bowel versus areflexic bowel include the type of rectal stimulant, the consistency of the stool, and the 
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frequency of bowel care. Clinical practice guidelines for the management of neurogenic bowel were 
developed in 1998 (Spinal Cord Medicine Consortium, 1998). 

 
Autonomic Dysreflexia 

Autonomic dysreflexia is a potentially lethal complication of a spinal cord injury that affects people 
with injuries at or above the thoracic level (usually T6 or above). The condition is manifest by severe 
headache (caused by an abrupt elevation of blood pressure), hypertension, profuse sweating, and 
activation of other autonomic reflexes. Symptoms come from overactivity of the autonomic 
(involuntary) nervous system cells in the spinal cord because of the blocked nerve impulses from the 
brain that normally keep these cells under restraint. The most frequent triggers of autonomic 
dysreflexia are an impacted bowel or an overfull bladder. The overactive sympathetic nerve and its 
branches cause a narrowing of the blood vessels, which, in turn, dramatically elevates blood pressure. 
Death from seizures, stroke, and abnormal heart beat rhythm can ensue if autonomic dysreflexia is not 
urgently treated. 

Because autonomic dysreflexia is most often set off by bladder distention or bowel impaction, many 
individuals with spinal cord injuries have learned means of self-care to avoid emergency treatment by 
sitting upright to check urinary drainage or empty their bowel. An array of nonpharmacological and 
pharmacological agents are also available for emergency medical treatment (PVA, 2001). 

 
Pressure Ulcers 

Pressure ulcers are a highly frequent and serious complication of a spinal cord injury that affect 
physical, psychological, and social functioning. Ulcers are lesions caused by unrelieved pressure (if the 
force is perpendicular) or shear (if the force is tangential) to the tissue surface. The constant pressure 
can also interfere with the pressure in the capillaries and can therefore affect the exchange and 
elimination of nutrients and metabolites. Prolonged circulatory interference ultimately leads to cell 
death. In severe cases, individuals can develop a severe internal infection (septic shock), which can 
lead to organ failure. Stage I lesions are marked by discoloration and changes in tissue consistency on 
the skin surface, whereas the most serious lesions, stage IV lesions, are marked by extensive tissue 
necrosis and damage to muscle, bone, or supporting structures. About 32 percent of individuals with 
spinal cord injuries admitted to specialized care centers have been reported to develop pressure ulcers 
during the acute care stage, and at 2 years of follow-up the prevalence of pressure ulcers was 8.9 
percent (Yarkony and Heinemann, 1995). The Consortium for Spinal Cord Medicine’s clinical practice 
guideline advocates a range of prevention strategies, including the avoidance of prolonged positional 
immobilization, use of support devices on beds and wheelchairs, and dietary changes. Treat-ments 
include a range of cleansing strategies, debridement, and surgery for deep stage III or stage IV ulcers. 
The use of electrical stimulation to enhance healing of stage III or stage IV pressure ulcers is also 
recommended, on the basis of data from three randomized controlled clinical trials (PVA, 2000). 

 

 
Treatment of Sexual Dysfunction and Fertility 

 
Male Sexual Dysfunction and Fertility 

Treatment research has largely focused on erectile dysfunction rather than the other two components of 
male sexual function, ejaculation and orgasm. The greatest strides have been with oral medications for 
erectile dysfunction. Although most men with spinal cord injuries have erections, their quality is often 
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not sufficient to sustain intercourse. Sildenafil (Viagra), which has been available since 1998, has been 
shown to have a high degree of efficacy, with up to 94 percent of men with spinal cord injuries in one 
study reporting improved erections and intercourse (Derry et al., 2002). Other new drugs with 
pharmacological and side effect profiles somewhat different from those of sildenafil have also become 
available (Anderson et al., 2004). Oral medications are now considered the first line of therapy and 
have largely supplanted less safe, more cumbersome, and costly treatments, such as penile prostheses 
(Benevento and Sipski, 2002). Local erectogenic neurotransmitters administered by injection, topical, 
or urethal forms are in development (Elliot, 2002). 

