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ABSTRACT OF THE DISSERTATION 

 

Utilizing Neuromodulation of the Spinal Cord to Assess and Modulate Aberrant Spinal Physiology Below 

the Lesion Following Severe Upper Motor Neuron Injury 

 

by 

 

Lisa Denise Moore 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2018 

Professor Daniel C. Lu, Chair 

 

Upper motor neuron injury damages the descending circuits connecting the brain to sensory 

and motor neurons responsible for sensing and interacting with the world. While spinal cord stimulation 

is showing extraordinary promise as a novel therapeutic to restore lost motor function following spinal 

cord injury, we have yet to fully characterize the mechanisms of its action or identify the limits of its 

therapeutic potential. Towards these ends I conducted a series of three studies which utilized spinal 

stimulation in novel subject populations to map the cervical spinal cord, identify and modulate aberrant 

spinal physiology, and enhance upper limb function. In the first study a group of SCI subjects with motor 

complete lesions, half of which had no measurable hand strength, received transcutaneous stimulation 

to the cervical spinal cord alone and in combination with the partial serotonergic agonist buspirone. 

Stimulation but not buspirone significantly improved hand function in subjects with measurable strength 

prior to the study and maintained hand strength for up to five months following treatment in more 

functional subjects. In the second study, two subjects who demonstrated improvement with 

transcutaneous stimulation but failed to maintain it 5 months after treatment, received epidural 
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stimulators. The different properties and performance outcomes of the two forms of stimulation were 

compared in these severely impaired subjects. Finally in a cohort of rats, epidural stimulation was used 

to map the cervical spinal cord, track physiological changes in the spinal cord following a severe stroke 

injury to the motor cortex, and treat observed deficits in reaching success and muscle activity. While 20 

Hz stimulation enhanced afferent derived spinal activity, only 1 Hz stimulation resulted in improved 

reaching success and muscle activity. Together these studies further our understanding, by identifying 

patient pools most receptive to spinal cord stimulation, characterizing the different properties and 

functional outcomes of transcutaneous versus epidural stimulation, and illustrating the potential to 

utilize spinal cord stimulation for other forms of upper motor neuron injury. 
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IntroductionIntroductionIntroductionIntroduction    

The Origins of Epidural StimulationThe Origins of Epidural StimulationThe Origins of Epidural StimulationThe Origins of Epidural Stimulation    

Although many neuroscientists are focused on the brain: its development, its function, its 

disease and degeneration, neuroscience attempts to elucidate the mysteries of the entire nervous 

system. While some may consider the function of the spinal cord comparatively simple relative to the 

complex pathways that reside in the brain which governs everything from temperature regulation to the 

storage and processing of vast amounts of data, we still have much to learn. Early studies by both Bell 

and Magendie uncovered the basic polarized nature of the spinal cord1,2. That in general sensory 

information is delivered by the posterior roots and motor information is conveyed by the anterior ones. 

Sherrington, who coined the term synapse, uncovered the true complexity of the spinal cord and 

elucidated many mechanisms through the description of the most basic integrative circuit, the reflex3. In 

his studies Sherrington repeatedly demonstrated that the spinal cord was capable of complex 

integration and coordination of neural signals. 

Perhaps the most astonishing phenomenon, resulting from the spinal cords intrinsic integration 

of sensory and motor circuitry, is its ability to generate coordinated rhythmic stepping in the absence of 

supraspinal input4. An external stimuli applied to the feet or tail can generate stepping movements in 

many spinalized lower vertebrates (amphibians, reptiles, and birds)5. Grillner and his colleagues wanted 

to uncover whether a similar system existed in mammals. They discovered that young cats, with a full 

transection of the spinal cord at the midthoracic level, could generate coordinated locomotion when 

placed on a treadmill and even adapt their stepping to changing treadmill speeds6. Later experiments by 

Dr. Edgerton’s group demonstrated that this same intrinsic mechanism also existed in adult cats but 

required more training which included additional afferent input from a tail pinch7. These findings led to 
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the hypothesis that a central pattern generator (CPG) for locomotion existed within the spinal cord of 

some mammals and could generate locomotor movements, in both juveniles and adults, by sensory 

stimulation to the feet and tail4. Later researchers discovered that they could tap into these spinal 

networks and induce or modify locomotion by stimulating local circuits via pharmacological or electrical 

means8,9. While the discovery of these evolutionarily preserved neural pathways led to the hope that 

these circuits could be used in spinal cord injured (SCI) patients to generate walking, it still remained to 

be proven if the spinal cords of primates had retained these CPG like pathways. 

 As Sherrington and his successors studied the complex interactions of the sensory and motor 

systems within the spinal cord, a combination of researchers and clinicians sought to understand one of 

the longest known afflictions, pain. In 1965 Melzack and Wall came out with a revolutionary description 

of pain called the Gate Theory, which is the basis of our understanding of pain to this day10. The Gate 

Theory asserts that spinal gating mechanisms exist in the dorsal horn of the spinal cord and modulate 

nerve impulses received from afferent cells which are relayed to reflex arcs and the brain. The gating 

mechanism is regulated by the relative amount of activity in large versus small diameter sensory fibers 

with larger fibers inhibiting and small diameter fibers facilitating afferent conduction. Following the 

development of their theory Wall along with several successive clinicians began to test practical 

applications of their theory. Stimulating the dorsal spinal cord or peripheral afferents in patients 

experiencing chronic pain, often as a result of injury or disease, induced paresthesia and reduced pain11–

15. As successive studies continued to demonstrate the efficacy of using spinal cord stimulators to 

alleviate pain, researchers took the opportunity to use these devices to treat other neurological 

problems and to conduct physiology studies. 
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 Subjects with multiple sclerosis face a multitude of neural complications which can lead to pain 

and result in motor deficits. The implantation of spinal cord stimulators in these subjects helped them 

chronically manage their pain.  In addition to reduced pain, clinicians reported that some of these 

patients were seeing motor improvements in addition to pain reduction. While several of these reports 

emerged and controlled clinical testing was conducted in some16–21, there were also studies that 

reported no significant improvements in patients with multiple sclerosis22,23 and repeated concerns 

theorized that the observed improvements were merely a placebo effect and that a double blind trial 

was necessary. The lack of convincing evidence as to the long term motor benefits of epidural 

stimulators in multiple sclerosis patients, ultimately led to its lack of further study in this patient 

population. 

Since multiple sclerosis is a progressive degenerative disease that proceeds uniquely in each 

patient, it is difficult to standardize a study focusing on this variable, deteriorating condition. On the 

other hand, subjects with a chronic spinal cord injury (two or more years out from injury) have stable 

capabilities that do not tend to dramatically deteriorate or improve over time. As many researchers to 

study the efficacy of epidural stimulators in multiple sclerosis other researchers began to branch out 

into other neurological diseases including SCI20. In addition to pain, spinal cord stimulation proved to be 

extremely effective at reducing spasticity in SCI patients20,24–27. While the early studies of epidural 

stimulation in SCI patients focused on treating spasticity, researchers did note that patients reported 

motor improvements when using epidural stimulation20. Since chronic spinal cord injury results in a 

relatively stable neurological injury, the reported improvements in pain and spasticity were more 

convincing in these subjects than the previously studied multiple sclerosis population. For this reason, 

spinal cord stimulators were more widely implanted in patients with spinal cord injury.  
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 At this point, the work of basic scientists and clinicians began to overlap and merge into a single 

field. The biggest question in the field was did the human spinal cord retain basic locomotor circuits that 

could function in the absence of descending input from the brain. Some of the first studies sought to 

replicate the cat results by utilizing a treadmill to induce locomotion in chronically injured SCI patients. 

In both chronically injured complete and incomplete SCI patients body weight supported treadmill 

training enabled patients to generate rhythmic muscle bursts in their leg muscles with amplitudes that 

correlated to the amount of load bearing28,29. These studies suggested that, just as in the cat, afferent 

feedback generated through assisted stepping on a treadmill could activate spinal circuits and 

rehabilitate paralyzed muscles in man. Several cat studies had suggested that both pharmacological and 

electrical stimulation could enhance, modify, or independently generate step like movements in the cat. 

While some researchers combined pharmacology with treadmill studies and found that the human 

spinal cord responded similarly, other researchers investigated whether locomotion could be generated 

electrically. A study in six clinically complete SCI subjects who had received epidural stimulators 

demonstrated that, just as in the cat, epidural stimulation could induce rhythmic walking behavior30. 

These studies showed that the human spinal cord retained many of the circuits that had been long 

studied in the paralyzed cat and, just as in the cat, these circuits responded to sensory, pharmacological, 

and electrical stimulus. 

Unearthing the Unearthing the Unearthing the Unearthing the Basic MechanismsBasic MechanismsBasic MechanismsBasic Mechanisms    of of of of Spinal Cord StimSpinal Cord StimSpinal Cord StimSpinal Cord Stimulationulationulationulation    

 As epidural stimulation grew as a clinical intervention, researchers began to closely investigate 

the different physiological changes associated with epidural stimulation and their potential mechanisms. 

While multiple mechanisms have been proposed and investigated by a variety of research groups, we 

are still far from understanding how spinal cord stimulation works. What we do know, is that the use of 

spinal cord stimulation induces a plethora of biological changes. Since spinal cord stimulation is no 
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longer restricted to pain reduction, at least in a research stand point, it is likely that researchers and 

clinicians are taking select advantage of different mechanisms through the manipulation of stimulation 

parameters. Below follows a list of known physiological changes and their potential mechanisms. 

Disruption of Neuronal Activity from Pain Fibers 

 As mentioned above, the Gate theory proposed by Melzack and Wall postulated that sensation 

is gated in the spinal cord by the relative activity in large versus small afferent fibers10. Based on his 

theory Wall assessed the effect of stimulating ipsilateral collateral fibers in the dorsal spinal cord and 

found that is suppressed the firing of lamina V cells in the spinal cord, which respond to cutaneous 

stimuli31. When a similar experiment as reprised by Feldman, he found that stimulation of the dorsal 

spinal cord specifically attenuated the lamina V neuronal response associated with high intensity 

noxious stimulation32. Similarly spinal cord stimulation specifically inhibits high threshold spinothalamic 

tract neurons which convey pain signals from peripheral afferents to the brain33. Finally SCS stimulation, 

presumably through inhibition of the spinothalamic tract, leads to a marked reduction of somatosensory 

evoked potentials in primates and patients with chronic pain34. 

Increased Vasodilation 

 Stimulation of peripheral afferents of the spinal cord results in vasodilation of blood vessels 

leading to the corresponding region of innervation of the afferent root35. Stimulation to the thoracic 

spinal cord increases blood flow to the ipsilateral paw of the rat regardless of rostral transection of the 

spinal cord or distal sectioning of the afferent nerve root36. Furthermore, surgical sympathectomy37 or 

the application of nicotinic ganglionic blockers38 abolishes the vasodilation normally induced be spinal 

cord stimulation. This research suggests that the vasodilatory properties of spinal cord stimulation are 

not the result of antidromic activation of afferent roots but instead the suppression of sympathetic 

efferents36–38. Under different experimental conditions, researchers discovered that vasodilation can 
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also be mediated through antidromic activation of the afferent root itself, which can be blocked 

pharmacologically39 or by dorsal rhizotomy40. When the limb is cooled, which enhances sympathetic 

vasoconstriction, both mechanisms of vasodilation can be observed, with the antidromic stimulation of 

the afferent producing an early response and the suppression of the sympathetic efferent resulting in a 

late response41. While both mechanisms meditate the vasodilation response, evidence suggests that 

prolonged vasodilation is primarily mediated through antidromic activation of afferent fibers42. 

Clinicians have already advantage of this particular property of epidural stimulation in order to relieve 

pain resulting from poor blood flow43–46 and increased blood flow has been demonstrated in both the 

limbs43–45,47 and the brain (but only with cervical stimulation)48. This could have further implications for 

use in spinal cord injurey49–51 and stroke52–55 where issues with circulation in paralyzed limbs are 

common. 

Altered Release of Neurotransmitters 

 In addition to the well documented physiological changes that occur with spinal cord 

stimulation, there are several research articles that indicate that it may also lead to the release of 

neurotransmitters. Several groups have reported increases in serotonin concentration during and 

immediately following either spinal cord56,57 or dorsal root58 stimulation. However other researchers 

have contradicted these findings and found no changes in the expression of serotonin following epidural 

stimulation59,60. Whether or not spinal cord stimulation leads to a direct release of neurotransmitters is 

unclear, and may rely heavily on the injury state of the animal and that stimulation parameters used.  

Facilitation of Motor Function 

 With epidural stimulation being an accessible technology that had already shown hints of 

promise for facilitating movement, both clinicians and basic scientists began their studies in earnest to 

understand the various mechanisms of epidural stimulation. By combining basic anatomy with 
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physiological readouts from implanted stimulators researchers were able to use computer modeling to 

understand some of the basic mechanisms of stimulation. They found that recruitment order was highly 

dependent on the cathode position and that it activates dorsal roots over ventral roots and dorsal 

columns61,62. At the lumbar spinal levels a cathode that was placed more than 2 cm rostral to a nerve 

root’s spinal insertion, would be unable to stimulate it without applying high intensity stimulation62. 

However a cathode that was caudal to the insertion site would still activate the root at low voltages 

because the roots run parallel to the spinal cord before exiting the vertebrae62. This means that 

stimulation at L5 or lower will activate all recorded lower limb muscles at low intensities62. Finally, it 

appeared that stimulation was passed from dorsal root to ventral root monosynaptically61,62. These early 

results from clinicians were further confirmed and elaborated on when computational modeling was 

applied to epidural stimulation of the SCI rat.  

 In response to the growing expense and disapproval of larger animal research, the rat SCI model 

of epidural stimulation63 replaced the cat and basic researchers began to utilize the new model to 

further understand epidural stimulation. Computer modelling, backed by animal studies, helped further 

break down the spinal cord networks response to epidural stimulation64,65. First of all these results 

confirmed that epidural stimulation does not directly activate interneurons in the spinal cord, but it can 

directly recruit motoneurons especially in the S1 segment64,65. At all locations epidural stimulation 

activates Group Ia, Ib, and II afferents located in the dorsal roots65. Evoked responses observed in 

hindlimb muscles during low frequency epidural stimulation are composed of three responses64,65. The 

early response (3-5 ms in the rat) is the result of direct activation of the motoneurons by the epidural 

stimulation as the current flows dorsoventrally around the cord64,65. The middle response (5-9 ms in the 

rat) is the monosynaptic reflex arc response resulting from the recruitment of Group Ia fibers64,65. The 
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late response (9-15 ms in the rat) results from the recruitment of Group Ia/Ib and Group II fibers and is a 

polysynaptic response64,65.  

  The rat results demonstrated what the modeling predicted, stimulation at both L2 and S1 

enhanced hindlimb function63,66, and while stimulation at both locations recruited Group Ia/Ib and 

Group II fibers, only stimulation at S1 could recruit a direct motoneuron response67. Stimulating at either 

site around 40 Hz successfully facilitated stepping63,66. As rats recovered from SCI with the assistance of 

treadmill stepping and epidural stimulation, the late responses were modified both with the phase of 

the recovery (weeks post injury) and with the muscle burst66. Since stimulation was administered 

subthreshold, evoked responses disappeared when the muscle was inactive, however a phase locked 

evoked response was evident during the muscle burst66. These results suggested that subthreshold 

epidural stimulation was capable of modifying spinal networks and that it increased the excitability of 

the spinal cord when applied. As had been previously observed in the cat and in patients, the addition of 

pharmacological agents that targeted receptors in the spinal cord, modified stepping induced by 

epidural stimulation and further improved performance68 eventually allowing completely paralyzed rats 

to volitionally walk over ground when their body weight was supported69. 

Mechanistic Conclusions 

 Although a plethora of physiological changes have been attributed to epidural stimulation, they 

have never been examined simultaneously in an animal or patient setting. For this reason, as a research 

community, we still have little understanding of how these physiological changes overlap and how to 

augment or inhibit them by tuning stimulation parameters. This will be further discussed in a later 

section focusing on stimulation parameter selection. For now we will move back into our discussion of 

utilizing epidural stimulation to enable movement. Following successful animal testing, researchers 
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pursued small clinical pilot studies utilizing FDA approved epidural stimulators to restore leg function in 

chronic SCI patients. 

Translating Basic Science into Translating Basic Science into Translating Basic Science into Translating Basic Science into aaaa    ClinicClinicClinicClinical Therapyal Therapyal Therapyal Therapy 

 Although a pilot study suggested that epidural stimulation could be used to improve walking in a 

motor incomplete SCI patient70, most studies with epidural stimulation of the lumbar spinal cord only 

demonstrated that walking movements or leg extension could be generated in motor complete patients 

when laying down on an examination table71,72. In a case study published in 2011 epidural stimulation 

was able to allow a motor complete patient to stand for between 4 and 25 minutes and generate 

rhythmic EMG activity in his legs in response to assisted treadmill stepping73. Prior to receiving epidural 

stimulation the patient had undergone over 100 hours of step training on a treadmill and 50 hours of 

stand training and shown no detectable improvement or alteration in EMG activity73. Thus 

demonstrating that epidural stimulation alone was responsible for the significant improvements that 

were observed. Even more remarkably, after seven months epidural stimulation allowed the subject to 

regain some voluntary control of his leg movements, but only while the stimulator was on73. Intriguingly, 

stimulation parameters were optimized for each task and eventually settled on the frequency 

parameters for standing (15 Hz) and stepping (30-40 Hz) that had been identified in previous studies68,71–

73. While the case study only involved one patient, it was well controlled with an exhaustive baseline 

training period and resulted in unquestionable improvement. 