Fertility problems, which are common in men with spinal cord injuries, result from poor sperm quality 
or ejaculatory dysfunction. Much progress has been made in enhancing male fertility through the 
development of penile vibratory stimulation, which has become routine for men with spinal cord 
injuries who wish to have children (Benevento and Sipski, 2002). Vibratory stimulation is considered 
preferable to another treatment, electroejaculation, because it is less invasive and may be performed at 
home or in a clinic setting. Studies have shown that nearly all men given one of these two treatments 
successfully ejaculate, after which approximately one-third of the couples achieved pregnancies 
(Sonksen et al., 1997). However, this success rate is still largely dependent on overcoming the low 
sperm quality in men with spinal cord injuries, which often requires very invasive forms of assisted 
reproduction, ranging from artificial insemination to in vitro fertilization and intracytoplasmic sperm 
injection. 

 
Female Sexual Dysfunction and Fertility 

Sexual dysfunction in women with spinal cord injuries received scant attention until the 1990s. The 
problems include insufficient vaginal secretions and failure to reach orgasm (especially in women with 
sacral injuries) (Benevento and Sipski, 2002). Women with spinal cord injuries benefit from sildenafil, 
which promotes increased subjective arousal (Sipski et al., 2000). In the trial, the drug worked most 
effectively when it was combined with manual or visual stimulation, and there were few adverse 
effects. 

Fertility is generally preserved in women with spinal cord injuries (Charlifue et al., 1992), primarily 
because it does not rely on spinal circuits. Rather, fertility is controlled by the hypothalamic release of 
hormones that stimulate the ovaries. Pregnant women with spinal cord injuries tend to have babies with 
lower birth weights and tend to have more complications during pregnancy and delivery, including 
bladder and bowel problems, autonomic hyperreflexia, decubitus ulcers, urinary tract infections, 
edema, anemia, spotting, fatigue, cardiac irregularity, and preeclampsia (Charlifue et al., 1992; Jackson 
and Wadley, 1999). 

 

Treatment of Bone Disorders 

The reduced mobility and other pathological changes that occur in individuals with spinal cord injuries 
often lead to decreases in bone density (hence, a greater risk of bone fractures) and heterotopic 
ossification. The latter refers to the formation of bone in soft tissues near paralyzed joints. Bone 
density loss, particularly in the lower limbs, occurs during the first 6 months after the injury and then 
plateaus over the next 12 to 16 months (Demirel et al., 1998). The drug alendronate (Fosamax) has 
recently been found in a 2-year clinical trial to stop bone density loss at all bone sites at which 
measurements were taken (Zehnder et al., 2004). The drug, a bisphosphonate, works by inhibiting bone 
resorption by osteoclasts. 



 
   

40

Heterotopic ossification can range from an incidental finding on an X-ray to massive bone formation 
surrounding a joint, producing total ankylosis. The most common location is the hips. Heterotopic 
ossification is treated with range-of-motion exercises, the drug etidronate, nonsteroidal anti-
inflammatory drugs (NSAIDs), and irradiation. The use of NSAIDs, especially within the first 2 
months of an injury, has been found to reduce the incidence of heterotopic ossification by a factor of 2 
to 3 (Banovac et al., 2004). Severe cases are treated surgically, and the chance of recurrence may be 
reduced by the use of the nonsurgical therapies listed above. 

 
Depression 

Depression after a spinal cord injury is common and disabling. A key longitudinal study was 
conducted to track more than 100 individuals with spinal cord injuries for 2 years after discharge from 
the hospital (Kennedy and Rogers, 2000). It found that nearly 30 percent of the individuals were 
depressed at the time of discharge; the rate of depression then dropped, before climbing over the next 6 
months. Rates peaked at 60 percent by year’s end and then declined to 16 percent by the end of the 
second year. The treatment of depression in any group of individuals with a chronic physical illness, 
particularly those with spinal cord injuries, is expected to reduce unnecessary suffering and disability 
and to motivate adherence to complex programs of self-care, rehabilitation, and treatment. 

Effective treatments are available for depression (APA, 1994). In 1998, the Consortium for Spinal 
Cord Medicine published a clinical practice guideline detailing specific steps for assessment, 
diagnosis, and treatment of depression (PVA, 1998). 

 
RETRAINING AND RELEARNING MOTOR TASKS 

The plasticity of the nervous system, or the nervous system’s ability to adapt and reorganize itself, 
sometimes allows the body to partially recover some of the motor function lost as a result of a spinal 
cord injury. As described throughout this report, a great deal of the research and clinical effort has 
been focused on restoring lost motor function through pharmacological or surgical methods. However, 
physical training and rehabilitation techniques and neuroprostheses also provide individuals with 
additional tools that they can use to recover from a spinal cord injury. 

 

 

 
Body Weight Support Training 

It is important that patients do not overcompensate with motor function that has been spared, thus 
limiting the capacity of the nervous system to adapt (Barbeau, 2003). Therefore, body weight support 
techniques have been developed that assist in locomotion, while minimizing compensation. One 
therapy that is used to improve walking in individuals in both the acute and the chronic stages of their 
injuries is body weight-supported treadmill training. During this therapy, individuals are placed in a 
harness to unload between 0 and 50 percent of their weight and are then put on a treadmill to simulate 
walking (Wernig et al., 1995, 1998; Protas et al., 2001; Dobkin et al., 2003a). Therapists then 
systematically reduce the amount of weight support, while training patients to walk on the treadmill at 
faster speeds. 

Although this technique is promising, it is still unclear how effective body weight support treadmill 
training is at improving function in individuals with incomplete chronic spinal cord injuries. It is 
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believed that body weight-supported training enhances the relearning of motor skills in the presence of 
spared pathways and facilitates the remaining pathways to relearn to interpret the complex sensory 
information associated with walking (Wernig et al., 1995; Harkema et al., 1997; Hulsebosch, 2002; 
Dietz and Harkema, 2004; Edgerton et al., 2004). These therapies produce a wide range of biochemical 
and physiological changes in the nervous system and musculature. Long term improvement in 
electromyogram (EMG) activity in paralytic legs has been observed (Wirz et al., 2001), which has 
been correlated to functional reorganization of neuronal centers in both the brain (Dobkin, 2000) and 
residual pathways in the spinal cord (Dietz and Harkema, 2004). Levels of neurotransmitters also 
change their levels in response to body weight support training (Edgerton et al., 2001). However, it is 
not clear if the observed physiological changes correlate with improvements in muscle control and 
function. To confirm these preliminary findings, an ongoing prospective large scale randomized 
clinical trial (The Spinal Cord Injury Locomotor Trial) has been designed to evaluate body weight-
supported treadmill training and to compare that therapy with conventional physical therapy (Dobkin 
et al., 2003a,b). This study consists of two groups of patients, an experimental group that received 
body weight support and gait training, and a control group that received conventional standing and 
mobility training. Results from this study have not yet been published in a peer review journal; 
however, preliminary findings suggest that the treatment group was not associated with any 
improvement in the outcome measures compared to the “standard of care” gait training provided to the 
control group (Dobkin et al., 2003b, 2004). Three additional clinical trials are under way (NIH, 2004). 
Preliminary results from one of these phase II studies suggest that aggressive treadmill training may 
facilitate functional improvements, but this trial has not been completed and these results have yet to 
be published in a peer-reviewed journal (Hulsebosch, 2002). 

A major difficulty with body weight support treadmill training is the effort required by therapists to 
guide the movements of individuals’ legs (Hesse, 1999). Therefore, a number of approaches have been 
developed to assist, including robotic-assistive stepping devices such as the Lokomat (Hocoma AG, 
Volketswil Germany), in which the movements of an individual’s legs are controlled by a 
preprogrammed physiological gait pattern. Other rhythmic leg exercises can be achieved with modified 
exercise bicycles. 

A related approach is to incorporate functional electrical stimulation (see below) in combination with 
body weight-supported walking in individuals with incomplete injuries (ASIA C) (Postans et al., 
2004). One study has demonstrated improvements in interlimb coordination with the use of afferent 
electrical stimulation during treadmill training (Field-Fote, 2001).                                                           
Individuals with spinal cord injuries will likely receive the greatest benefit by combining body weight-
supported treadmill training with other approaches, such as robotic devices (Dobkin and Havton, 
2004), drugs, and surgery. 

 
Functional Electrical Stimulation 

Functional electrical stimulation (FES) is the approach most commonly used to artificially improve 
muscle function. FES devices have two key components: a control unit and stimulating electrodes. The 
control unit translates commands from voluntary movements or sensors into signals that are sent to the 
stimulating electrodes, which are taped onto the skin or surgically positioned near the specific nerves 
that innervate muscle groups (Bhadra et al., 2001). The stimulating electrodes provide mild shocks to 
muscle groups, causing them to contract (Barbeau et al., 2002). These contractions help maintain 
muscle mass and can initiate muscle movements, such as controlling movements of the hands or legs 
(Peckham et al., 2002). Modulating the magnitude of the stimulus parameters affects the strength of the 
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muscle contraction and coordinated functional movements can be generated by controlling the relative 
stimulation strengths of collections of muscles (Dobkin and Havton, 2004). 