 The next studies utilized the same four subjects and sought to discover whether the most severe 

class of spinal cord injured patients could recover from a chronic SCI. In the pilot study the recruited 

subject was graded AIS B meaning that he was motor complete below the lesion but retained some 

sensory function. The next study recruited 3 more subjects, while one was again AIS B the other two 

were both AIS A meaning they had no motor or sensory function below the lesion74. The theory was that 
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the voluntary recovery observed in the case study was due to the residual spinal connectivity below the 

lesion level that was evident in the sensory testing. However all three patients, including the two AIS A 

ones, were able to move voluntarily on their first stimulation session when receiving stimulation that 

targeted the muscles involved in the task74. Stand training and home-based voluntary movement 

training with stimulation led to the generation of higher forces at lower intensities74. With continued 

training all of the subjects were able to stand, bearing their full body weight, while the epidural 

stimulation was on75. Although optimal stimulation parameters for each subject for standing were 

similar, 20-60 Hz with a caudal cathode, stimulation conditions optimized for one subject were not 

optimal for stimulation of another subject75. Finally in these four subjects a series of 80 sessions of stand 

training was followed by a series of 80 sessions of step training76. Following step training subjects the 

majority of subjects performed significantly worse at stand training, suggesting that the spinal circuit 

modifications that were recorded by evoked potential mapping impaired the circuits needed for stand 

training76. Despite the negative findings of this study, findings from one of the four subjects suggested a 

solution, both tasks had to be trained continually and simultaneously with stimulation parameters 

optimized for each task77. After over 3 and a half years of epidural stimulation combined with clinic and 

at home training, one of the four subjects, who was motor complete but sensory incomplete, was able 

to produce voluntary leg movements and stand without epidural stimulation77. 

 In two studies published virtually simultaneously in September of 2018, researchers were able 

to generate the first instances of over-ground walking in patients with motor complete spinal cord 

injuries. One study from Harkema’s lab enrolled four patients, two of which were AIS A (motor and 

sensory complete) and two were AIS B (motor and sensory incomplete)78. After between 300 and 100 

sessions of epidural stimulation with stand or step training all patients achieved some measure of 

independent leg movement, but only the two AIS B subjects were able to generate independent over-
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ground stepping78. In contrast, in a pilot study of a single AIS A patient with a mid thoracic injury similar 

to the AIS A patients enrolled in Harkema’s study, epidural stimulation resulted in over-ground walking 

with only the assistance of hip stabilization after a comparable number of treatment sessions79. Despite 

similar patient populations, similar training regimens, identical implants, and similar stimulation 

strategies, these groups saw different results in their most severely impaired patients. Whether this 

variability is patient specific or due to modifications in training procedures between groups, remains to 

be shown. 

 Overall the recent results from clinical studies of epidural stimulation of the lumbosacral cord 

have been astounding and elucidated many of the questions left unanswered by mechanistic and animal 

studies. Epidural stimulation can be used in even the severest class of injured subjects to reestablish 

voluntary control over paralyzed legs. While it appears that epidural stimulation does need to be 

optimized for each patient for different tasks, there are some general stimulation parameters that hold 

across tasks across patients which can be used to guide clinical applications. Once optimal parameters 

are identified for a particular task, continued training is required to train and reinforce that task. If the 

goal is to improve in multiple tasks they should be trained in conjunction with one another as training 

one task will not necessarily improve another. With years of stimulation and a continual commitment to 

training, some patients may be able to reduce their dependency on the stimulator. 

An Autonomic An Autonomic An Autonomic An Autonomic NeuropNeuropNeuropNeuroprosthesisrosthesisrosthesisrosthesis    

 An underappreciated complication of spinal cord injury is the disruption of autonomic pathways 

leading to dysregulation of blood pressure and hypotension. Cardiovasculaure dysfunction is the leading 

cause of death in SCI patients. In general, the more severe the injury and the higher the level, correlates 

to a higher likelihood and severity of autonomic dysfunction80,81. One group has spent the last decade 

developing new epidural simulators to act on the lumbar spinal cord as an autonomic neuroprthesis. In 
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animal testing they were able to program an external stimulator to mimic endogenous circuits that 

regulate blood pressure and counteract hypotension using epidural stimulation82–84. In patients this 

programmable device was able to actively respond to hypotension and maintain blood pressure through 

continual manipulation of the frequency of epidural stimulation85. Dr. Harkema’s group found that blood 

pressure could also be stabilized by tonic epidural stimulation applied with minimal variance based on 

optimal electrode configurations and frequencies suited to the patient86,87. The significance of this 

finding is not merely in finding another function enabled by epidural stimulation, but instead in finding a 

quantifiable functional change that will increase the life expectancy of responding patients. 

WhyWhyWhyWhy    dodododo    MotorMotorMotorMotor    Complete Complete Complete Complete SubjectsSubjectsSubjectsSubjects    ImproveImproveImproveImprove    

 You might ask how it is possible for subjects with clinically complete paralysis of motor and 

sensory function below their injury to regain voluntary control of paralyzed limbs with epidural 

stimulation. Subjects who are clinically complete have no obvious evidence of movement or sensory 

function below the lesion, but this does not mean all supraspinal signals have been lost below the site of 

injury. Very few SCI subjects have a fully transected spinal cord88,89. Even in severe cases of spinal cord 

injury, there is anatomical evidence of spared white or grey matter at the lesion site88,89. In severely 

injured subjects, these spared connections may not be sufficient to generate movement or provide 

sensation to the subject, but they still connect paralyzed muscles to the brain. To distinguish these 

subjects from other clinical definitions, they are often referred to as disomplete90. 

The vast majority of motor complete subjects (assessed by the ISNCSCI test) are discomplete91.In 

some subjects these connections are enough to generate voluntary EMG activity with no observable 

movement91. However in other subjects, spared connections can only be identified by an extensive 

battery of neurophysiological tests91. These tests include standardized clinical neurophysiology 

procedures such as motor evoked potential (MEP) and somatosensory evoked potential (SSEP) testing 
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which test the integrity of the motor and sensory systems respectively92–95. Additionally neurophysiology 

tests include tendon vibration, reinforcement maneuvers, and reflex suppression91. In the first two cases 

activation of the tendon or non-paralyzed muscles leads to a hyperactive response in paralyzed muscles 

in discomplete subjects91. For reflex suppression, the subject attempts to inhibit a reflex response such 

as the foot withdrawal response91. The presence of these various neurophysiological responses, is 

evidence of a discomplete injury. 

All of the subjects discussed in the previous section who received epidural stimulators, were 

motor complete according to the ISNCSCI, MEP, and other above mentioned neurophysiological tests73–

77. Despite this three of the four subjects had voluntary leg movement on the first stimulation session 

post implantation96. How is this possible? Had voluntary movements only been observed after months 

or years of therapy, then one could argue that epidural stimulation was regrowing neural fibers across 

the lesion. But this is not what occurred, instead on the first session with stimulation subjects were able 

to voluntarily move their leg when the stimulation was applied. This remarkable finding answers a key 

question about epidural stimulation. It does not rely on the growth of new neural connections in order 

to enable movement. If no new connections were regrown, than these subjects must all have been 

discomplete and had so few spared neural connections across the lesion that they could not be 

diagnosed by the battery of neurophysiological tests. 

Moving up in the WorldMoving up in the WorldMoving up in the WorldMoving up in the World    

 Although in theory an epidural stimulator can be implanted along almost any region of the 

spinal cord, the majority of clinical studies have focused on treating the lumbar cord. This research bias 

comes from the foundations of the basic scientists in the field who were focused on the idea of a 

locomotor CPG. Prior to epidural implants in human subjects, epidural stimulation had only been shown 

to successfully generate standing or walking on a treadmill in paralyzed cats and rats who were 
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completely transected. The initial hope was that in human subjects epidural stimulation might be 

capable of accessing the locomotor CPG networks in the spinal cord and with training eventually allow 

for independent walking and standing. While independent walking has not been achieved in any 

subjects to date, the fact that epidural stimulation can unlock voluntary control of paralyzed muscles 

says something much more significant; epidural stimulation does not need to access a spinal CPG in 

order to enable function. 

 For quadriplegic subjects who have lost function in both their hands and legs, restoration of 

hand function would lead to significant improvements in their quality of life97. The majority of cervical 

injuries require subjects to be dependent on others for daily living activities and overall care98. 

Impairments in tricep, wrist, and hand function are common in cervical SCI subjects98. Deficits in tricep 

function prevent a subject from being able to transfer in and out of a wheelchair. Deficits in wrist and 

hand function impair grasping function and make it difficult for subjects to do many if not all hand 

related tasks. For these subjects even small improvements in hand function could allow them to hold a 

phone or open a door leading to increased independence. For these subjects, cervical epidural 

stimulation may be a good option. 

The Trials and Tribulations of the Cervical CordThe Trials and Tribulations of the Cervical CordThe Trials and Tribulations of the Cervical CordThe Trials and Tribulations of the Cervical Cord    

 Treating the cervical spinal cord is very different from treating the lumbar spinal cord. First of 

all, the basic anatomy of the cervical spinal cord is very different. While initially during development all 

spinal nerve roots exit the vertebral bodies perpendicular to the spinal cord, following ossification of the 

vertebral bodies during embryonic development, the vertebrae grow at a faster rate than the spinal 

cord99. To accommodate the disproportional growth, the nerve roots of the lumbar and sacral spinal 

cord grow longer99. By 3 months postnatal the spinal cord terminates in its adult positon around 

vertebral level L1-262,100,99, while the spinal roots maintain their original level of vertebral exit. Thus in 
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the caudal regions of the spine the spinal and vertebral levels do not correspond100. The spinal roots that 

insert into the spinal cord at the L1 spinal level, first enter the vertebrae at the more caudal L1 vertebrae 

and then run parallel to the spine until they reach their insertion point62,100. In the cervical spinal cord, 

the spinal and vertebral levels more closely correspond meaning that the nerve root insert into the 

spinal cord and enter the vertebrae at approximately the same location100. Because of the unusual 

anatomy of the lumbar spinal cord, epidural stimulation around the S1 spinal level broadly targets the 

parallel dorsal root fibers and facilitates the corresponding motor pools across the majority of the 

lumbar spine62. Stimulation of the S1 spinal level has been the primary target of epidural stimulation for 

human therapies for walking and standing73–76. Unfortunately there is no single point of stimulation in 

the cervical cord that would lead to broad activation of the cervical motor pools. 

 Injury of almost any region of the spinal cord can paralyze the legs. To date epidural stimulation 

of the lumbar cord has only been tested in subjects with lesions above the T10 vertebral level73–77. This 

means that the lumbar spinal cord, which is the target for stimulation, should be preserved62. On the 

other hand SCI subjects with hand paralysis will most likely have a lesion in the cervical spinal cord near 

or within the desired region of epidural stimulator implantation98. This creates several additional factors 

that must be considered. First of all, implanting the epidural stimulator may be more difficult because of 

scar tissue resulting from the SCI. Secondly the epidural stimulator will likely be implanted near or over 

the lesion. The region containing the lesion will likely respond in a less predictable manner than other 

regions of the spinal cord. Finally each subject’s cervical lesion will be unique. While previous studies 

have had to deal with each subject’s unique lesion, these lesions have not been contained within the 

region of treatment for the lumbar studies73–76. 
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 Injury to the cervical spinal cord can have serious impacts on autonomic systems affecting 

control of breathing and blood pressure101–105. Injuries to C4 and above on the spinal cord often require 

SCI subjects to be on a ventilator98,105. Additionally cervical SCI subjects often have an unstable 

cardiovascular system leading to low blood pressure that can suddenly rise to high blood pressure104. In 

SCI subjects with autonomic dysreflexia several events can cause the condition including a full bladder, 

bladder infection, pressure sores, and even tight shoelaces102. Because of these common complications 

in subjects with cervical spinal cord injury, applying epidural stimulation to this region of the spinal cord 

has given many researchers pause. What would epidural stimulation do in this region? Could it impair 

breathing? Could it exacerbate dysreflexia? Although stimulation of the lumbar spinal cord may appear 

comparatively safer being so far removed from these critical systems, it has already been demonstrated 

that even in the lumbar spinal cord, epidural stimulation can modulate blood pressure84–86. Studies 

would suggest that there exists a linear relationship between the frequency of stimulation and an 

increase in blood pressure and that blood pressure responds slowly to changes in epidural 

stimulation84,85. However with proper monitoring epidural stimulation of the lumbar cord can be used to 

increase blood pressure in subjects with hypotension without increasing heart rate86. While it is fair to 

assume that stimulation of the cervical spinal cord could result in similar changes in blood pressure, any 

effects on blood pressure should return to baseline 15 minutes after the cessation of stimulation86. In a 

clinical setting careful monitoring of blood pressure during the application of novel stimulation 

parameters should be able to identify parameters that alter blood pressure and set reasonable safety 

ranges for each subject. 

The First Trial ofThe First Trial ofThe First Trial ofThe First Trial of    EpiduralEpiduralEpiduralEpidural    Cervical StimulationCervical StimulationCervical StimulationCervical Stimulation    for Motor Impairmentfor Motor Impairmentfor Motor Impairmentfor Motor Impairment    

 The first trial of epidural stimulation in the cervical cord was done in two male subjects with 

chronic motor complete but sensory incomplete lesions (AIS B) according to the standardized ISNCSCI 



17 

 

 

scale106. At baseline both patients had significant deficits in hand function and could only produce an 

average of approximately 7 N and 15 N at baseline respectively106. After only 7 sessions in which 

epidural stimulation was combined with training/testing of handgrip strength, hand strength increased 

to 30 N and 35 N respectively106. Epidural stimulation also improved the motor level of injury (according 

to ISNCSCI testing), giving patient’s motor control of arm muscles that were previously paralyzed106. 

Such improvements are not seen in patients with chronic spinal cord injury. While the first trial of 

epidural stimulation in the cervical cord demonstrated the potential for epidural stimulation to 

effectively reenable function in the cervical cord as it had done in the lumbar, additional studies were 

necessary. 

What Parameters are Important for Successful StimulationWhat Parameters are Important for Successful StimulationWhat Parameters are Important for Successful StimulationWhat Parameters are Important for Successful Stimulation    

The Variables to Consider 

 When applying stimulation to the spinal cord stimulation researchers are dealing with an almost 

infinite set of variables. You can vary the location of stimulation, the intensity, the frequency, the pulse 

width, and the wave form. On top of these properties, you can use trains of pulses with varying inter and 

intra burst frequencies. Furthermore researchers can apply different stimulation waves and patterns 

simultaneously. Understanding how each variable effects stimulation is exceedingly complex. While 

multiple computational models of the spinal cord have been developed, we are still far from 

understanding how each of these variables effect the efficacy of spinal cord stimulation. For this reason, 

despite the overwhelming number of variables that can be used to modify the properties of spinal cord 

stimulation, in general there is a limited range of stimulation parameters being applied in clinic. Many of 

these parameters have varied little from their discovery to their current use. 
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Treating Pain 

 As mentioned above, stimulation of spinal afferent roots was first used to treat pain. In early 

studies researchers constantly applied a 100 Hz square wave pulse of 100 us to afferent roots. This 

induced paresthesia and faint tingling sensation in both control subjects and those suffering chronic 

pain11. Other studies were able to abolish pain using 400 us pulses at a range of frequencies 10-50 Hz 

that were regularly modified to maintain the resolution of pain12. Later studies in which patients were 

able to control the frequency and internsity of a biphasic square wave of 300 us found that patients 

tended to prefer frequencies in the range of 100-200 Hz13. Larger clinical trials in 30 subjects found that 

stimulation between 15 to 200 Hz with a 200 us pulse width was the ideal range, with many patients 

selecting frequencies of 40-50 Hz14. Since these early clinical trials of spinal cord stimulation little has 

changed. Tonic spinal cord stimulation is now most frequently applied at a constant frequency form 40-

80 Hz and a fixed pulse width of 200-450 us to relieve pain107 and it is targeted using feedback from the 

patient108. 

The only change to the treatment of pain has been in the introduction of two new stimulation 

paradigms which were developed to abolish the paresthesia experienced by patients receiving tonic 

stimulation. High frequency stimulation at 10kHz delivers a tonic high frequency stimulation to the 

spinal cord in 30 us pulses109. Just like lower frequency stimulation, high frequency stimulation can 

reduce pain perception in both animals109 and patients110. However in patients, high frequency 

stimulation does not induce parasthesia110. Since high frequency stimulation is not perceptible to 

patients, a double blind placebo controlled cross over study was performed comparing the effects of 

stimulation and sham (i.e. no stimulation) stimulation. This study did not find a significant difference 

between stimulation and sham treatment after a brief 2 week treatment phase111. Additional clinical 

studies have continued to suggest that high frequency stimulation is an effective treatment for pain112–
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116 and a randomized controlled trial demonstrated that patients were more likely to respond to high 

compared to low frequency stimulation114. However there is still a need to compare high frequency, low 

frequency, and sham stimulation in a double blinded crossover study. 

The newest pattern of stimulation for pain is burst stimulation. Burst stimulation was first 

developed in 2010 by Dr. De Ridder et al. to alleviate pain without inducing a paresthesia response117. 

During the temporary phase of epidural implantation, classic tonic stimulation (40 to 50 Hz) was 

compared to their newly developed burst stimulation (40 Hz burst with 5 spikes at 500 Hz per burst)117. 

Burst stimulation was significantly more effective than tonic stimulation at alleviating pain and reduced 

the incidence of paresthesia117. In a double-blinded placebo controlled trial burst stimulation was 

significantly more effective than placebo and was generally more effective than tonic stimulation118. 

Further follow up demonstrated that in patients experiencing different forms of pain, burst stimulation 

was still significantly more effective than tonic stimulation119. However in patients who responded 

poorly to tonic stimulation, burst stimulation also proved minimally effective119. 

In addition to altering the pattern of stimulation, new stimulators are incorporating position 

adaptive algorithms. In utilizing epidural stimulators throughout the years, both patients and physicians 

alike have noted that the intensity of stimulation, perceived by the patient, is altered by body 

position120,121. This is not due to shifting of the electrodes in relation to their spinal cord position, but 

due instead to the amount of cerebrospinal fluid between the stimulating electrodes and the spinal 

cord122. As the amount of cerebrospinal fluid between the electrodes and the spinal cord increases, so 

does the threshold of stimulation122,123. This not only account for postural variation but also for the 

threshold variance observed between the cervical and thoracic spinal cords where more caudal 

stimulation requires higher thresholds due to the increase in cerebrospinal fluid120,124. Unfortunately for 
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patients, higher stimulation thresholds mean that patients are more vulnerable to postural variance in 

stimulus perception124. Meaning that patients with lower thoracic stimulators who will have higher 

stimulation thresholds and greater postural variance then patients with cervical stimulators, are 

extremely prone to frequent alterations in stimulation efficacy. For this reason, recent developments in 

implantable stimulators have designed stimulation units that detect postural changes and adapt 

stimulation intensity to preprogrammed settings for each position125. In small scale unblinded clinical 

trials, patients have preferred adaptive stimulation to conventional stimulation125,126. While it would 

seem more practical to use the electrodes impedance to modulate stimulation intensity, this is not 

affected by postural changes127. 

Treating Spasticity 

 Following the initial observation that spinal cord stimulation reduced spasticity in an MS 

patient16, early research on spinal cord stimulation focused on both pain and spasticity in a number of 

neurological conditions. While a multitude of studies were conducted, few large trials, blinded studies, 

long term follow ups, or controlled studies were performed128. The pulse width of these studies is similar 

to that used to treat pain, however many studies opted for a higher frequency stimulation compared to 

traditional pain therapy128. Specifically one of the few long term follow ups of over 1000 patients noted 

that a frequency of over 100 Hz was generally preferred129. Because of the lack of consistent evidence 

and controlled studies, epidural stimulation is not currently considered an accepted clinical treatment 

for spasticity130. 

Enabling Movement and Normalizing Blood Pressure 

 Interestingly despite the increasing complexity of stimulation options available with implanted 

stimulators, there has been little progress in the analysis or development of stimulation parameters to 

enable movement or normalize blood pressure. Researchers are still sticking to pulse widths of 
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approximately 200 us with frequencies between 20 and 80 Hz. Because these frequencies line up with 

those frequently used to induce paresis and reduce pain sensations, it is likely that any patients with 

perceptible sensation will have interference from the stimulation at localized sites. While this may not 

be an issue for patients that are using the stimulators for blood pressure, this may hinder the patients’ 

ability to control newly acquired movements. Currently the primary method of modifying stimulation 

parameters to suit individual subjects, is through a method of trial and error that identifies the location 

of stimulation and the optimal frequency for treatment that results in the desired function. While these 

parameters are patient specific, there are some general targeting features that are used for electrode 

configurations. 

To date the lumbosacral spinal cord (corresponding to vertebral levels T11-L2) is targeted for 

restoring bladder control, normalizing blood pressure, and enabling both trunk and leg control. For 

normalization of blood pressure via epidural stimulation, cathodes are generally directed to the rostral 

lumbar spinal segments L1-L3, with most electrodes located around the rostral region of L1 and the 

frequency range is between 30 and 70Hz76,85,131. In contrast transcutaneous stimulation, targeted for 

normalization of blood pressure, is located more rostrally and placed over the T8 spinal segment when 

anodes are placed on the hips132. Transcutaneous stimulation can also be used to reenable trunk control, 

which is severely reduced following SCI. For this, stimulation is directed across the majority of the 

lumbosacral cord using cathodes placed at the rostral end of the lumbar spinal cord and caudal end of 

the sacral cord with anode returns located over the iliac crests of the hips133. While standing in most 

patients is achieved by activation of caudal electrodes near the S1 spinal level75,77,134,135, voluntary 

movement of specific leg joints requires precise stimulation patterns77,96,134. To achieve stepping, 

researchers must interleave multiple stimulation locations78,79. The enabling of urinary voiding is the 

only unusual stimulation strategy, while studies so far in patients have been non-invasive and targeted 
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the entire lumbosacral spinal cord, the frequency of stimulation in animals and humans has been most 

effective when delivered at 1 Hz136,137. 

Stimulation of the cervical spinal cord is relatively new, and to date has only been used to 

facilitate hand function. Part of the reason for this is that epidural stimulators are more commonly 

implanted for pain over the lumbosacral spinal cord. When placed at the cervical spinal cord, stimulation 

is generally set to a frequency of 30 Hz while stimulation is applied to more caudal regions of the 

cervical cord106,138,139. While frequency variation may still prove useful for individual subjects, currently 

30 Hz appears to be generally effective for cervical stimulation. 

Requirements for Transcutaneous Stimulation 

Transcutaneous stimulation is applied in a very similar method as epidural stimulation with a 

couple of key differences. The pulse width for transcutaneous stimulation is 5x longer at 1 ms132,133,138–

140. Stimulation is generally applied broadly to the entire cervical or lumbar cord rather than to a focused 

region133,137–140. Finally transcutaneous stimulation often utilizes a high frequency carrier wave to 

prevent the stimulation from being painful133,138–140. This is not required for epidural stimulation which 

does not induce pain since it is applied through the dura directly to the surface of the spinal cord where 

there are no pain receptors. 

The Development of NonThe Development of NonThe Development of NonThe Development of Non----Invasive Methods of StimulationInvasive Methods of StimulationInvasive Methods of StimulationInvasive Methods of Stimulation    

 So far researchers have demonstrated that epidural stimulation can effectively improve motor 

function when stimulation is delivered to the cervical or lumbar spinal cord of SCI subjects. However this 

requires an invasive procedure that may not be medically feasible or cost effective for all subjects. An 

alternative therapy utilizes external stimulation in an attempt to drive the same spinal circuits in order 

to enhance function after spinal cord injury. Non-invasive spinal cord stimulation has shown similar 

promise to epidural stimulation. When applied broadly over the lumbar spinal segments transcutaneous 
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stimulation can generate step like movements140, and improve trunk133 and bladder control137. When 

applied over the cervical spinal cord transcutaneous stimulation has shown substantial improvements in 

subjects with motor incomplete injuries138,139, and in small cohorts of motor complete patients141. This 

will be further discussed in part 1 of the thesis. 

Advancing the field of Spinal Cord Stimulation One Study at a TimeAdvancing the field of Spinal Cord Stimulation One Study at a TimeAdvancing the field of Spinal Cord Stimulation One Study at a TimeAdvancing the field of Spinal Cord Stimulation One Study at a Time    (Thesis (Thesis (Thesis (Thesis 

Statement)Statement)Statement)Statement)    

The following studies presented in this thesis use neuromodulation of the spinal cord below 

the region of lesion to map the cervical spinal cord, identify aberrant spinal physiology, and enhance 

hand function following severe upper motor neuron injury. In the first study we pursued the first 

double-blinded study of spinal cord stimulation to determine if transcutaneous stimulation, serotonergic 

agonist, or a combination of the two therapies could restore hand function in patients with chronic 

motor complete cervical spinal cord lesions. In the second study we followed two patients who had 

been part of the preceding study on transcutaneous stimulation. While these patients had significant 

increases in hand strength with transcutaneous stimulation, they did not persist. These patients were 

subsequently implanted with epidural stimulators. The two therapies are compared for the first time 

followed by an assessment of the clinical gains observed in the two patients following treatment with 

epidural stimulation. My third study is a proof of concept study pursued in order to determine if 

epidural stimulation of the spinal cord could be used to treat other forms of paralysis. For this, I used 

epidural stimulation of the spinal cord to map the cervical spinal cord of the rat, track physiological 

changes in the spinal cord following a severe stroke injury to the motor cortex, and treat observed 

deficits in reaching success and muscle activity. For each of the studies discussed below I provide a brief 

introduction which incorporates the key questions behind each study and the key developments 

required for the research.  
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Study 1: Study 1: Study 1: Study 1: EnabEnabEnabEnabling hand function in motor complete chronic ling hand function in motor complete chronic ling hand function in motor complete chronic ling hand function in motor complete chronic 

spinal cord injury subjects with nonspinal cord injury subjects with nonspinal cord injury subjects with nonspinal cord injury subjects with non----invasive cervical spinal invasive cervical spinal invasive cervical spinal invasive cervical spinal 

stimulation and buspirone: a doublestimulation and buspirone: a doublestimulation and buspirone: a doublestimulation and buspirone: a double----blinded, sham blinded, sham blinded, sham blinded, sham 

controlled pilot study.controlled pilot study.controlled pilot study.controlled pilot study.    
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AbstractAbstractAbstractAbstract    

Electrical stimulation of the spinal cord is an emerging therapy for chronic spinal cord injured 

(SCI) subjects. In several unblinded, small cohort studies, stimulation of impaired regions of the spinal 

cord through either implanted or non-invasive stimulators has been shown to excite spinal neurons and 

enhance SCI subjects’ function over their arms, trunk and legs. Although epidural stimulation has 

primarily been tested in motor complete subject, most of the previous studies on transcutaneous 

stimulation have been performed on a mixed subject pool that included subjects with incomplete 

injuries, and all prior studies have been unblinded. Furthermore, although several studies in both 

animals and humans suggest that stimulation enhanced motor control can be further bolstered by 

activating serotonergic spinal neurons through systemic pharmacological agents, no clinical studies have 

investigated the effects of applying serotonergic agonists in both the absence and presence of 

stimulation. We performed a double blinded sham controlled crossover study on ten motor complete 

subjects to determine in a non-biased setting whether transcutaneous stimulation, systemic 

serotonergic activation, or combined treatment could reenable hand function and improve the quality 

of life as assessed by standard functional measures. This study was composed of two subgroups of 

motor complete subjects, 5 had measurable hand strength of less than 1 N (Force, Group F) and 5 had 

no measurable hand strength (No Force, Group NF). While all treatments significantly reduced muscle 

tone and spasm frequency across all subjects, hand function only significantly improved in subjects in 

Group F, and this only occurred with stimulation. Contrary to what has been previously observed 

buspirone did not have any distinguishable impact compared to stimulation alone. 

Keywords: 

Spinal cord stimulation, Cervical spinal cord injury, Transcutaneous stimulation, Chronic spinal cord 

injury, Hand rehabilitation 
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IntroductionIntroductionIntroductionIntroduction    

Patients with spinal cord injuries classified as motor complete, according to the International 

Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI ) scale, often maintain some 

functional supraspinal connections caudal to the injury90,91,142–145. While the brain may still be able to 

communicate with paralyzed muscles, these spared connections are insufficient to activate paralyzed 

limbs in the absence of additional therapy90,91,142–145. One of the more successful interventions in 

recovering function has been epidural stimulators. Epidural stimulators are designed to deliver electrical 

stimulation over the dorsal surface of the spinal cord where sensory fibers innervate. While these 

stimulators were originally utilized to interrupt neural signals from C fibers in order to reduce pain13,14, 

with different combinations of stimulation parameters these same stimulators can be used to enhance 

the excitability of spinal neurons projecting to different motor pools.61,62,146. 

Twenty years ago researchers were first able to generate locomotor like stepping in patients 

with motor complete spinal injuries using epidural stimulation of the lumbar spinal cord. Promising 

results in animal models demonstrated that combining training and epidural stimulation enhanced the 

function of paralyzed limbs and resulted in significant functional recovery. Following these promising 

results, small scale pilot studies in patients found that epidural stimulation over the lumbar spinal cord 

was effective at restoring voluntary control to paralyzed legs, and most recently in restoring voluntary 

over ground walking. When placed over the cervical spinal cord, epidural stimulators can restore arm 

and hand function in patients with motor complete injuries. 

While epidural stimulation provides a means of delivering discrete, continuous, targeted 

stimulation over the spinal cord, it requires a surgical procedure that may not be feasible for all subjects. 

In recent years researchers have developed an alternative therapy that is noninvasive, more accessible, 

and cost-effective that delivers electrical stimulation transcutaneously to the spinal cord147,148. Just like 
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epidural spinal cord stimulation (eSCS), transcutaneous spinal cord stimulation (tSCS) can access lower 

limb motor pools, generate step like motions in paralyzed subjects147, improve bladder function, and 

increase core strength when targeted over the lumbar cord. When directed over the cervical cord, tSCS 

can enhance core strength also and improve hand function. However unlike the preceding eSCS studies, 

the majority of tSCS studies include a mixed patient pool of motor complete and motor incomplete 

patients, and all of these studies have been unblinded. 

While tSCS activates some of the same circuits that are activated be eSCS, the field of 

stimulation is less targeted and may not be as effective at restoring function in patients with motor 

complete injuries. Several studies have suggested that the use serotonergic agonists can enhance the 

effects of spinal cord stimulation and improve functional recovery. In animal models serotonergic 

agonists enhance stepping and improve reaching and grasping. In patients, the administration of 

buspirone (a 5HT1a partial agonist) enhances stimulation induced improvements in both lower and 

upper limb function. While researchers have compared stimulation plus placebo to stimulation plus 

buspirone, they have never conducted a blinded study nor have they investigated the effects of 

buspirone alone. For our current study we recruited a pool of severe motor complete chronic SCI 

subjects five with a hand force of <1 N and five with no measurable hand force at all. Prior to the study 

all patients underwent 20 weeks of hand training in the absence of treatment and had no significant 

improvement in hand strength. Following training we conducted a double blinded crossover study tp 

assess whether stimulation, buspirone, or combined treatment could significantly improve hand 

function in subjects with a severe chronic SCI. 
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Materials andMaterials andMaterials andMaterials and    MethodsMethodsMethodsMethods    

Study Recruitment 

 This study was registered with clinicaltrials.gov as study NCT02313194 and approved be the 

Institutional Review Board (IRB) at the University of California Los Angeles and the Food and Drug 

Administration (FDA). Subjects were initially recruited based on the below listed criteria and enrolled in 

our baseline study149. All subjects signed an informed consent form which was approved by the IRB 

committee and studies were run in accordance with the approved IRB and FDA protocols. 

Inclusion Criteria 

 1) Cervical spinal cord injury; 2) Unable to use upper extremity for functional tasks; 3) Age >18; 

4) Adequate social support network to participate throughout the study period; 5) >1 year post injury; 6) 

Segmental reflexes (spinally evoked responses) remain functional below the lesion; 7) Female subjects 

of child-bearing potential must not be pregnant and must be using a medically acceptable method of 

contraception. 

Exclusion Criteria 

 1) Unstable medical condition with cardiopulmonary disease or dysautonomia; 2) Severe 

cardiopulmonary disease; 3) Dependent on ventilation support; 4) Painful musculoskeletal dysfunction; 

5) Clinically significant depression or ongoing drug abuse 6) Current anti-spasticity medication regimen 

exceeding a dosage of 80 mg/day; 7) Received botox injections in the arm, below the elbow, in the 

preceding six months; 8) Current implant(s) of neurostimulators, cardiac pacemakers, defibrillators, 

shunts, stents, or aneurysm clips; 9) Have coagulopathy, cardiac risk factors, or other significant medical 

risk factors for surgery; 10) Involved in another clinical trial; 11) Have disorders or conditions that would 

require MRI monitoring. 
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Experimental Design 

Ten SCI subjects with severe motor complete cervical injuries (AIS A (N=5) and AIS B (N=5)) were 

recruited from our prior baseline study in which hand strength was regularly tested for 5 months in the 

absence of treatment resulting in no significant improvement149 (Fig. 1A). Recruited subjects ranged 

between the ages of 22 and 63 (mean of 34) and experienced their spinal cord injury between 2 and 14 

(mean of 5.7) years prior to study onset. Of the subjects recruited 6 were male and 4 were female. Prior 

to initiation of the blinded study all subjects underwent preliminary testing to map evoked responses to 

stimulation, to assess voluntary EMG activity, and to set stimulation parameters for testing. Initial 

testing demonstrated that all subjects had voluntary EMG activity in their flexor digitorum (FD), extensor 

digitorum (ED), and brachioradialis (Brad). Half of the recruited subjects could generate a grip force less 

than 1 N (Group F, Force) and half of the subjects had no measurable hand strength (Group NF, No 

Force). A minimum of a 1 month washout was given following preliminary testing to ensure that no 

stimulation effects carried over into the blinded study. 

For the blinded study subjects were divided into two groups which attempted to balance 

baseline hand function, sex, age, and years post injury (Fig. 1A). Throughout the blinded study subjects 

were instructed to take a pill two times a day that consisted of either buspirone (10 mg) or placebo. The 

blinded study was broken into four phases, a baseline phase, treatment phase 1, treatment phase 2, and 

combined treatment phase 3. During the baseline phase all subjects received sham stimulation 

(perceptible but at a tenth of the treatment intensity) plus placebo. In phase 1 half of the subjects 

received stimulation plus placebo while the other half received sham stimulation (stim at ten percent of 

the treatment intensity) with buspirone (10 mg). In phase 2 treatments were reversed for all subjects. In 

phase 3 all subjects received combined treatment of buspirone and stimulation. Subjects and 

trainers/testers were blinded to treatment conditions throughout the study. Stimulation was only 
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administered in the clinic by trained staff who were isolated from the subjects and testers and remained 

blinded to the subjects and testing. Trainers instructed blinded to personnel to start stimulation 15 

seconds before each task and turn it off after the completion of each task. While clinical sessions were 

approximately 2 hours long, overall stimulation duration was less than 1 hour per session. Throughout 

the study subjects breathing, heart rate, blood pressure and psychological well-being (assessed by the 

standardized Columbia-Suicide Severity Rating Scale) were regularly monitored and were not negatively 

impacted by the administered treatments. 

Stimulator 

A custom-built constant current stimulator with a range of 0-300 mA was used to deliver 

transcutaneous spinal cord stimulation140. The stimulation was administered using self-adhesive 

electrodes (ValuTrode, Axelgaard Ltd., USA), a single cathode with a diameter of 3.2 cm placed on the 

skin at the midline between the spinous processes of the C3-C4 and then at C7-T1 vertebrae (hereafter 

referred to as C4 and C7, respectively) to deliver stimulation, and two 7.5 × 13 cm self-adhesive 

electrodes (ValuTrode, Axelgaard Ltd., USA) located symmetrically on the skin over the iliac crests as 

anodes148. The location of the stimulation was defined during palpation in a sitting position, and 

maintained the same throughout the training period. The cathodes were secured using adhesive tape.  

Electrophysiological Assessment 

Prior to the blinded study, subjects underwent elecrophysiological assessment to map the 

cervical spinal cord. To generate evoked responses, stimulation was delivered as single, 1 ms, 

monophasic, square-wave pulses filled The stimulation waveform consisted of monophasic rectangular 1 

ms filled with a carrier frequency of 10 kHz every 5 seconds. The stimulation intensity was increased 

from 10 to 200 mA, or the maximum tolerable intensity, in 10 mA intervals. A maximum of 4 stimuli 
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were delivered at each intensity. Stimulation was delivered at C3-C4 and then at T1-C7 while recording 

evoked activity in the arm muscles. 