FES is used in multiple ways to improve function, including cardiovascular conditioning, improving 
gait control and speed, restoring hand control and breathing, and controlling bowel and bladder 
function. FDA has approved neuroprostheses for the restoration of hand function, bowel and bladder 
control, and breathing, and clinicians at many spinal cord injury centers are trained in their use. In 
addition, an FDA-approved walking system uses a nonimplanted FES and an FES cycle ergometric 
device that allow periodic exercise of paralyzed leg muscles. 

As noted earlier, electrical stimulation for bladder function control involves a neuroprosthesis sold in 
the United States as Vocare. It is an FDA-approved medical device that provides the user with the 
ability to void upon demand as a result of the stimulation provided by the implanted device. Electrodes 
are placed on the sacral roots either intradurally (which is the most popular location in Europe) or 
extradurally (which is the location used more frequently in the United States). Voiding of the bladder 
is controlled by an implanted radio receiver controlled by an external device that delivers energy and 
control to the implant. This system allows individuals with spinal cord injuries to manage difficult 
bladder problems and drain many urine management devices (catheters and condoms). It also reduces 
the incidence of bladder infections. The device has been implanted in more than 1,500 patients around 
the world, and 90 percent of those with the implant reportedly used it 4 to 6 days per week. Thus, the 
cost of the device compared with that of conventional care is recovered in about 7 years (Creasey and 
Dahlberg, 2001). 

FDA has approved a neuroprosthesis for hand control, called Freehand, which provides two grasping 
patterns to individuals with C5 or C6 tetraplegia. It consists of a stimulator-receiver implanted in the 
chest and eight electrodes implanted at the motor points of hand and forearm muscles. Shoulder 
movement is used to proportionally control the degree of hand opening and closing. Fifty-one 
individuals with C5 or C6 tetraplegia were enrolled in a multicenter clinical study of the safety, 
effectiveness, and clinical impact of the Freehand system (Peckham et al., 2001). The results showed 
that the neuroprosthesis increased the pinch force of every subject, and it enabled 98 percent of the 
participants to grasp and move more objects in a standardized grasp-release test. An advanced system 
is under clinical investigation. This advanced system provides greater upper limb function and 
incorporates implanted control methods, thereby eliminating the need for the external shoulder sensor. 

Tendon transfer surgery is often used either alone or in conjunction with neural prostheses (Kirshblum, 
2004) for upper-extremity locomotion. This surgical procedure involves transferring one or more 
tendons of muscles with retained voluntary function to restore lost movements. The procedure is 
reversible and generally restores function equivalent to that provided by one or two spinal roots. 
Enhanced function is provided through additional stimulation channels, which are used to activate the 
muscles of the hand for fine control, elbow extension, and hand rotation. This system has been 
implanted in seven subjects (Peckham et al., 2002). An advanced neuroprosthesis that uses an 
implantable controller for restoration of hand and upper-arm control has been demonstrated to improve 
finger control in a group of individuals and has improved their performance of activities of daily living 
(Hobby et al., 2001). Recently, one participant received implants in both arms to further improve 
function. 

For respiratory control, electrical stimulation can be used to stimulate the phrenic nerve, which 
controls the contractions of the diaphragm muscles. This technique, known as phrenic nerve pacing, 
was introduced in the 1960s (Escher et al., 1966). Phrenic pacing systems have allowed users to 
decrease or even discontinue the use of mechanical respirators and enable more normal breathing. The 
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technique has been applied to more than 1,000 patients worldwide and has become a clinically 
accepted intervention in selected individuals (DiMarco, 1999). An alternative to direct stimulation of 
the phrenic nerve has also been developed. It is less invasive, as electrodes are implanted 
laparoscopically into the diaphragm (DiMarco et al., 2002; Onders et al., 2004). To date, 10 
individuals have received the implant, and 9 of these individuals have been able to comfortably tolerate 
extended periods (hours) of respirator-free pacing. If the utility of the device is confirmed in additional 
individuals, diaphragm pacing with intramuscular electrodes placed by laparoscopic surgery may 
provide a less invasive and less costly alternative to conventional phrenic nerve pacing. 