Selection of stimulation parameters 

Prior to the initiation of the blinded studied, each subject underwent preliminary handgrip 

testing with EMG analysis (Fig. 1B) to determine the stimulation intensity for the blinded study. The 

frequency of stimulation (30 Hz) had already been determined by our prior studies (citation). In 

preliminary testing subjects were instructed to stay relaxed, with their preferred hand placed on the 

handgrip. Stimulation intensity was increased at 10 mA increments until there was either a measurable 

displacement of the handgrip due to involuntary contraction of the hand muscles, or the stimulation 

became uncomfortable. Once the hand contracted, this stimulation intensity, as well as the intensities 

10 mA below and above the threshold level were further tested during voluntary effort. If there was no 

visible displacement of the handgrip sensor, and the participant could not tolerate any further 

increment of the stimulation intensity, the maximum tolerable intensity, as well as two intensities below 

that (i.e., -20 and -10 mA) were used in subsequent tests of voluntary effort. 

To determine the effects of stimulation on voluntary grip force, the subjects were instructed to 

produce a maximal voluntary contraction (MVC), for approximately 5 s followed by approximately 10 s 

relaxation. To test hand strength, repetitions of three MVCs were performed initially without spinal 

stimulation. Stimulation was then applied at a frequency of 30 Hz starting 15 seconds prior to the MVC 

test and maintained at a constant frequency and intensity throughout the task. The MVC task was 

repeated until all three stimulation intensities, selected as described above, had been tested. Following 

MVC testing, the subject’s hand control during stimulation was tested using the oscillation task (OSC). 

The subject was instructed to produce as many oscillatory handgrip movements as possible in 10 s. 

Again, three repetitions of the oscillation test were performed initially without spinal stimulation, and 
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then repeated with stimulation using the stimulation procedures and parameters described above. The 

intensity that most effectively increased hand strength (MVC task) and control (Osc task) was used 

during the blinded study.  

For the blinded study the cathode was placed at C5 for all subjects. Stimulation consisted of a 1 

ms monophaisc rectangular pulse filled with a carrier frequency of 10 kHz delivered at 30 Hz.  For 

stimulation treatment each subject received the intensity of stimulation identified during preliminary 

testing. Sham treatment consisted of the same stimulation delivered at one tenth of the treatment 

intensity. For the course of the study if a subject requested a reduced stimulation intensity during 

treatment, stimulation was reduced by increments of ten percent until the subject was comfortable. 

Handgrip Testing 

 The MediSens (Los Angeles, CA) handgrip was developed as a means of assessing and treating 

hand function in subjects with paralysis150. Subjects were tested weekly on their ability to manipulate a 

handgrip device and perform three separate tasks previously described106,149 (Fig. 1E). For all tasks the 

handgrip was positioned perpendicular to the shoulder and subjects were instructed to pull the 

handgrip with their hand without pulling back their arm or using their wrist to assist in the task. For each 

testing session each task was performed three times consecutively, and the whole group of tasks was 

repeated three times. Subjects were first asked to maintain a maximum voluntary contraction (MVC) for 

several seconds. The force generated was the maximum force generated during each pull (Fig. 1B). The 

Sine task (Fig. 1C) was used to assess the ability of each subject to control the forces generated. Subjects 

were asked to trace a sine wave function on the screen by alternatively pulling and releasing the 

handgrip. In the oscillation task (Fig. 1D) subject attempted to move a visual target rapidly between two 

lines in a sine pattern by repeatedly contracting and relaxing their hand. 
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Functional Testing 

 Following each phase of testing (baseline, phase 1, phase 2, phase 3) standardized functional 

tests were conducted on each subject. To assess overall disability we used the International Standards 

for Neurological Classification of Spinal Cord Injury (ISNCSCI measurement). The ISNCSCI test assesses 

overall motor and sensory function (for both light touch and pin prick) across the whole body. For 

precise assessment of hand function we used the Graded Redefined Assessment of Strength, Sensibility 

and Prehension (GRASSP) test. The GRASSP test is a detailed analysis of the upper limb assessing motor 

function of the arm and hand, sensory function of the hand, ability to position the hand, and functional 

capability151,152. In addition to these clinical measurements we used two self-reported tests: the Spinal 

Cord Independence Measure (SCIM) and the Capabilities of Upper Extremity (CUE) test.  The SCIM 

assesses self-care (feeding, bathing, dressing, and grooming), respiration and sphincter management 

(bowel and bladder), and mobility. To assess spasticity we used the Modified Ashworth Scale which 

assesses resistance to passive movement about a joint at varying velocities. We also used two separate 

self-reported measures. The Penn Spasm Frequency Scale asks subjects to assess the frequency and 

average severity of their spasms daily over the course of a week. 

Brief Explanation of Standard Clinical Testing Measures (Supplement) 

ISNCSCI/ASIA Task: The International Standards for Neurological Classification of Spinal Cord Injury 

(ISNCSCI) is an examination that scores the motor and sensory impairment of each dermatome. While 

the motor component is considered a reliable measurement making a change of 1 or 2 points significant. 

The sensory scores are known to be more inconsistent and generally changes of greater than 14 points 

are considered significant. Motor impairement is assessed on a scale of 1-5 with 1 being only trace 

muscle contractions and 5 being normal resistance to force when contracting. Light touch sensation is 

scored using a cue tip to lightly brush the skin at each dermatome and is rated on a scale of 0-2 with 0 
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indicating no perception, 2 being normal, and 1 being perceived but different than in uninjured areas. 

While the test scores each dermatome individually, these scores are often grouped and summarized into 

single motor and sensory scores with an overall injury severity rating from A-E, with E being normal, C 

and D being motor and sensory incomplete, B being motor complete and sensory incomplete, and A 

being both motor and sensory complete. 

GRASSP task: The Graded Redefined Assessment of Strength, Sensation and Prehension is used to assess 

overall hand and arm impairment using a variety of motor, sensory, prehension and functional 

measures. Motor scores are assessed in the same means as the ASIA motor but are more detailed for 

the hand and arm. Sensory scores are assessed by pricking the thumb, middle finger, and pinky finger on 

both the front and back sides with wires of increased gauge. Prehension (C1 section) assesses whether 

the patient is capable of manipulating the hand into three common shapes a cylindrical grasp, a lateral 

key pinch, and a tip to tip pinch. A functional section termed C2 measures a subjects ability to perform 

multiple small functional tasks that require the prehension grips from the C1 section. Subjects must pick 

up and pour water from a bottle, pick up and turn a key, pick up pegs and place them in a peg board, 

pick up and place coins in a slot, and pick up nuts and screw them onto 4 bolts all while being timed. 

CUE: Capabilities of Upper Extremity is a self assessment questionnaire that asks each subject a series of 

questions to determine the ability of each subject to manipulate their arms and hands and perform a 

series of common tasks. 

SCIM: Spinal Cord Independence Measure assesses self-care (feeding, bathing, dressing, and grooming), 

respiration and sphincter management (bowel and bladder), and mobility via a one page self reported 

questionnaire. 
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Modified Ashworth Scale assesses muscle tone. In the clinics a researcher passively moves each limb 

about a joint at a set speed. The resistance to passive movement is then graded. 

Penn Spasm Scale: This is a week long self reported assessment conducted by subjects outside the clinic. 

It asks them to rate the severity and frequency of their spasms based on a numerical score. At the end of 

the week the average score for the frequency and severity of spasticity is determined. 

Statistical Analysis 

In order to account for individual variability in baseline performance and rate of improvement 

for handgrip analysis (MVC, Sine and Osc) all trials collected from a given subject were normalized on a 

scale from 0 to 1 using the following formula ((current trial-minimum trial)/(max trial-min trial)). Once 

values were normalized for each subject, the group mean for each treatment was analyzed by repeated 

measures analysis of variance (ANOVA) followed by a Tukey post-hoc test. To confirm that group 

analysis accurately reflected each associated individual’s performance, individual ANOVAs were also 

performed on each subject (data not shown). Although all subjects in Group NF had an average score of 

zero across all handgrip tasks (MVC, Sine, and Osc) at baseline, all subjects displayed some variation 

from zero during the study. The datasets generated and analyzed during the current study will be 

available from the corresponding author upon reasonable request at the conclusion of the study. 
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ResultsResultsResultsResults    

Cervical Physiology 

Prior to conducting the double blinded crossover study, patients underwent initial physiology 

testing. Patients were stimulated along the midline of the cervical cord at C4-C5 and C7-T1 while evoked 

potentials were recorded bilaterally. Figure 2 demonstrates the evoked potentials (Fig. 2A) and 

corresponding recruitment curves (Fig. 2B) obtained at different stimulation intensities at the two spinal 

locations in one participant (S2, AIS A, C4). Stimulation over the cervical enlargement evoked potentials 

in multiple upper limb muscles, and the amplitudes were a function of stimulation current (Fig. 2A,B). 

The overall recruitment of arm and hand muscles was higher in all patients at the more rostral location. 

Therefore C4-C5 was used for treatment across subjects. 

Hand Strength 

 Dominant hand grip strength was significantly higher than baseline for Group F in all phases of 

treatment (Fig. 3A). For Group F both stimulation (mean 0.40 ± 0.22 P<0.001) and buspirone (0.22 ± 0.19 

P<0.05) alone significantly improved hand strength relative to baseline (0.17 ± 0.13). However, 

stimulation alone was significantly better than buspirone treatment (P<0.001). When administered 

simultaneously (0.41 ± 0.22 P<0.001), stimulation and buspirone together were significantly more 

effective than any other treatment at improving grip strength (Fig. 3A). In Group NF (Fig. 3B) stimulation 

(0.03 ± 0.14 P<0.01) and combined treatment (0.02 ± 0.11 P<0.05) resulted in trace but significant 

improvements in grip strength compared to baseline (0.00 + 0.02). Note that two subjects in Group NF 

consistently generated 0 N of force in all but one MVC measurement, which occurred during the 

stimulation phase of the study. Following treatment the forces generated by Group F were more 

consistent and substantially larger for Group F compared to those generated by Group NF (Fig. 3C). 

These results suggest that stimulation has the potential to improve hand strength in all subjects with 
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voluntary EMG activity in their forearm muscles. However stimulation will be most effective in subjects 

with some measurable hand strength. 

Hand Control and Agility 

 To measure hand control each subject was required to open and close the hand in a controlled 

manner while the accuracy of the traced sine wave was scored (Fig. 1C). Group F significantly improved 

from baseline (0.48 ± 0.23) with stimulation alone (Group F 0.62 ± 0.18 P<0.001) and combined 

treatment (0.55 ± 0.21 P<0.001) but not with medication alone (0.44 ± 0.24) (Fig. 4A). Only one out of 

the 5 subjects in Group NF scored greater than 0 in the Sine task throughout the entire study (Fig. 4B), 

and this subject showed minimal improvement as shown in the bottom traces (Fig. 4C). 

To measure hand agility subjects were asked to rapidly open and close their hand and the total 

distance of the force trace was used to score hand agility (Fig. 1D). Stimulation, alone (0.43 ± 0.21 

P<0.001) or in combination with buspirone (0.43 ± 0.23 P<0.001), was similarly effective and both 

treatments significantly improved hand agility compared to baseline (0.26 ± 0.24) in Group F (Fig. 5A). 

Similar to hand control, hand agility was not improved with buspirone treatment alone. Hand agility in 

Group NF did not improve with buspirone during any phase of the study (Fig. 5B). Representative Osc 

traces for Group F and Group NF are shown in Figure 5C. The Sine and Osc tasks are more complicated 

hands tasks that require a combination of hand strength and either hand control or agility. Our results 

suggest that subjects with detectable hand strength can improve in these more complex tasks with 

stimulation alone, while subjects with undetectable hand strength are unlikely to improve with only 

three months of weekly testing. 

Follow Up Assessment 

Up to 5 months after the conclusion of the combined treatment phase subject’s hand strength 

was tested again (MVC task). While all subjects in Group NF reverted to their baseline performance and 
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consistently scored 0 on all follow up visits (data not shown), the same was not true for Group F. Five 

months after the study was concluded, the two subjects with baseline hand strength greater than 0.5 N 

maintained significantly greater hand strength compared to their baseline performance (Fig. 6C 

improvement of 0.88 N P<0.001 and 1.72 N P<0.001). The three subjects from Group F with baseline 

hand strength less than 0.5 N reverted to their baseline performance by 5 months post treatment. Since 

these results suggested that a higher baseline performance would enable subjects to maintain 

functional gains longer post treatment, we assessed the follow up hand performance of two motor 

incomplete subjects who were part of the initial cohort of subjects but were not included in our other 

analysis since they were incomplete. These two subjects noted by the dashed lines in Figure 4C were AIS 

C and D and had baseline hand strength of 0.70 N ± 0.22 and 27.62 N ± 5.45 respectively. At 5 months 

post treatment, these subjects had significantly greater strength compared to baseline with the AIS C 

subject maintaining 1.65 N ± 0.28 P<0.001 while the AIS D subject continued to improve from their 

combined treatment strength of 41.94 N ± 2.27 with 63.82 N ± 5.64 P<0.001. 

Secondary Effects 

Between each phase of the study subjects were assessed in the absence of treatment using the 

same functional measures used at the beginning of the study. There was a consistent change in both 

groups’ sensory perception and spasticity. Overall regardless of group or treatment, subjects had 

reduced spasm frequency throughout the study and reduced muscle tone (Table 2). Although spasm 

frequency was reduced spasm severity increased for several subjects in Group NF (Table 2). Sensation 

(both light touch and pin prick) increased throughout the study for Group F while decreasing for Group 

NF.  Although there were changes in the ASIA motor scores of individual subjects throughout the study, 

there were no consistent trends in either group. 
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DiscussionDiscussionDiscussionDiscussion    

 This is the first double-blinded, randomized, sham-controlled study of spinal cord stimulation 

and buspirone, and it was conducted in a group of subjects with chronic motor complete cervical spinal 

cord injuries. Subjects and testers were naïve to treatment conditions and all subjects underwent a 

period of sham stimulation during which stimulation was detectable but administered at a tenth of the 

intensity of the treatment. Transcutaneous stimulation enhanced existing hand function but did not 

restore hand function in subjects who had no measurable hand strength. Increased hand strength 

persisted up to 5 months post treatment in more functional subjects even in the absence of treatment 

or rehabilitation. Although buspirone has enhanced motor function following spinal cord injury in 

several studies, ours is the first to assess the effects of buspirone independent of stimulation in a patient 

population, and only weakly supports previous findings. Treatment with buspirone alone did not 

increase hand function and combined treatment with buspirone and stimulation only significantly 

enhanced hand control when compared to treatment with stimulation alone. 

Accounting for Training Effect 

  It is generally assumed that in the chronic phase of spinal cord injury (two years or more post-

SCI), there can be little or no improvement in function over time. However several studies in mixed 

populations of complete and incomplete subjects have reported that with targeted exercise therapy arm 

and hand function can improve even in the chronic phase of injury153,154. While most of the previous 

studies on tSCS have been conducted in a mixed patient population that incorporated predominantly 

motor incomplete patients and a brief period of baseline testing (3 sessions)138,155, our prior and current 

study of tSCS exclusively recruited motor complete subjects and conducted extensive baseline testing 

prior to treatment141. To our knowledge no study has shown a significant improvement in hand function 

in chronic motor complete SCI subjects receiving exercise training alone. However, to insure that any 
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improvement observed during our studies were the result of the novel treatment regimen applied and 

not a training effect, our prior study conducted 10 baseline testing sessions prior to treatment141 and 

our current study conducted approximately double that number of training sessions the results of which 

were previously published149. Due to the incorporation of only motor complete patients into our study 

and to the extensive baseline training these patients conducted prior to treatment intervention, we can 

confidently say that the results reflected in this study were not do to a training effect. 

A Limited Buspirone Effect 

Multiple animal and human studies have concluded that administration of serotonergic 

agonists, particularly buspirone, enhance the function of paralyzed limbs following SCI68,69,156–164. For the 

lower limbs, several studies have demonstrated that systemic administration of 5HT1A agonists by 1 

week post SCI enhance stepping in mice156–159,164. However many of these studies noted that targeting 

5HT1A alone produced uncoordinated stepping movements and thus researchers pursued a combined 

therapy with either additional pharmacological interventions or spinal cord stimulation in order to 

facilitate coordinated locomotion68,157–159. As a result of these findings in animals when buspirone was 

first administered to SCI patients to facilitate locomotion, it was generally administered in conjunction 

with spinal cord stimulation160,161 and in all patient studies, it was always administered following a 

course of spinal cord stimulation therapy160,161,163. In all patient studies SCS led to significant 

improvements in lower limb control and while subsequent addition of buspirone led to a significant 

improvement in leg control compared to stimulation alone, from the study design it is not possible to 

distinguish whether the additional improvement was due to the presence of buspirone or the continued 

use of stimulation over time. In the one case study that assessed the effects of buspirone alone, there 

was a significant decline in voluntary leg function and muscle activity compared to stimulation alone163. 

While subsequent treatment with stimulation and buspirone restored some of the voluntary leg control 
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the patient had gained with stimulation alone, it failed to recover the voluntary leg flexion that the 

patient had gained when receiving stimulation alone163. 