The objective of some lower-extremity FES systems is to enable individuals with paraplegia to stand 
and transfer themselves. The functional goals associated with standing include reaching for high 
objects, having face-to-face interactions with other people, and transferring between surfaces 
independently or with minimal assistance. At present there are no commercial or FDA-approved 
systems for FES-aided standing; however, one implantable system has reached the multicenter clinical 
trial stage of development (Davis et al., 2001). 

The only FDA-approved FES system for ambulation available is a surface stimulation system 
(Parastep). Individuals with paraplegia wear a microprocessor-stimulator unit at the waist and use a 
walker with controls built into the handles. This system allows these individuals to stand and walk with 
a reciprocal gait for limited distances. Use of the system has additional medical benefits, such as 
providing increased blood flow to the lower extremities, a lower heart rate at subpeak work intensities, 
increased muscle mass, and reduced spasticity and also has psychological benefits (Klose et al., 1997; 
Graupe and Kohn, 1998). 

FES devices can also be used to maintain an individual’s muscle fitness and potentially encourage the 
recovery of function. Decreased muscle mass is a secondary condition that, if left untreated, can 
diminish the potential for complete recovery. A common cause of muscle atrophy is the loss of motor 
neurons in the spinal cord that drive muscle contraction. Other, usually less severe but more 
widespread atrophy occurs over time because of the disuse of paralyzed but still innervated muscles. 
FES can help reverse disuse atrophy by stimulating muscle activity, but it relies on intact nerve-muscle 
connections and cannot easily be used to stimulate denervated muscles. 

FES devices have received a mixed reception from both clinicians and individuals with spinal cord 
injuries. Originally, the controllers and stimulating electrodes were large and cumbersome and did not 
provide very fine control; however, technological advances are leading to reductions in the sizes of 
these devices and reductions in the numbers of surgical procedures required for implementation. In 
addition, the implanted electrodes have improved reliabilities and longevities. Some individuals with 
spinal cord injuries and their clinicians are dissuaded from using FES devices because of the surgical 
procedures required to implant the systems and, in the case of Vocare, the additional damage to the 
nervous system that results from the requirement to transect some of the sensory nerves that enter the 
spinal cord (Creasey et al., 2001). However, the potential benefit to an individual’s quality of life and 
the decreased health care costs over the lifetime of the individual likely offset the large initial expense 
of FES devices (Creasey et al., 2000). 

Considerable research and development have been invested in the development of computer-controlled 
FES devices (Taylor et al., 2002), and future advances are likely to be linked to advances in 
technologies and their appropriate application to individuals with spinal cord injuries. For example, 
numerous electrode interfaces that provide more selective activation of nerves will provide finer 
movements. Others use physiological principles to block neural firing and will be used to block pain 
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and suppress spasticity. Additionally, smaller stimulators are being developed. These will provide 
individuals with devices that can be fully implanted. 

There is also a considerable effort to develop brain-computer interfaces that can be used to convert 
thoughts into electrical signals that can control and stimulate muscles (Friehs et al., 2004). These 
interfaces are most likely to initially have impact on the most severely disabled individuals who have 
lost other communication channels, but retain the ability to control their cortical firing. Cortical control 
may be used for control of the environment and for communication by such individuals, and may also 
be used as an interface for robotic manipulators and FES systems. Current approaches include, from 
least invasive to most, extracting control information from the electroencephalogram (Keirn and 
Aunon, 1990; Wolpaw and McFarland, 2004), placing electrodes subcranially over the brain, or 
placing electrodes into the brain. Research on all approaches is ongoing both in animal models and in 
patients, and two-dimensional control of cursors on a monitor screen has been demonstrated. 
Additional technologies are being developed to assist individuals with spinal cord injuries that severely 
restrict their movements, including an eyeglass-type infrared-controlled computer interface (Chen et 
al., 1999) and a wireless environmental control system using Morse code (Yang et al., 2003). 