While there have been fewer studies on the effects of buspirone following cervical spinal cord 

injury, their findings are similar to those observed when treating the lower limbs. Preliminary rat studies 

from our group suggested that buspirone alone could improve forelimb grasp function in rats following 

cervical SCI162. Following this success we conducted a small unblinded study of 6 motor complete 

subjects with cervical injuries in which stimulation was applied, followed by combined treatment with 

buspirone, followed by stimulation plus placebo treatment141. All treatments significantly increased 

hand strength compared to the prior treatment but functional ASIA and ARAT scores plateaued 

following the combined treatment paradigm141. As was the case with the previous studies of the lower 

limbs, this experimental design does not conclude whether improvements were due to the medication 

or due to an improvement over time resulting from stimulation alone. Our study is the first to conduct a 

multi patient trial of the effects of buspirone alone compared to stimulation alone or combined 

treatment and the first to conduct a crossover study in which some patients received stimulation alone 

first while others received buspirone alone first. We can conclude that buspirone treatment alone 

results in little to no gain of hand function compared to baseline. Although our study included more 

patients than previous trials of SCS and/or buspirone, since five patients were too severely injured to 

recover with the provided treatments, we do not have sufficient numbers to statistically compare 

whether combined treatment is more effective than stimulation alone. In order to definitively 

determine whether combined treatment is more effective than stimulation alone, future studies should 

recruit a larger group of patients with similar function, who are expected to recover with stimulation 

therapy, and conduct a blinded crossover of stimulation plus placebo and stimulation plus buspirone. 
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Transcutaneous Stimulation of the Cervical versus Lumbar Spinal Cord 

 When providing stimulation to the lumbar spinal cord, stimulation of caudal regions is more 

effective at evoking activity in proximal and distal leg muscles then rostral stimulation165. This 

corresponds with what has been previously observed with epidural stimulation62 The roots of the 

lumbar spinal cord exit the spinal cord and descend caudally parallel to the spinal cord until they exit the 

vertebral column at their respective anatomical positions. For this reason caudal stimulation via 

epidural62 or transcutaneous165 electrodes, is more likely to evoke activity in multiple nerve roots. In 

contrast, the roots of the cervical spinal cord exit the spinal cord and the vertebral column at 

approximately the same level. While we might expect this to mean that electrode position would 

preferentially activate the nerve roots corresponding to the spinal segment, this is not we observed. 

Instead across patients, and across recorded muscles, we observed that stimulation at more rostral 

cervical regions evoked muscle activity broadly across both proximal and distal muscles at lower 

intensities then caudal stimulation of the cervical cord. While the exact physiological cause remains to 

be elucidated, this may result from the increase in distance from the skin to the spinal cord in the caudal 

cervical spinal cord particularly in more obese patients due to the accumulation of fat tissue in what 

some authors have called the “hump pad” located between C6 and T1166,167. The perception of spinal 

cord stimulation is known to be determined by the distance between the electrodes and the spinal 

cord122 and this therefore seems a probable explanation. 

Recruiting Patients for SCS 

 Although epidural stimulation studies have been able to restore voluntary control to the lower 

limbs in patients with motor and sensory complete lesions, prior to this study, cervical spinal cord 

stimulation has never previously been tested on patients with no residual hand function. Our current 

study recruited patients with chronic cervical SCI that had preserved voluntary muscle control in the 
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forearms. Half of our recruited subjects had residual but minimal <1 N of hand strength, while the other 

half had no measurable hand strength at all and overall scored lower on several standardized functional 

measures (Table I). Transcutaneous stimulation enhanced hand function in subjects with residual hand 

strength, demonstrating that our stimulation protocol was capable of enhancing hand function. 

However stimulation did not restore hand function to patients that lacked it prior to the study. Although 

additional treatment sessions may have allowed theThise patients to recover hand function, this finding 

highlights a simple principle, patients with less severe injuries are more likely to recover when treated 

with spinal cord stimulation. 

 There are numerous examples of this trend throughout the years of spinal cord stimulation 

research. One of the earliest studies that utilized epidural stimulation to restore motor function 

following spinal cord injury was conducted on a sensory and motor incomplete patient that was wheel 

chair bound but capable of walking 15 m over ground in two and a half minutes70. After four months of 

training epidural stimulation allowed the patient to walk over two times faster, to walk for up to 270 m, 

and to ambulate in his daily life70. Similarly after several years of treatment with epidural stimulation, a 

patient with a motor complete but sensory incomplete lesion was able to recover the ability to 

voluntarily move his legs and stand in the absence of stimulation77 . In a recent clinical breakthrough 

two patients with motor complete but sensory incomplete injuries were able to regain voluntary 

overground walking when receiving epidural stimulation168. Within this study the patient with greater 

preservation of sensory function below the lesion improved after only 15 weeks of treatment and was 

able to walk with a walker but without trainer assistance. The second patient that had less sensory 

preservation achieved over ground walking with parallel bars after 85 weeks of treatment. Two patients 

with motor and sensory complete lesions who were simultaneously enrolled in the study failed to 

develop overground walking but developed some voluntary leg function. Transcutaneous stimulation of 
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the cervical spinal cord has shown the same trend. After eight treatment sessions in which patients saw 

over a 200% improvement in hand strength, only patients with motor incomplete injuries had any 

significant improvements in functional abilities that affected their daily life155. Together these studies, 

undertaken by different research groups throughout the years demonstrate that patients with less 

severe injuries are more likely to improve their functional independence when treated with spinal cord 

stimulation. Although more severely injured patients are less likely to enhance their functional 

independence when receiving spinal cord stimulation, many treated patients experience a degree of 

motor improvement in paralyzed limbs, improved sensation, and enhanced autonomic function134,155. 

Improvements in these measures may not increase functional independence, but for many patients they 

improve the quality of life. 

Similarly in our study all patients had reduced spasticity with treatment, but only patients with 

measurable hand function prior to the study saw an enhancement in this function with treatment. Of 

those patients whose hand function improved during the study, the two patients who had the greatest 

hand strength prior to the study were the only two who maintained their functional gains 5 months 

after study conclusion. Similarly two incomplete subjects (AIS C and D), who also started with higher 

levels of hand function, underwent the same treatment and blinding regiment, and both showed a 

lingering improvement after the cessation of treatment. As was suggested by Gad et al. 2018, it is likely 

that after a certain threshold of functional gain, patients will begin to use their hands more frequently 

and thus maintain their functional gains even after treatment has ceased155. Future studies utilizing 

transcutaneous spinal cord stimulation should enroll patients with measurable hand function and 

consider enrolling patients with a baseline force >1 N if long term functional gains are desired. 
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Summary 

 It is becoming clear that spinal transcutaneous stimulation can provide a noninvasive, feasible 

means of improving motor performance of the upper limbs155 as shown for the lower limbs140 and 

postural control of the trunk,169 and bladder function137.  Results from the transcutaneous procedure 

may provide important information as to whether an epidural implant could provide an even greater 

effect and allow the individual with minimal upper limb function to become more independent. On the 

other hand, since some subjects, especially those with a higher level of function, appear to retain the 

hand strength acquired with transcutaneous stimulation for months after the cessation of treatment, it 

is possible that after given enough stimulation and training, subjects may be able to reduce the amount 

of stimulation required or they may become independent of the stimulation all together (Fig. 6C). The 

advantage of having both interventions available to a patient is that physicians and subjects can tailor 

various treatment options to a subject’s needs.  

 We demonstrate in the first double-blind, sham-controlled trial of spinal cord stimulation, that 

transcutaneous stimulation of the spinal cord can improve hand function in severely impaired subjects 

with minimal hand strength. This study builds on previous work from our group. We first demonstrated 

the efficacy of this treatment in a small cohort of primarily motor incomplete subjects155 and in another 

case report of another incomplete subject138. We then conducted an unblinded small cohort study on 

minimally functional motor complete patients which further demonstrated the efficacy of tSCS and, for 

the first time, suggested that stimulation plus buspirone could improve hand function in patients. The 

present results represent the first double blinded study to be conducted on spinal cord stimulation. As 

with our prior study, we assessed the efficacy of tSCS and buspirone on a small cohort of motor 

complete patients, but for the first time we included a cohort of subjects with no hand function and a 

double crossover paradigm that analyzed buspirone treatment alone. Although buspirone had little to 
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no effect when used in isolation, its use with SCS warrants further study. Similarly, while we 

demonstrated that patients with no measurable hand function respond minimally to transcutaneous 

spinal cord stimulation, further studies should see if these patients can respond to epidural stimulation 

which is a more focused, but more invasive therapy. Our study provides further evidence that 

transcutaneous spinal cord stimulation has the ability to significantly increase hand function in 

chronically injured patients with motor complete injuries. It is also the first study of transcutaneous 

stimulation to conduct clinical follow ups to five months post injury and demonstrate the persistence of 

strength gains even in the absence of treatment. 
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Figure 1. Overview of study design and tasks performed. (A) Subjects were recruited from our prior 

study which assessed the effect of training alone149. The current study was broken into four phases, 

baseline, treatment 1 (phase 1), treatment 2 (phase 2), combined treatment (phase 3). (F) In between 

each phase a wide array of functional tests were performed to test motor and sensory function and 

spasticity. (E) During weekly testing sessions, subjects were trained and tested on the handgrip while 

EMG was recorded. (B) An example MVC trace from one participant (S10, AISA B, C5) below EMGs for 

the three muscles (FD = flexor digitorum, ED = extensor digitorum, Brad = brachioradialis) most 

commonly used in the task. Vertical gray bars mark the region for maximal peak detection. Red squares 

marks baseline and maximum values used for MVC calculation for each pull. (C) A sample sine wave 

trace from the same subject is depicted. The gray line is the template the participant is tracing, while the 

blue line is the trace performed. (D) A sample oscillation is depicted from the same subject. 
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Figure 2Figure 2Figure 2Figure 2    
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Figure 2. Evoked potentials in one participant (S2, AISA A, C4) during transcutaneous electrical spinal 

stimulation delivered between the spinous processes of the C4 and C5, and C7 and T1 vertebrae. (A) The 

average of 3 responses in right muscles at each stimulation intensity from 10 mA to 100 mA. Shown is 

the time window between 5 ms and 45 ms following the stimulus. (B) Recruitment curves of right 

muscles at each location of spinal stimulation. DEL, deltoid; BIC, biceps brachii, TRIC, triceps brachii; 

BRAD, brachioradialis; ED, extensor digitorum; FD, flexor digitorum; HThen, hypothenar; Then, thenar 

muscles. 
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Figure 3Figure 3Figure 3Figure 3    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Range adjusted maximal voluntary contraction scores for Group F N = 7 (left) and Group NF N = 

5 (right) demonstrating that Group F had significantly increased strength with all treatments. C shows a 

sample subject from each group. 
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Figure 4Figure 4Figure 4Figure 4    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Range adjusted sine scores for Group F N = 7 (left) and Group NF N = 5 (right) showing that 

stimulation improved hand control in both groups. C shows a sample subject from each group. 
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Figure 5Figure 5Figure 5Figure 5    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Range adjusted oscillation scores for Group F N = 7 (left) and Group NF N = 5 (right) showing 

that stimulation significantly improved hand agility. C shows a sample subject from each group. 
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Figure 6Figure 6Figure 6Figure 6    

 

Figure 6. Maximal voluntary contraction forces at baseline, combined treatment, 2-3 months post 

treatment, and 4-5 months post treatment. Average forces with their standard deviation are 

represented for each of the 5 subjects in Group F plus two incomplete subjects (dashed lines) who were 

enrolled in the study and whose results align with those of Group F (note one subject was not tested at 

2-3 months). Gray lines represent three subjects from Group F whose scores are not significantly 

different from baseline 5 months post treatment. Subjects in blue maintained significant improvement 

from baseline, and 3 significantly improved following combined treatment. Large diamonds are a 

significant improvement from combined treatment. A large square is significantly improved from 

baseline but significantly reduced from combined treatment. The AIS D subject with the highest forces 

continued to improve significantly between the 3 and 5 month follow up. 
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Table 1Table 1Table 1Table 1    
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Table 1. Baseline data from each subject across all functional tasks. These tasks include the ISNCSCI ASIA 

measurements for motor and sensory function, the GRASSP test to assess motor, sensory, and 

functional ability of the arm and hands, the SCIM self assessment of independence, the CUE self 

assessment of hand function, the Ashworth scale of muscle tone, the Penn spasm scale for frequency 

and severity of spasticity which is self assessed, and the VAS which is a self indication of the severity of 

the worst spasm experienced. 
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Table 2Table 2Table 2Table 2    

 

Table 2. Individual motor, sensory, and spasticity data from each subject collected throughout the study. 

These tasks include the ISNCSCI ASIA measurements for motor and sensory function, the Ashworth scale 

of muscle tone, and the Penn spasm scale for frequency and severity of spasticity which is self assessed. 
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BL 29 22 23 4.5 3.00 1.14 BL

Stim 32 22 22 1.71 1.57 Stim

Med 30 32 32 1.71 1.14 Med

Both 30 28 28 4.0 2.29 1.43 Both

BL 20 24 32 2.0 3.86 3.00 BL 12 30 25 24.0 3.00 1.00

Stim Stim 10 17 17 9.0 1.57 1.00

Med 22 54 53 6.0 1.43 1.71 Med 13 16 17 12.0 1.86 1.14

Both 24 62 62 5.0 1.14 1.29 Both 13 17 16 11.0 1.29 1.00

BL 24 60 62 1.0 3.29 2.00 BL 6 24 16 9.0 3.00 1.86

Stim 34 86 68 1.0 3.00 1.50 Stim 10 18 18 0.0 2.29 2.57

Med 28 88 84 0.0 4.00 1.86 Med 8 14 14 4.5 2.43 2.14

Both 32 90 82 0.0 4.00 1.00 Both 15 20 18 3.5 1.71 1.83

BL 31 43 51 6.0 4.00 1.71 BL 29 30 28 2.0 3.00 1.00

Stim 31 70 70 0.0 1.29 1.71 Stim 28 26 26 0.0 2.00 1.00

Med 23 66 66 0.0 1.00 1.43 Med 29 22 22 0.0 2.00 1.00

Both 31 58 58 0.0 1.14 1.43 Both 29 30 26 0.0

BL 31 50 30 1.0 3.00 1.00 BL 22 22 23 6.0 3.00 1.00

Stim 29 44 44 1.0 2.00 1.00 Stim 14 19 19 4.0 2.14 1.14

Med 27 42 34 0.0 0.00 1.00 Med 20 19 21 1.0 2.71 1.00

Both 28 57 54 1.5 0.86 0.86 Both 18 20 20 1.0 1.43 1.43

Group F

S9 S4

S10 S5

S6 S1

S7 S2

S8 S3

Group NF
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Key Key Key Key Project Project Project Project DevelopmentsDevelopmentsDevelopmentsDevelopments    

This study generated a large amount of data in a very short time frame. In order to manage data 

on a large scale, I developed code in both Matlab and R. I developed Matlab codes based on our study 

design that readjusted to subjects’ perpetually changing starting positions for MVC analysis and 

identified maximal voluntary contractions. I utilized these codes to extract MVC and EMG data from 

each subject and filter out artifact induced noise. Once extracted, I developed a simple statistical 

analysis in R based on the recommendations of Dr. McArthur to run both ANOVA and post hoc Tukey 

analysis on collected data to determine significance. By combining my Matlab and R codes, I created a 

simple interface that was readily adaptable to other projects, and is still used in the lab today. 

In addition to my code which extracted MVC results, I retooled a complex code I had developed 

previously to extract evoked potentials in rats. This code monitored the stimulation artifact generated 

from the transcutaneous stimulation and automatically extracted evoked potentials from EMG 

recordings taken from the subjects’ arms. 
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Study 2:Study 2:Study 2:Study 2:    Comparing the Effects of Transcutaneous Comparing the Effects of Transcutaneous Comparing the Effects of Transcutaneous Comparing the Effects of Transcutaneous 

Stimulation and Stimulation and Stimulation and Stimulation and Epidural Stimulation Applied to Cervical Epidural Stimulation Applied to Cervical Epidural Stimulation Applied to Cervical Epidural Stimulation Applied to Cervical 

Spinal Cord of Two Severe Chronic Spinal Cord Injured Spinal Cord of Two Severe Chronic Spinal Cord Injured Spinal Cord of Two Severe Chronic Spinal Cord Injured Spinal Cord of Two Severe Chronic Spinal Cord Injured 

SubjectsSubjectsSubjectsSubjects    

BackgroundBackgroundBackgroundBackground    

An Alternative to Epidural Stimulation 

 As suggested by our previous study, in more functional patients it is possible that they may be 

able to achieve long term functional benefits from a course of treatment or intermittent therapy with 

transcutaneous stimulation. However patients with lower levels of function may need continual spinal 

cord stimulation therapy to maintain functional gains. This can be achieved with epidural stimulators 

which are currently FDA approved for the treatment of pain. Prior to permanent implantation of 

epidural stimulators for the treatment of pain, a temporary trial is conducted to demonstrate the 

efficacy of treatment15. In this trial a string of electrodes is temporarily implanted epidurally over the 

spinal cord, secured, and then connected to an external stimulator. In the clinic several stimulation 

parameters are selected that induce paresthesia and reduce the patient’s pain. The patient tries these 

settings for a week and then returns to the clinic. If a significant reduction in pain is documented, the 

patient receives a permanent implant with an epidural stimulator. In the event that epidural stimulation 

becomes an FDA approved neuroprosthesis to enhance function following paralyzing injury, it is possible 

that transcutaneous stimulation could be a viable screening option instead of temporary implantation. 

Epidural Stimulators Currently Available 

 There are a number of epidural stimulators available that are FDA approved for clinical use113. 

All of the available stimulators are initially programmed in the clinic with a range of parameters that are 

meant to induce paresthesia and relieve pain. The fine control of the intensity of stimulation and 

duration of its application is controlled by the patient with a limited controller. The stimulator is 
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connected to a series of leads that are implanted over the spinal cord. Currently all stimulators deliver 

stimulation between 2 and 1200 Hz113. Currently two of the stimulators on the market, Boston Scientific 

and St. Jude, deliver constant current stimulation which constantly adjusts voltage in response to 

impedance changes in the electrodes resulting in a more consistent application of stimulation113. Double 

blinded crossover studies have shown that the vast majority of patients prefer constant current 

stimulators for pain relief170. Boston Scientific stimulators deliver a wider array of pulse widths then 

either of their competitors. Furthermore Boston Scientific stimulators allow clinicians to select different 

stimulation locations, frequencies, pulse widths and waveforms across up to 32 individually controlled 

electrodes171. St. Jude stimulators are not often used for research and are primarily known for their 

ability to deliver tonic and burst stimulation patterns172. 