The overall acceptance of implantable neuroprostheses in upper extremity functional restoration has 
been very good, with over 80 percent of patients achieving regular use of the devices (Peckham et al., 
2001). In addition, more than 95 percent of those who received implants reported satisfaction with the 
neuroprosthesis (Polacek et al., 1999). Neuroprothesis devices, such as the Freehand system, also have 
the potential to reduce the overall cost of care for spinal cord injured people (Creasey et al., 2000). 
Although it has been a difficult challenge, some insurance companies and the U.S. Department of 
Veterans Affairs reimburse individuals for associated costs. Ensuring that such benefits become 
available to individuals with spinal cord injuries in the future will require an effective delivery model, 
which requires collaboration between various clinical specialties (physical medicine and rehabilitation 
physicians, hand surgeons, and therapists) to identify individuals who would benefit from 
neuroprotheses, as well as greater knowledge within the spinal cord injury community of the 
availability and benefits of neuroprotheses. However, the development of FES products, like 
pharmaceuticals, presents a financial challenge to companies, and this challenge may constrain the 
future development of such systems (Cavuoto, 2002; Dobkin and Havton, 2004). 
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Spinal Cord Injuries: An Overview 
  

1. Because the spinal cord is encased in the protective armor of the vertebrae, investigation of the site of 
the injury or the effects of potential therapies has required the development of a diverse set of research 
tools. In the past 40 years the rapid progress in the technologies available to perform experiments has 
largely been responsible for the great strides that have been made in understanding the basic principles 
of _______. 

o anatomy 

o genetics 

o neuroscience 

o None of the above 

2. Recent advances in imaging techniques and methods for investigation of the actions of genes have 
advanced the understanding of spinal cord injuries even further. They also provide researchers with the 
tools that they need to examine changes in the spinal cord at the molecular and structural levels, for 
example, improving knowledge of the _______ that serve as barriers to neuronal regeneration. 

o inhibitory conditions 

o autonomic dysreflexias 

o pathological changes 

o None of the above 

3. In 1978, the _______ was developed by researchers to simulate the continual pressure and 
displacement of the spinal cord common in spinal cord injuries, which is not reproduced in contusion 
injuries. This procedure has provided researchers with a great deal of information about the 
pathophysiology of the spinal cord during the acute stages of the injury; the timing, necessity, and 
effectiveness of releasing the pressure from the spinal cord; and potential therapies. 

o decompressioin technique 

o clip compression technique 

o axonal elongation technique 

o None of the above 

 

4. Techniques have been developed that allow researchers to isolate and grow populations of neurons to 
investigate the effects of specific proteins and molecules on neuronal injury and repair. Neurons can be 
grown in isolation or with glial cells such as oligodendrocytes or Schwann cells to study the processes 
of axonal outgrowth and myelination. Investigators use molecular biology-based techniques, such as 
DNA or protein analysis, that can be used to easily visualize or analyze outcomes. 

o True 

o False 
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5. Animal models allow in-depth investigation of the anatomical and molecular changes that occur in 
response to a spinal cord injury at a level of detail that would not be possible or ethical in studies with 
humans. These insights are critical for the design and interpretation of the results of studies with 
humans. Without the knowledge gleaned from studies with animals, the spinal cord would remain the 
equivalent of a black box and therapies aimed at restoring function would be limited. 

o True 

o False 

6. It is important that researchers use standardized animal models and that they use them consistently. In 
_______, The National Institute of Neurological Disorders and Stroke (NINDS), in recognition of the 
need to train researchers who work on spinal cord injuries, collaborated with Ohio State University to 
design a course that emphasizes competency in the technical approaches required for standard animal 
care and treatment and experimental design. 

o 1968 

o 1984 

o 1994 

o 2004 

7. Because of the variations in the severity and the nature of the outcomes that individuals with spinal 
cord injuries experience, it is often difficult for health care professionals and researchers to assess the 
success of a particular intervention. Similarly, it is difficult for preclinical researchers to consistently 
assess progress in laboratory animal experiments and to determine the amount of progress, if any, that 
results from _______. 

o natural recovery 

o drug therapy 

o surgical intervention 

o All of the above 

8. Clinicians have available more than _____ assessment tests and surveys that they can use to examine 
individuals with spinal cord injuries, including the American Spinal Injury Association (ASIA) scale 
and measures that assess all the major complications associated with spinal cord injuries. Each of these 
measures assesses a specific aspect of recovery from spinal cord injury or evaluates the individual’s 
quality of life and is not designed to examine all the major complications that arise because of a spinal 
cord injury. 