 Medtronic has long collaborated with researchers and has one of the longest studied devices on 

the market. Like Boston Scientific Medtronic’s epidural implants connect to an implanted programmable 

and rechargeable stimulator which provides constant current stimulation. Again like Boston Scientific 

the device is programmed from an external tablet to control the location, frequency, and pulse width 

(but not waveform) of the stimulation but it can only control up to 16 electrodes. Unlike Boston’s 

system the stimulator does not control the 16 electrodes individually, but instead distributes stimulation 

equally across all activated electrodes. Medtronic provides the only stimulators on the market that use 

constant voltage rather than constant current stimulation113. Some advantages of the Medtronic system 

is that it contains a three axis accelerometer that detects the patient’s position and adjusts stimulation 

parameters based on the patient’s need. Additionally the system allows users to log their activities and 

comment on the effectiveness of the stimulation173. While each system has its advantages, in general 

Medtronic’s system is better at working off of patient feedback while Boston’s system allows extremely 
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fine control of stimulation which is particularly helpful for researchers. For our implanted studies we 

opted to use the Boston Scientific stimulator for treatment. 

Transcutaneous vs. Epidural Stimulation 

 In our previous study, we identified a patient population that responded to transcutaneous 

stimulation. Following conclusion of treatment, clinical follow up revealed that some patients retained 

functional improvements, while others who had responded to treatment lost all functional gains after 5 

months. What we first asked in our next study is whether transcutaneous stimulation could identify 

patients who would be responsive to epidural stimulation? Our previous study had three patients that 

responded to transcutaneous stimulation but failed to maintain long lasting improvements. We selected 

two of these patients for permanent epidural implantation. We then proceeded to compare the effects 

of transcutaneous and epidural stimulation in two patients. 
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AbstractAbstractAbstractAbstract    

In recent years, spinal cord stimulation has emerged as a potential therapy and long term 

neuroprosthesis to reenable function in patients with chronic spinal cord injuries. Two potentials 

therapies have emerged, one is a noninvasive external stimulator that can activate spinal circuits 

transcutaneously. The second therapy is a surgically implanted stimulator that places electrodes directly 

on the dura of the spinal cord to chronically activate underlying spinal circuits. While researchers have 

shown that both treatments can lead to substantial functional improvements in patients with chronic 

SCI, these treatments have never been used on the same patient and then compared. Two subjects who 

had responded to transcutaneous stimulation in our previous study were implanted with epidural 

stimulators. Evoked potential mapping was used to identify stimulation sites and to compare the 

specificity or each form of stimulation. Percentage improvement in hand function during both 

treatments was compared. While both transcutaneous stimulation and epidural stimulation significantly 

improved hand function compared to baseline, epidural stimulation was significantly more effective. 

This is likely due to the different nature of the stimulation which can be more finely directed to select 

motor pools with epidural stimulation then with transcutaneous stimulation. In these patients 

prolonged treatment with epidural stimulation led to significant functional gains.  

Keywords 

Transcutaneous Stimulation, Epidural Stimulation, Spinal Cord Injury, Hand Rehabilitation, Chronic Injury 
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IntroductionIntroductionIntroductionIntroduction    

Electrical stimulation of the spinal cord can reenable the function of paralyzed limbs and 

improve the quality of life for subjects who are suffering from lasting paralysis resulting from a chronic 

spinal cord injury. While direct epidural stimulation of the dorsal surface of the spinal cord has proved 

effective, implantation of the stimulation device requires two surgical procedures. The first surgery 

involves a temporary implantation to confirm the effectiveness of the device while the second is used 

for permanent implantation of the stimulator15. Transcutaneous stimulation of the cervical cord offers a 

noninvasive alternative that has proved effective at activing spinal circuitry and improving the function 

of SCI subjects. Already transcutaneous stimulation has been shown to improve blood pressure132, 

bladder function137, core stability133, and hand 138,139,141. However there may be limits to the 

effectiveness of transcutaneous stimulation. In our previous study we demonstrated that when 

transcutaneous stimulation is applied to severe chronic SCI subjects in a limited manner (once a week 

two hours of therapy plus training) it cannot provide lasting improvement in all patients who 

experienced an acute response to the treatment. For these subjects, a permanent implant that can 

apply chronic stimulation and perpetually facilitate movement may be a more viable long term therapy. 

We enrolled two subjects who had previously proved unresponsive to 20 weeks of hand training 

alone and been subsequently assessed for the efficacy of transcutaneous stimulation. While both 

subjects had significant improvements in hand function with transcutaneous stimulation, in the absence 

of continued stimulation therapy hand function returned to baseline levels between 2 and 5 months 

post therapy. Both subjects received an epidural implant on the cervical spine between approximately 

the C5 and T1 level, where transcutaneous stimulation had been applied in the previous study. After 

initial testing to map and select stimulation parameters, subjects underwent a two week washout 

followed by six weeks of stimulation and another six weeks of treatment. In our current study we 
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compare the functional improvements observed in these subjects with transcutaneous stimulation and 

epidural stimulation. 
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MethodsMethodsMethodsMethods    

Study Recruitment 

This study was registered with clinicaltrials.gov as study NCT02313194 and approved be the Institutional 

Review Board (IRB) at the University of California Los Angeles and the Food and Drug Administration 

(FDA). All subjects signed an informed consent form which was approved by the IRB committee. 

Inclusion Criteria 

1) Cervical spinal cord injury; 2) Unable to use upper extremity for functional tasks; 3) Age >18; 4) 

Adequate social support network to participate throughout the study period; 5) >1 year post injury; 6) 

Segmental reflexes (spinally evoked responses) remain functional below the lesion; 7) Female subjects 

of child-bearing potential must not be pregnant and must be using a medically acceptable method of 

contraception. 

Exclusion Criteria 

1) Unstable medical condition with cardiopulmonary disease or dysautonomia; 2) Severe 

cardiopulmonary disease; 3) Dependent on ventilation support; 4) Painful musculoskeletal dysfunction; 

5) Clinically significant depression or ongoing drug abuse 6) Current anti-spasticity medication regimen 

exceeding a dosage of 80 mg/day; 7) Received botox injections in the arm, below the elbow, in the 

preceding six months; 8) Current implant(s) of neurostimulators, cardiac pacemakers, defibrillators, 

shunts, stents, or aneurysm clips; 9) Have coagulopathy, cardiac risk factors, or other significant medical 

risk factors for surgery; 10) Involved in another clinical trial; 11) Have disorders or conditions that would 

require MRI monitoring. 

Experimental Design 

Two subjects with severe chronic SCI who were previously incorporated in two published studies 

were recruited to receive epidural implants on the cervical spinal cord. Both subjects were AIS B, had 

voluntarily control of their forearm muscles, and possessed measurable but minimal hand strength <1 N. 
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To demonstrate that our results were not due to the effects of training alone these subjects were 

incorporated in our prior published study which demonstrated that 20 weeks of one day a week hand 

training alone was insufficient to result in significant improvements in hand strength. Following this 

study, these subjects were incorporated as two of the five severely injured SCI subjects that displayed 

minimal but measurable hand function and thus had significant improvements in hand function in our 

double blind trial with transcutaneous stimulation alone. Since these subjects responded to 

transcutaneous stimulation but did not retain functional gains when treatment concluded, they were 

recruited for implantation on the cervical spine with a 32 electrode epidural stimulator manufactured by 

Boston Scientific. At the time of implantation subject 1 was a 27 year old male with a C5 AIS B injury (Fig. 

1A) and subject 2 was a 26 year old female with a C4 AIS B injury (Fig. 1D). Both subjects were injured in 

motor vehicle accidents 5 and 6 years respectively prior to implantation. Following implantation subjects 

were tested twice a week for hand function in combination with stimulation. In this paper we reexamine 

the data obtained from these two subjects during the sham and stimulation portions of the prior 

transcutaneous study and we compare it to the improvements observed with epidural stimulation. For 

the duration of this study stimulation was only applied in the clinic and was entirely controlled by the 

research staff. Subjects breathing, heart rate, and blood pressure were regularly monitored and were 

not adversely affected by the treatment. 

Handgrip 

The MediSens (Los Angeles, CA) handgrip was developed as a means of assessing and treating 

hand function in subjects with paralysis150 and its use in combination with stimulation has been 

previously discribed. Briefly the handgrip was used in three separate tasks to assess hand strength, 

control and agility. For all tests the handgrip was placed perpendicular to the shoulder and held in 

position by a member of the research staff while the patient attempted to open and close their hand in 
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order to manipulate the handgrip. The difficulty of the task was adapted to each patients’ abilities by 

changing the stiffness of the springs the patient had to pull against to manipulate the handgrip. To test 

hand strength subjects were asked to perform a maximal voluntary contraction (MVC) by squeezing the 

hand grip as hard as possible three times with 10 second breaks between each pull, and the force 

generated was calculated. To test hand control patients were asked to perform the Sine task by tracing a 

sine wave presented on a computer screen by precisely opening and closing their hand and the accuracy 

of the trace was calculated and multiplied by the average force the patient generated. To test hand 

agility patients were asked to perform the oscillation task (Osc) by rapidly opening and closing their 

hand to oscillate a visible target above and below two target lines. The distance the target traveled on 

the screen was multiplied by the average force the patient generated. While the scores for the MVC task 

are presented in newtons, the scores for the Sine and Osc task were normalized and are presented on a 

scale from 0 to 1. 

Transcutaneous Stimulation 

As described in our previous paper we used a custom-built constant current stimulator with a 

range of 0-300 mA to deliver transcutaneous spinal cord stimulation140. The stimulation was 

administered using self-adhesive electrodes (ValuTrode, Axelgaard Ltd., USA), a single cathode with a 

diameter of 3.2 cm placed on the skin at the midline between the spinous processes of the C4-C5 and 

then at C7-T1 vertebrae (hereafter referred to as C4 and C7, respectively) to deliver stimulation, and two 

7.5 × 13 cm self-adhesive electrodes (ValuTrode, Axelgaard Ltd., USA) located symmetrically on the skin 

over the iliac crests as anodes148. The location of the stimulation was defined during palpation in a sitting 

position, and maintained the same throughout the training period. The cathodes were secured using 

adhesive tape. For treatment the cathode was placed at the C5 spinous process for both subjects. The 

stimulation waveform consisted of monophasic rectangular 1 ms pulses at a frequency of 30 Hz, each 
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pulse was applied with a carrier frequency of 10 kHz. Both subjects were treated at similar intensities, 

with subject 1 receiving 120 mA while subject 2 received 130 mA of stimulation. 

Epidural Stimulation 

Both subjects were implanted with a 32 electrode epidural array from Boston Scientific placed 

from the C4-C5 interspace to the C7-T1 interspace for subject 1 (Fig. 1C) and from C5 to the caudal end 

C7 for subject 2 (Fig 1G). Subject 2 received a smaller version of the array than Subject 1 with a shorter 

overall length 50 mm compared to 67 and closer electrode spacing of 1 mm as opposed to the 3 mm 

spacing of Subject 1’s array. To enable hand function constant current continuous monophasic 

stimulation was delivered at a range between 0.1 and 7 mA to four cathodes at 30 Hz with a 210 us 

pulse width. For evoked potential testing a frequency of 2 Hz was used and the cathode was gradually 

moved from the 2nd most rostral row of the array to the most caudal row. For subject 1 the anode was 

placed one row rostral of the cathode. For subject 2 the anode was placed exclusively at row 1 as the 

cathode was moved caudally. This adjustment in testing occurred because the closer spacing of subject 

2’s contacts did not generate evoked responses at any location when the anode and cathode row were 

immediately next to one another. 

Standardized Functional Measures 

Standardized functional tests were conducted on each subject following the no stimulation, the 

sham and the stimulation timepoint of the epidural testing. All testing was conducted based on the 

standard stimulation settings of the current treatment phase. We used the International Standards for 

Neurological Classification of Spinal Cord Injury (ISNCSCI measurement) to assess overall motor and 

sensory function across the whole body. To assess hand function we used the Graded Redefined 

Assessment of Strength, Sensibility and Prehension (GRASSP) test which provides a detailed analysis of 

the motor function of the arm and hand, sensory function of the hand, ability to manipulate the hand, 
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and overall functional capability. In addition to these clinical measurements we used two self-reported 

assessments of overall function and arm and hand function: the Spinal Cord Independence Measure 

(SCIM) assesses self-care (feeding, bathing, dressing, and grooming), respiration and sphincter 

management (bowel and bladder), and mobility and the Capabilities of Upper Extremity (CUE) assesses 

reach/lift, push/pull, wrist and finger function. To assess spasticity we used the Modified Ashworth Scale 

which assesses resistance to passive movement about a joint at varying velocities. We also used two 

separate self-reported measures. The Penn Spasm Frequency Scale asks subjects to assess the frequency 

and average severity of their spasms daily over the course of a week. 

Additional Functional Measures 

In addition to standardized measures of overall function, finger control was evaluated by the 

MusicGlove and overall arm and hand function where evaluated by the Armeo®Spring (Hocoma AG, 

Switzerland). The MusicGlove has been previously used as a tool to motivate patients to practice hand 

movement to promote hand function through repeated practice174–176. Here we utilized the MusicGlove 

to monitor any increases in hand control with stimulation treatment. For this two songs were selected 

and the number of times the patient was able to accurately play a note by making the correct finger 

contact was recorded. The Armeo®Spring is used to support the weight of the arm and track the 

accuracy and smoothness of arm and hand movements in space. It has been used in both multiple 

sclerosis and stroke to train the arm and hand and improve functionality177–179. For our studies we used 

it to monitor arm and hand control while using epidural stimulation. A total of five tasks were analyzed, 

two isolated wrist and pronator function, two assessed overall arm control, and one assessed hand 

function during arm movement. 
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Statistical Analysis 

All values presented below are normalized means with their standard deviations. In order to 

compare handgrip results from transcutaneous and epidural stimulation timepoints, the preceding sham 

timepoint was normalized to a value of 100% and treatment was expressed as a percentage of the 

preceding sham treatment. The same number of sessions were used when comparing sham and 

treatment sessions between transcutaneous and epidural stimulation. Since there were always more 

sessions for the epidural treatments, timepoints were truncated to include the same number of sessions 

by using the last of the sham treatments and only the first of the epidural treatments. For each task an 

analysis of variance was performed followed by a post hoc Tukey for each group of subjects. To confirm 

that group analysis accurately reflected each associated individual’s performance, all analysis was also 

performed individually on all subjects. 
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ResultsResultsResultsResults    

Differences in Evoked Activity 

 Evoked muscle activity is used to help target stimulation to desired muscles shorty after 

implantation. Evoked activity was recorded in arm muscles bilaterally when applying either 

transcutaneous or epidural stimulation. Transcutaneous stimulation was most effective at activating all 

proximal and distal muscles bilaterally when applied to the rostral end of the spinal cord between C4 

and C5 (Fig. 2). In contrast epidural stimulation resulted in more selective activation of motor pools that 

corresponded to the underlying position of the cathode. This was most apparent in Subject 1 (Fig. 2) 

where stimulation of rostral electrodes led to preferential activation of the Bicep and stimulation of 

more caudal electrodes resulted in activation of the extensor and flexor. In Subject 2 stimulation of the 

rostral regions of the epidural array failed to produce evoked responses in any of the arm muscles (Fig. 

2). This most likely resulted from the proximity of these electrodes to the site of injury (Fig. 1). 

 Evoked potential mapping with the entire array revealed stimulation hot spots for each patient 

where activity could be maximally evoked in all of the underlying arm muscles. Neither subject had 

strong responses at the most rostral electrodes (Fig. 3) as these electrodes were located over the site of 

lesion for both patients (Fig. 1). Immediately caudal to the lesion both patients had preferential activity 

in the more proximal muscles (Fig. 3, Delt, Bicep and Tricep). At the most caudal end of the electrode 

array both patients had preferential responses to the majority of the distal muscles in the arm (Fig. 3, 

Brad, ED, FD). Interestingly the Thenar had a very disparate response between the subjects with subject 

1 having a preferential response in the middle of the array, while subject 2 responded preferentially to 

more caudal stimulation (Fig. 3). Such individual variation in physiological responses highlight the 

necessity of individual mapping procedures. 
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Hand Strength 

 The maximal voluntary contraction (MVC) of the hand was used to assess hand strength, and it 

was used as the primary outcome measure throughout both the transcutaneous and epidural 

stimulation studies. Both transcutaneous and epidural stimulation resulted in significant increases in 

hand strength relative to sham stimulation in both subjects (Fig. 4A and 4D p<0.001). While Subject 1 

had a more significant improvement with epidural stimulation (Fig. 4A transcutaneous stim 220% ± 

100% and epidural stim 490% ± 200% p<0.001), Subject 1’s average strength was relatively consistent 

even with additional stimulation sessions with the epidural stimulation (Fig. 4C). In contrast Subject 2 

who had similar percentage improvements with epidural and transcutaneous stimulation (Fig. 4D) 

continued to improve their hand strength with the additional sessions of epidural stimulation (Fig. 4F). 

Hand Control 

 The Sine task was used to measure hand control and was measured in the amount of work it 

took each subject to perform the task. Epidural stimulation consistently led to significant improvements 

in hand strength over sham treatment (Fig. 5A and 5F p<0.001). However, for Subject 1 transcutaneous 

stimulation did not significantly improve hand control compared to sham treatment (Fig. 5A). Additional 

treatment with epidural stimulation did not further improve Subject 1’s performance which was 

inconsistent (Fig. 5C). In contrast Subject 2 had a similar percentage improvement in hand control over 

the same number of treatment sessions with both types of spinal stimulation (Fig. 5F). However, 

additional treatment with epidural stimulation continued to further enhance Subject 2’s hand control 

over time (Fig. 5H). Sample traces demonstrate that in general stimulation increased the amplitude of 

the traces and the accuracy of the trace relative to the target goal (Fig. 5D, E and 5I, J). 

Hand Agility 

 Each subjects hand agility, or the rapidity with which they could open and close their hand, was 

measured using work in the oscillation task. As with the Sine tasks, epidural stimulation significantly 
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improved hand agility for both subjects, but only Subject 2 had significant improvements from sham to 

transcutaneous stimulation (Fig. 6A and 6F). As with the Sine task for Subject 1 additional treatment 

with epidural stimulation resulted in inconsistent performance that did not improve over time (Fig. 6D). 

Although Subject 2 had a similar percentage improvement over the same number of treatment sessions 

with both transcutaneous and epidural stimulation (Fig. 6F), additional treatment sessions with epidural 

stimulation continued to improve hand agility over time (Fig. 6H). In the sample traces it is evident that 

for Subject 1 epidural stimulation significantly increased the amplitude of oscillations (Fig. 6E). For 

Subject 2 the number of oscillations was significantly increased with epidural stimulation (6J). Overall 

epidural stimulation lead to an immediate increase in hand function relative to sham stimulation for 

Subject 1 and a more gradual increase in hand function for Subject 2. 

Muscle Strength with Epidural Stimulation 

 For both subjects overall hand function was greater at the conclusion of epidural stimulation 

then at the conclusion of transcutaneous treatment. Therefore we asked if epidural stimulation led to 

significant improvements in other functional measures. First we looked at the strength of the muscles in 

the targeted arm. In Subject 1, epidural stimulation increased the muscle amplitude in all stimulated 

muscles but this was more significant, particularly between sham and stimulation timepoints, in the 

distal muscles (Fig. 7A, B). In Subject 2, muscle amplitude increased in all distal muscles with epidural 

stimulation (Fig. 7D). However in proximal muscles, the muscle amplitude in the Bicep and Deltoid 

significantly decreased while Tricep amplitude significantly increased with epidural stimulation (Fig. 7C). 

Improvements in Standardized Functional Measures 

 Researchers and clinicians alike rely on a slew of standardized clinical measures to gage injury 

and recovery. One of the primary measures of neurologic injury is the ASIA exam which evaluates motor 

and sensory loss based on the human dermatomes. In the chronic phase of spinal cord injury the motor 
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score, neurological level of injury and summary AIS score are generally stable. Under treatment 

conditions epidural stimulation improved the neurological level of injury, the motor score and the AIS 

grade of both patients (Fig. 8A, F). However compared to sham stimulation, epidural stimulation 

reduced sensory perception (Fig. 8A, F). Although the motor score of both subjects improved with 

epidural stimulation, this resulted in little change in clinical assessed measurements of hand function 

such as the GRASSP (Fig. 8B, G) task. In contrast, the self-reported measures of hand and arm function 

CUE score (Fig. 8C, H) and overall function (Fig. 8E, J) showed improvements in both subjects during the 

treatment phase. As has been previously reported, both subjects showed reductions in spasticity with 

epidural stimulation (Fig. 8D, I). 

Improvements in Other Functional Measures and Evoked Activity 

 In addition to standard functional measures, we utilized two available therapeutic devices to 

both train and assess overall hand and arm function on a daily basis. The Music Glove task utilizes a 

glove based controller connected to a musical game interface to measure finger movements. While 

neither Subject had significant improvements in finger dexterity between sham and epidural stimulation 

timepoints, both subjects had an increase in hand control from the no stim timepoint with reductions in 

both error rate and success rate (Fig. 9B, C and E, F). In particular Subject 2 had a substantial increase in 

success rate between the no stim and sham timepoints (Fig. 9C). This resulted from Subject 2 gaining the 

ability to consistently activate contact 3.  

The ArmeoSpring is capable of training and assessing overall arm and hand function. In the four 

tasks which assessed prontation/supination (goalkeeper), wrist control (water pail), and overall arm 

movement (monsters (auto)) there was little change in function over time, though Subject 2 did have a 

trend towards improvement in overall arm movement (Fig. 9A, D). An additional task, monsters 

(manual), measured each subject’s ability to perform the same arm movements, previously measured 
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with the auto function, while being required to grasp with their hand. While Subject 1 was never able to 

perform this task (Fig. 9A) despite having greater hand strength (Fig. 4C, F), Subject 2 was able to 

perform the task consistently when receiving treatment epidural stimulation (Fig. 9D). 

 Unlike Subject 2, at the time of implantation Subject 1 had a very restricted region of injury that 

only completely abolished evoked responses when the cathode was placed at row 3 with an adjacent 

rostral anode. Following stimulation treatment, epidural stimulation of this region was capable of 

evoking small but detectable evoked responses (Fig. 10). This did not represent a shift in electrode 

position as nearby responses remained consistent (data not shown). 
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DiscussionDiscussionDiscussionDiscussion    

 Spinal cord stimulation is rapidly emerging as a potential therapy to reengage spinal circuits 

following traumatic spinal cord injury. Stimulation can be delivered through invasive means, epidural 

stimulators, or non-invasive means such as transcutaneous or magnetic stimulation180. While the 

efficacy of both invasive and non-invasive stimulation has been repeatedly demonstrated in the clinic, a 

direct comparison of these treatments has not been performed. In this two subject pilot study we 

compare two different subjects who responded to treatment with transcutaneous stimulation and 

subsequently received epidural implants. In these subjects we demonstrate that transcutaneous 

stimulation provides broader activation of spinal circuits while epidural stimulation can target more 

focused muscle groups.  While both subjects had some significant improvements in hand function with 

transcutaneous stimulation, epidural stimulation led to a higher percentage improvement in Subject 1 

and allowed Subject 2 to continue improving over subsequent treatments sessions. With epidural 

stimulation, both subjects had greater muscle activity and this coincided with improvements in motor 

capabilities and a reduced injury severity rating. 

Explaining the Difference in Physiology 

 To date there have been few papers attempting to compare the physiologic differences 

between transcutaneous and epidural stimulation. So far it appears there is no difference in the 

mechanism of activation of transcutaneous and epidural stimulation. As demonstrated in 10 patients 

who received transcutaneous or epidural stimulation (and 3 who received both) to the lumbar spinal 

cord, both transcutaneous and epidural stimulation activate dorsal afferent roots and stimulate motor 

neurons and subsequently muscle through the reflex arc181. Fundamentally the properties of the 

waveforms derived from both forms of stimulation and their latencies are similar181. Despite a similar 

mechanism of activation, there is no significant difference in the activation thresholds for different 
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lower limb muscles when utilizing transcutaneous stimulation165,181. However application of epidural 

stimulation to rostral or caudal regions of the lumbosacral spinal cord, recruits lower limb muscles in a 

pattern mimicking the distribution of the rostral caudal positioning of the corresponding motor 

neurons181,182. These results corroborate our findings in the cervical cord (Fig. 2) and confirm that 

transcutaneous stimulation, as currently applied, delivers stimulation to a broader area of underlying 

spinal circuits than epidural stimulation. 

Efficacy of Treatment 

 Despite the difference in specificity of spinal circuit activation, both treatments significantly 

improved hand function relative to their respective sham stimulation treatments. This agrees with the 

present literature for both therapies. Epidural stimulation has consistently proven effective at enhancing 

lower limb function, and has previously demonstrated efficacy in a two patient pilot study from our lab 

at improving hand function in the same hand tasks tested here106. In our previous study we 

demonstrated that subjects with a chronic motor complete SCI with approximately 10 N of baseline 

hand force can significantly improve with epidural stimulation106. In a similar line of research, 

transcutaneous stimulation has proven repeatedly effective at enhancing hand function in patients with 

at least partially preserved hand strength138,141,155. The subjects enrolled here had less than 1 N of hand 

strength prior to receiving transcutaneous stimulation which significantly enhanced their hand strength. 

When transcutaneous stimulation treatment was withdrawn both subjects failed to maintain hand 

function 5 months post treatment. Both subjects were subsequently implanted with epidural 

stimulators. As was observed with transcutaneous stimulation, both subjects had significant 

improvements in hand strength. For Subject 1, the percentage improvement in hand strength was 

significantly greater with epidural stimulation. While Subject 2 had a similar percentage improvement in 

hand strength with both treatments, unlike with transcutaneous stimulation, Subject 2 demonstrated a 
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trend towards continuing improvement with consecutive epidural stimulation sessions. In addition to 

the enhanced performance observed with epidural stimulation in both subjects, the implanted and 

rechargeable nature of the device would allow the subjects to use the stimulator on a continual basis to 

reenable hand function. 

 While epidural stimulation appeared to be a more effective treatment with these two subjects, 

transcutaneous stimulation can still make a significant clinical impact. As we have seen previously, in 

some subjects transcutaneous stimulation can lead to a lasting functional improvement for at least 5 

months without any additional treatment. In those subjects who respond to transcutaneous stimulation 

but are unable to maintain that improvement without additional treatment, transcutaneous stimulation 

could serve as a screening procedure to select patients for epidural stimulation. Prior to permanent 

implantation of epidural stimulators, patients undergo surgery to receive a temporary epidural implant 

with internal leads and an external stimulator unit15. After a week or two of clinical testing, if pain is 

significantly relieved, patients undergo a second surgery to internalize the stimulator15. Although 

epidural stimulators are not currently approved for the treatment of paralysis, the growing promise of 

their efficacy for blood pressure regulation, lower limb function, trunk control, and hand control suggest 

that they may undergo larger scale clinical trials in the next 10 years. Transcutaneous stimulation has 

demonstrated improvements in blood pressure regulation, lower limb function, trunk control and in 

hand control. Instead of having patients undergo two surgeries to receive a permanent epidural 

stimulator, patients may be able to undergo a trial therapy with transcutaneous stimulation. If 

transcutaneous stimulation significantly improves function but does not lead to lasting gains without 

continued therapy, then these patients have demonstrated the potential to respond to electrical 

stimulation and the need for a more intense therapy. Further studies should consider investigating 
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patients’ responses to transcutaneous stimulation prior to enrolling them in epidural stimulation 

studies. 

Epidural Treatment and Functional Improvement 

 In both treatments epidural stimulation improved the neurological area of injury, and improved 

the clinical indication of the injury when stimulation was applied. Despite these remarkable 

improvements, there were little to no improvement in hand function in the GRASSP or CUE 

assessements. Since the CUE was used to assess overall hand function outside of the lab without 

stimulation, it is not surprising that without stimulation, patients did not report significant 

improvements. In contrast the GRASSP task assesses motor, sensory, and overall hand and arm function 

and was conducted in the clinic in conjunction with stimulation following the sham and stimulation 

phases. While stimulation was able to improve the motor portion of the GRASSP task for Subject 1, 

Subject 2 showed no overall improvements. This was likely due to the lack of training with the task and 

the lack of optimizing stimulation for the task. As has been demonstrated with the lower extremity, it is 

often necessary to optimize stimulation parameters for a given task. Parameters which are optimal for 

standing, will not be the same as those used for walking. There are indications that the hand works the 

same way. In early testing with Subject 1, we discovered that while the location of stimulation utilized to 

enhance hand function on the hand grip task was effective for enhancing finger dexterity, the intensity 

of stimulation was considerably different. As epidural stimulation continues to develop as a potential 

therapy, it is likely that patients will have to be provided with a variety of stimulation programs meant to 

facilitate different functions. While this is already being done with epidural stimulators located in the 

lumbosacral region where similarly placed electrodes can improve blood pressure, trunk function, and 

leg control, this will need to be further explored at the cervical level. 
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Sensory Reduction with Epidural Stimulation 

 In both subjects there was evidence of reduced sensory function with epidural stimulation. Both 

Subjects had reductions in light touch sensation when receiving epidural stimulation at treatment 

intensities. As currently applied when treating paralysis, epidural stimulation is applied at parameters 

similar to those used to modulate pain in patients. It is well known that when modulating pain, many 

patients experience paresthesia that is associated with the stimulation. For this reason, in the field of 

pain, both researchers and clinicians are attempting to identify stimulation parameters that can reduce 

pain without inducing paresthesia. So far two novel neuromodulatory strategies have emerged to 

replace the current tonic stimulation therapies. One uses high frequency stimulation, which while not 

inducing paresthesia, has yet to show efficacy in a blinded clinical trial. The second therapy utilizes small 

bursts of stimulation. Burst stimulation, does not induce paresthesia and has proven superior to tonic 

stimulation for reducing pain in blinded clinical trials. Recently it was demonstrated that burst 

stimulation is superior to tonic stimulation for facilitating lower limb function and it does not impair 

proprioception183. Future studies should consider using alternative stimulation techniques to reduce 

sensory disruption associated with the stimulation. 

Study Limitations 

 While novel, this study is composed of only two subjects. At this time, the field of epidural 

stimulation is still very young, and researches are conducting small scale pilot studies of less than 10 

patients per study in an attempt to answer key questions and refine experimental procedures prior to 

larger scale enrollment of subjects. The first studies to investigate epidural stimulation in the lumbar 

and cervical spinal cords consisted of no more than two subjects, but they demonstrated the potential 

for epidural stimulation to reenable function in the legs (N=1) and to reenable hand function (N=2). This 

study was designed to investigate the differential effects of transcutaneous stimulation and to 
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investigate its potential as a pre-screening tool for epidural stimulation. Subject 1 clearly responded to 

transcutaneous stimulation, but did not maintain hand strength after the withdrawal or treatment. 

Statistically speaking, Subject 2 had a significant response to transcutaneous stimulation. However 

Subject 2’s clinical response was minor and did not lead to generation of even 0.5 N of force following 

transcutaneous treatment. Despite the minor clinical improvement in Subject 2 both subjects responded 

to epidural stimulation and had clinically significant improvements. This study suggests that 

transcutaneous stimulation has potential as a screening tool and demonstrates that female subjects can 

respond to cervical epidural stimulation. While more studies are needed, it is important to note that this 

study does not investigate the hypothesis as to whether or not patients who fail to respond to 

transcutaneous stimulation, are reasonable candidates for epidural neuromodulation. 

Conclusions 

 Both transcutaneous stimulation and epidural stimulation significantly improve hand strength. 

However in patients that do not retain improved hand function after the withdrawal of transcutaneous 

stimulation, epidural stimulation may be a promising therapy. In this two person pilot study, response to 

transcutaneous stimulation served as an accurate indication of successful response to epidural 

stimulation. Not only did the subjects have significant improvements in hand function but these 

improvements surpassed what was observed previously with transcutaneous stimulation. Additionally 

both subjects had significant improvements in muscles burst amplitude and overall motor function 

which led to a reduction in the classification of injury severity.   
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Figure 1Figure 1Figure 1Figure 1    

 

Figure 1. MRI (left) and Xray (middle and right) images of injure and subsequent hardware implantation. 

Subject 1 was implanted with a slightly larger epidural array, as noted in the methods, with a wider 

electrode spacing. Both arrays spanned the C5 to C7 spinal segments.  
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Figure 2Figure 2Figure 2Figure 2    

 

Figure 2: The above are graphs of averaged evoked potential amplitudes recorded in both subjects in the 

Bicep, Brachioradialis (Brad), Extensor Digitorum (ED), and Flexor Digitorum (FD). The orange line 

represents the most rostral stimulation point for each treatment while the blue line represents the most 

caudal stimulation treatment. The solid line for each subject represents the arm that underwent regular 

testing, while the dashed line represents the arm that underwent minimal testing through out the study. 
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Figure 3Figure 3Figure 3Figure 3    

 

Figure 3: This graph is derived from evoked potential graphs similar to what was observed in Figure 2, 

and represents the relative responsiveness of each muscle to stimulation of each row of the epidural 

array. On the far right is a colored scale demonstrating the significance of the colors with more red 

graphs being the most highly significant increases from the lowest observed response. Above the color 

scale is a small legend denoting the significance of each line, with more solid lines being the most 

significant. On the far left hand side of the figure is the stimulation locations used for treatment with 

black representing the cathode, grey the anode, and white a non-active row. 
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Figure 4Figure 4Figure 4Figure 4    

 

Figure 4: MVC results for both patients following treatment with transcutaneous and epidural 

stimulation. The top graphs represent a direct comparison of the percentage improvement each patient 

experienced following each of the two treatments. The bottom graphs show all of the individual force 

measurements for each timepoint for each treatment represented by individual dots while the daily 

average is shown with a red line (not that scales are not the same). 
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Figure 5Figure 5Figure 5Figure 5    

 

Figure 5: Sine results for both patients following treatment with transcutaneous and epidural 

stimulation. The top graphs represent a direct comparison of the percentage improvement each patient 

experienced following each of the two treatments. The middle graphs show all of the individual work 

measurements for each timepoint for each treatment represented by individual dots while the daily 

average is shown with a red line (not that scales are not the same). The bottom graphs are 

representative traces taken from each timepoint with the gray sine wave representing the target goal 

the subjects were attempting to match.  
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Figure 6Figure 6Figure 6Figure 6    

 

Figure 6: Osc results for both patients following treatment with transcutaneous and epidural 

stimulation. The top graphs represent a direct comparison of the percentage improvement each patient 

experienced following each of the two treatments. The middle graphs show all of the individual work 

measurements for each timepoint for each treatment represented by individual dots while the daily 

average is shown with a red line (not that scales are not the same). The bottom graphs are 

representative traces taken from each timepoint.  
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Figure 7Figure 7Figure 7Figure 7    

 

Figure 7: Muscle amplitudes collected from both subjects during treatment with epidural stimulation. 

For both subjects muscle amplitude was normalized to the no stim stimepoint such that the no stim 

timepoint was 1.  
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Figure 8Figure 8Figure 8Figure 8    

 

Figure 8: Standardized functional measurements performed between each phase of treatment. The top 

tables represent the individual ASIA motor and sensory scores for each subject during each phase of 

treatment. Below the table are the GRASSP and CUE measurements of hand function presented on 

radial plots for the sham and stim timepoints. The bottom row on the left has the self reported Penn 

Spasm scale evaluating each subjects individually reported spasticity. On the right is the self reported 

SCIM measurement that assesses overall function via a brief questionnaire. 
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Figure 9Figure 9Figure 9Figure 9    

 

Figure 9: A comparison of non-standardized measures of motor control and function. The top row 

consists of the individual ARMEO measurements for four different tasks. The goalkeeper measured 

supination and pronation function while the water pail assesses wrist function. The monster (auto) task 

evaluates overall arm function while the monster (manual) task evaluated the same overall function 

while requiring the subject to use their hand to grasp. The Music Glove task evaluates finger dexterity. 