o 10 

o 30 

o 67 

o 100 
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9. The expression profile of a biomarker, especially proteins, could provide clinicians with information 
that aids in establishment of a diagnosis and a prognosis of a patient’s injury. For instance, the 
progression of multiple sclerosis (MS) can be determined by examining the levels of a major myelin 
component, myelin basic protein, whose concentration increases in the cerebrospinal fluid in response 
to a demyelinating episode. 

o True 

o False 

10. Of the imaging technologies for the detection of abscesses or other masses near the spinal cord and is to 
monitor patients with chronic compression injuries, _______ is superior technology. 

o PET 

o CT 

o MRI 

o None of the above 

11. _______ scan technology is being developed to inform clinicians about whether drugs can bind to the 
appropriate targets. For example, clinicians are using these scans to determine if treatments are 
effective by looking at the uptake of glucose, which tumors need to nourish their growth. These effects 
can be observed before structural changes in the tumor can be detected. 

o MRI 

o CT 

o PET 

o None of the above 

12. In an attempt to examine the activities of specific neuronal circuits, imaging markers that mimic 
neurotransmitters and receptors that are nonradioactive are being created, including the iron analog 
annexin V, the fluorescent marker Cy5.5, and markers that do not become active until they reach their 
target. Future modification and adaptation of these technologies could be used to examine specific 
stages of regeneration, including those designed to detect _______. 

o neurite outgrowth 

o oligodendrocyte myelination 

o immunological response 

o All of the above 
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13. Beginning at the accident scene, immobilization of the spine prevents or reduces the severity of a spinal 
cord injury, and advances in emergency response have improved the medical care for other urgent and 
life-threatening problems often associated with spinal cord injuries, such as _______. 

o significant blood loss 

o blocked respiratory pathways 

o major head or body system trauma 

o All of the above 

14. Decompression of the spinal cord, if it is performed during the appropriate time window, may provide a 
benefit to individuals with spinal cord injuries. In many patients, surgery is performed soon after the 
injury to remove _______ that compress the spinal cord. The goal is to alleviate pressure and to 
improve the circulation of blood and cerebrospinal fluid, particularly for those with central cervical 
spinal cord injuries. 

o the tissue debris 

o bone 

o fluid 

o All of the above 

15. As a result of recent advances in science and technology, individuals with a spinal cord injury have 
_______. 

o improved survival rates 

o increased opportunities for independent living 

o longer life spans 

o All of the above 

16. Chronic pain, one of the most common sequelae of spinal cord injuries, is not adequately controlled by 
currently available treatments. Inadequately controlled pain erodes _______, but also can lead to 
depression and, most tragically, suicide. Some clinicians have been slow to recognize that chronic pain 
is real, has serious consequences, and should not be dismissed as grounds for psychiatric referral. 

o quality of life 

o functioning 

o mood 

o All of the above 
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17. Primary sensory neurons (also known as primary afferents) in the spinal cord convey pain information 
from the primary sensory neuron to the brain. After a spinal cord injury, these neurons become 
hyperexcitable; namely, they fire more readily than before the injury. 

o True 

o False 

18. Neuropathic pain results from direct damage to neural tissue, whereas nociceptive pain is caused by 
damage to nonneural tissues (_______). Nociceptive pain is what most healthy people are familiar with, 
and it is more treatable and controllable with standard pain therapies like anti-inflammatory agents and 
analgesics. Neuropathic pain is often treated with antidepressants and anticonvulsants, but their 
efficacies specifically for the treatment of spinal cord injury-associated pain are weak. 

o bone 

o muscles 

o ligaments 

o All of the above 

19. Spasticity refers to the debilitating muscle spasms and other types of increased muscle tone that occur 
after a spinal cord injury. Spasticity is similar to pain in that both are highly common after spinal cord 
injuries and have multiple possible mechanisms that might account for their onset. The key difference 
between them is that spasticity results from the heightened activity of reflex pathways (proprioceptive 
sensory neurons and motor neurons), whereas pain reflects the heightened activities of pain pathways. 

o True 

o False 

20. Thromboembolism is a potentially life-threatening condition frequently encountered in the early weeks 
after a spinal cord injury. Deep vein thromboses (DVTs) are blood clots that form deep within the 
veins, usually in the legs and thighs, and result from slowed or halted blood flow (venous stasis) in 
immobilized individuals with spinal cord injuries. The most feared complication of DVT is_______, 
which can bring sudden death. 

o autonomic dysreflexia 

o pulmonary embolism 

o autonomic hyperreflexia 

o None of the above 
 

 