The middle row represents the error rate, which is an average of how early (negative score) or late 

(positive score) the subject hits a contact. The bottom row represents the success percent for each 

contact that the subject was able to connect.  
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Figure 10Figure 10Figure 10Figure 10    

 

Figure 10: Evoked potential analysis performed at the site of injury of Subject 1 on the left immediately 

following implantation and on the right following stimulation treatment. The amplitude of the average 

response at each intensity is plotted.  
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Key DevelopmentsKey DevelopmentsKey DevelopmentsKey Developments    

 While this project had many design elements in common with the transcutaneous stimulation 

project, I was able to combine the previously developed Matlab and R codes to create a virtually closed 

loop system. Data was collected and analyzed in real time allowing us to rapidly adapt experimental 

procedures and stimulation conditions based on collected data. Instead of analyzing only two or three 

stimulation configurations, I was able to rapidly cycle through multiple stimulation parameters with 

altered intensities, frequencies and stimulation bias. While this allowed us to more rapidly determine 

stimulation configurations that facilitated function, it also continually monitored data collection 

ensuring that quality of data collection. 

 During this project I developed a standard stimulation protocol to be used during surgery to 

assess the location of the epidural implant with regards to laterality and proximity to motor pools and 

injury. By setting up a standard stimulation protocol I could ensure during the surgical implantation itself 

was being placed on the midline of the spinal cord and activating both left and right arms at 

approximately the same time. I could also ensure that the implant was placed over desired motor pools 

and that they could be activated within a reasonable stimulation range. This standard stimulation 

protocol is programmed by the product representative into the stimulation unit prior to its implantation 

and is then stimulated in sequence following the end of the placement procedure. As you will see below 

in some cases a patients injury can interfere with transmission of signal to the motor pools. By ensuring 

proper placement of the electrode array at the time of the initial surgery, we can generally avoid the 

need for a follow up procedure to reposition the leads. 
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Study 3: Study 3: Study 3: Study 3: Utilizing Epidural Stimulation of the Cervical Spinal Utilizing Epidural Stimulation of the Cervical Spinal Utilizing Epidural Stimulation of the Cervical Spinal Utilizing Epidural Stimulation of the Cervical Spinal 

Cord to Elucidate and Treat Pathophysiology Cord to Elucidate and Treat Pathophysiology Cord to Elucidate and Treat Pathophysiology Cord to Elucidate and Treat Pathophysiology of the Spinal of the Spinal of the Spinal of the Spinal 

Cord FollowingCord FollowingCord FollowingCord Following    StrokeStrokeStrokeStroke    Injury to the Forelimb CortexInjury to the Forelimb CortexInjury to the Forelimb CortexInjury to the Forelimb Cortex    

    

BackgroundBackgroundBackgroundBackground    

Expanding the Horizons of a Neuroprosthesis for Paralysis 

 Although spinal cord stimulation is emerging as a promising therapy to reenable the function of 

paralyzed limbs following spinal cord injury, the field originally started with investigations into multiple 

sclerosis. Between 1973 and 1992, several investigators reported a variety of benefits from the 

implantation of spinal cord stimulators in MS patients including sensory, motor, and bladder function. 

Despite numerous clinical reports of improvement continued patient deterioration (as a result of 

disease) combined with the lack of blinded trials led to skepticism in the scientific community that 

epidural stimulation was having a significant clinical effect. 

In recent years spinal cord stimulation has been primarily studied in the stable disease state of 

spinal cord injury. Application of spinal cord stimulation through implanted epidural electrodes at the 

lumbar level can engage spinal circuits and result in coordinating treadmill stepping following a 

complete spinal cord transection68. When applied to the lumbar cord of patients with a spinal cord 

injury, epidural stimulation can reenable voluntary movement of the paralyzed legs in patients with 

motor complete SCI and increase muscle coordination and amplitude during trained standing and 

stepping exercises134. In some cases epidural stimulation of the lumber cord can even lead to 

walking78,79,184. Application of spinal cord stimulation through epidural or transcutaneous means can 

reengage paralyzed forearm muscles and lead to increased muscle activity and strength in the paralyzed 

arm106,138,139. Further studies have shown that spinal stimulation through both invasive and non invasive 

means can be used to engage other spinal circuits to improve core stability133, bladder function136,185, 
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and stabilize blood pressure86,87,186. Overwhelmingly in SCI spinal cord stimulation has been able to 

successfully reengage spinal circuits and improve function. 

Upper Motor Neuron Lesions 

Similar to SCI, a chronic cortical stroke results in a stable neurological injury which can be 

modeled in animals. The corticospinal tract originates in the cerebral cortex and descends from the 

brain through the spinal cord where it synapses on alpha motor neurons to control muscle activity. An 

injury to the corticospinal tract originally results in a flaccid paralysis and a loss of reflex activity187. This 

period of hypotonia rapidly resolves after injury and is followed by a lasting spasticity (hypertonia) and 

paralysis187. While these characteristics of upper motor neuron lesions are shared, there is a marked 

difference in the long lasting spasticity and paralysis experienced by individuals with lesions of the 

cerebral cortex and compared to those with spinal cord injury188. 

 A stroke lesion that affects the motor cortex often only affects one side of the body and spares 

descending motor tracts from the brainstem. Normally the cortex inhibits postural reflexes innervated 

by vestibular nuclei and the reticular formation. With the loss of descending inhibition and the sparing 

of these brainstem circuits a strong excitatory drive is provided to postural circuits. The hyperactivity of 

postural reflexes helps stroke patients retain trunk control in addition to the ability to stand. In contrast 

many subjects with spinal cord injuries are unable to stand and have poor trunk stability188,189. 

Why Look at the Spine 

While the brain is the site of injury, researchers and clinicians alike have noted that spinal 

circuits are altered as a result of lost descending input. In mice several researchers have shown that 

corticospinal neurons can sprout into the injured regions of the spinal cord from both ipsilesional190,191 

and contralesional tracts192,193. Additionally several other long descending tracts have been shown to 

increase their innervation to the spinal cord including the reticular formation, the raphe nuclei, and the 
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corticobulbar tract191. Simultaneously in patients, clinicians have noted altered spinal physiology 

between the impaired and non-impaired limbs of stroke subjects189. However researchers have yet to 

thoroughly study these physiological changes in animals at pre and post injury time points. 

Current Treatment Strategies for Chronic Patients 

 Despite the differences in impairment, when it comes to the chronic phase of injury, treatment 

options for both forms of upper motor neuron injury are limited. Functional electrical stimulation 

directly stimulates the nerves and/or muscles of the paralyzed limb in order to restore function. While 

several case or small scale studies have concluded that FES can enhance function in individuals with 

chronic paralysis194–198, randomized controlled trials did not demonstrate significant improvements in 

chronically injured subjects199,200. In this study we used epidural stimulation of the cervical spinal cord 

post cerebral stroke to investigate intraspinal physiological changes, to enhance forearm muscle activity, 

and to improve precision grasp performance. 
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AbstractAbstractAbstractAbstract    

Epidural stimulation is rapidly emerging as a promising neuroprosthesis to reenable function 

following paralyzing spinal cord injury by reengaging spinal networks below the level of lesion. 

Researchers have repeatedly demonstrated that cortical strokes reduce function in paralyzed limbs and 

induce spinal cord rewiring. In our current study we studied whether standard epidural stimulation 

techniques could be used to map the cervical spinal cord of the rat, identify aberrant physiology post 

stroke, and treat the resulting functional deficits. First we used epidural stimulation of the cervical spinal 

cord to map the uninjured cervical spinal cord of the rat. We then induced a photothrombotic stroke of 

the forelimb cortex of these same animals and monitored physiogolocal changes in both the injured and 

uninjured side while monitoring reaching and grasping performance. A second cohort of animals trained 

in a novel reaching and grasping task received a photothrombotic stroke in addition to long lasting 

epidural and EMG implants. All rats received forearm rehabilitation three times a week for 30 minutes a 

day in addition to weekly testing in reaching and grasping. Half of the rats received spinal cord 

stimulation during all training and testing sessions. Stimulated rats underwent two separate stimulation 

trials alternatively the first phase used 20 Hz stimulation to enhance spinal activity to compensate for 

reduction in corticospinal connectivity. The second phase used a low frequency stimulation of 1 Hz to 

reduce spinal activity and counteractive hyperactive spinal circuitry. In these studies we identified 

optimal stimulation configurations in the cervical spinal cord, confirmed the presence of abnormal spinal 

physiology in the injured bicep post injury, and successfully enhanced reaching success and muscle 

activity when treating animals with low frequency (1 Hz stimulation). We did not see any improvement 

in muscle activity or function with the 20 Hz stimulation typically used to treat forelimb paralysis 

following SCI. These results confirm that the spinal cord has aberrant physiology post stroke injury that 

can be treated by epidural stimulation with novel settings. 
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IntroductionIntroductionIntroductionIntroduction    

Following a severe stroke injury the brain attempts to reestablish connections to the denervated 

region of the spinal cord. Both the spared ipsilesional cortex191,201–203 and the contralesional cortex191,204 

attempt to reestablish corticospinal connections to the denervated cord. It is believed that, following 

severe stroke injury, the uninjured cortex is primarily responsible for restoring control of the paralyzed 

forelimb through indirect relays through the reticular formation191,201. Although this sprouting can result 

in significant improvements in function post injury, it is often insufficient to completely restore normal 

function following a severe stroke191,201,204. 

Corticospinal connections are not the only ones to sprout following stroke, the lateral 

vestibulospinal tract, which is normally responsible for controlling anti-gravity muscles, increases its 

connectivity to the denervated cord191. Along with the corticospinal tract it is a large source of excitatory 

drive in the spinal cord205. In 1896 Sherrington first described how decerebration, or the removal of the 

cerebral hemispheres, leads to rigid extension of the limbs owing to the continued excitatory drive 

originating from the vestibulospinal 205–207. Ever since the original studies by Sherrington, the 

vestibulospinal tract has been implicated in spasticity in both animal and patient studies and evidence of 

its sprouting post stroke injury may indicate one of the mechanisms of post stroke spasticty205,208–210. 

In the clinic many stroke patients experience paralysis resulting from the loss of cortical 

connectivity and spasticity from mechanisms that still have yet to be precisely defined. By comparing 

the injured to the uninjured side post stroke, clinicians have attempted to identify altered spinal 

physiology and correlate it with functional outcomes. In chronic stroke patients, clinicians have observed 

altered spinal reflexes. These are characterized by an enhanced late reflex response that is only 

observed in the affected leg189. In contrast to what has been previously observed in spinal cord injury211, 

in stroke patients there is an inverse correlation between an enhanced late response and function, 



102 

 

 

characterized by both overall motor function and muscle activity189. Whether these aberrant reflexes are 

also present in animal models of severe stroke injury remains to be shown. 

At this time there are few treatment options for stroke patients with chronic paralysis. However 

for patients with paralysis from chronic spinal cord injury, neuromodulation of the spinal cord through 

both direct and indirect means has shown the potential to reengage paralyzed limbs and facilitate 

function in both upper106,138,141,155 and lower limbs78,79,134,184. Current stimulation techniques are targeted 

to preserved areas of the spinal cord below the level of lesion, where there is evidence of altered spinal 

physiology, and used to facilitate movement. Following stroke the entire spinal cord is below the region 

of the lesion and has been demonstrated to have aberrant physiology on the injured side189. Thus 

epidural stimulation of the spinal cord may be able to facilitate motor control following a stroke injury. 

In order to identify whether rats also exhibit aberrant spinal physiology post stroke, we first 

mapped the cervical spinal cords of uninjured awake rats. We then administered a severe 

photothrombotic stroke to the forelimb motor cortex and continued to map the spinal cord of the same 

rats post injury. The early response, middle response, and late response were all analyzed, and as with 

patients, only the late response was consistently enhanced on the injured side post injury. Having 

confirmed that spinal physiology is altered in stroke injured rats, just as in stroke patients, we used a 

second group of rats to determine if epidural stimulation in conjunction with training could treat the 

spinal cord of stroke injured rats. In stimulation treated rats, stimulation was delivered at 20 Hz for the 

first 2 months to enhance spinal activity resulting from loss of corticospinal connectivity, which has 

proven effective following spinal cord injury in both rats212 and at a similar frequency (30 Hz) in 

patients106,138,141,155. This was followed by 2 months of treatment with 1 Hz stimulation which has been 

shown to reduce spasticity when applied to peripheral nerves213 or the motor cortex214. Epidural 
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stimulation rescued hand function in rats with severe stroke lesions, only when stimulation was 

administered at low frequencies. 

Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    

All experimental procedures were approved by the Animal Research Committee at the University of 

California Los Angeles (UCLA) and conducted in compliance with the Guide for the Care and Use of 

Laboratory Animals (National Institutes of Health, Publication No. 86-23, revised 1985) 

Study Design 

A total of 38 healthy male Long Evans rats were used in this study. The rats were housed 

individually at a constant room temperature of 25 °C and humidity of 40% and were maintained on a 

12:12 hour light:dark cycle. Water was supplied ad libitum while rat chow was administered daily based 

on each animals percentage weight gain. The rats were trained for 1 month in a modified reaching and 

grasping task adapted from a reaching apparatus that has been previously described (Fig. 3)215. Once 

baseline performance was established one group of animals (N=12) received epidural implants on the 

cervical spinal cord at C4, C6, and C8 and bilateral EMG implants in the biceps brachii, extensor 

digitorum and flexor digitorum. After 1 month of reach and physiological testing these animals received 

a unilateral stroke injury to the motor sensory cortex. Follow up behavioral and physiological studies 

were conducted for 2 months post injury. The second group of animals (N=24) received a unilateral 

stroke to the motor sensory cortex. In the same surgery the majority of animals (N=20) received epidural 

implants on the cervical spinal cord at C4 and C8 and a single EMG implant in the biceps brachii on the 

impaired side. Starting 2 weeks post injury animals underwent behavioral and physiological testing that 

continued until 16 weeks post injury. Half of the injured animals received hand training with epidural 

stimulation in combination three times a week for 30 minutes a day and underwent behavioral testing 

once a week with stimulation. The other half received only hand training and underwent behavioral 
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testing once a week without stimulation. Animals were excluded from behavioral analysis if their 

reaching success at 2 weeks post injury was greater than or equal to 40% of their baseline success or if 

they never recovered the ability to touch the reaching handle. 

Surgical Procedures 

All survival surgical procedures were conducted under aseptic conditions. Rats were 

anesthetized with isoflurane gas (1.5 to 2.5%) administered via facemask to effect throughout the 

surgery. Body temperature was monitored with a rectal thermometer and maintained at 37±1°C using a 

heating pad (TP-500, Gaymar Industries Inc., Orchard Park, NY, USA). Post-surgery, the rats were given 

lactated ringers (5–6 cm3, s.c.) and placed in an incubator maintained at 37 °C until fully recovered. The 

rats were given an antibiotic (Enrofloxacin, 0.05 mg/kg, s.c.) and an analgesic (Buprenorphine HCl, 0.5 

mg/kg, s.c.) twice daily for three days post-surgery. Rodent food pellets, fresh fruit (orange and apple 

slices), and cereal (fruit loops) were placed in the cage during the first week of recovery. 

EMG and Epidural Implantation 

Rats in group one (N=12) received two separate surgeries separated by 1 month. In the first 

surgery epidural implants were placed at C4, C6 and C8 and intramusclular EMG electrodes were 

implanted bilaterally in the biceps brachii, flexor digitorum and extensor digitorum. The majority of the 

rats in group two (N=20) received epidural implants at C4 and C8 and a single intramusclur EMG 

electrode unilaterally in the biceps brachii of the impaired arm during the same surgery as the injury. 

For EMG implantation a skin incision was made along the sagittal suture of the skull and the 

connective tissue and the muscles covering the skull were reflected laterally. The skull was thoroughly 

dried and 3-5 stainless steel screws were firmly inserted into the exposed bone. A miniature connector 

(Omnetics, Minneapolis, MN, USA) was placed between the screws and rigidly affixed to the bone using 

dental cement. Skin and fascial incisions were made to expose the bellies of the forelimb muscles of 
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interest. Two multi-stranded Teflon-coated stainless steel wires (AS632, Cooner Wire, Chatsworth, CA, 

USA) connected to the pins of the head-connector were passed subcutaneously to the biceps brachii. 

Two smaller PFA-insulated multi-stranded stainless steel wires (793200, A-M Systems, Sequim, WA, 

USA) connected to the same head-connector were similarly passed to each distal muscle: pronator 

flexor digitorum, and extensor digitorum. The wires were passed into each muscle belly using 27-gauge 

(biceps brachii) or 30-gauge (distal muscles) needles and a small notch (~1.0 mm) was made in the wire 

coating to form an EMG recording electrode. The electrode wires were anchored at both ends with non-

absorbable sutures 4.0 and 5.0 Ethilon sutures. The EMG wires were coiled near each implant site for 

stress relief. 

For epidural implantation a partial laminectomy was made at vertebral levels C4, C6, and T1 to 

expose the C4, C6 and C8 cervical segments. Teflon-coated stainless steel wires (AS632, Cooner Wire, 

Chatsworth, CA, USA) from the head-connector were passed subcutaneously to the laminectomy sites. 

The epidural wire was passed underneath the laminectomy and the overlying vertebra were used to 

hold the wire against the spinal cord. A small notch (~1.0 mm) was made in the Teflon coating near the 

end of the wire to form the stimulating electrode. Electrodes were secured in position by non-

absorbable 8.0 Ethilon sutures which tied the wires at the distal ends of the electrode to the dura. A 

small loop was left near the site of insertion of the wires to provide stress relief. Once the epidural wires 

wer properly positioned, the overlying muscles were sutured. All exposed areas were kept moist with 

0.9% saline washes. All incisions were closed using 4.0 Vicryl for the muscle and connective tissue layers 

and 4.0 Ethilon for the skin. 

Photothrombotic Stroke 

The photothrombotic stroke injury model was adapted from the procedure initially developed 

by Watson et al. in 1985216. The skin over the skull was incised over the sagittal suture and the 
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connective tissue and the muscles covering the desired hemisphere of the skull were reflected laterally. 

The skull was thoroughly dried and a 5mm diameter fiberoptic light source (Schott KL 1500) was 

positioned over the motor sensory cortex that controls the contralateral forelimb (1 mm ML and 3.5 mm 

AP to bregma)204,217. Rose bengal at a concentration of 15 mg/ml at a dose of 15 mg/kg was injected 

intravenously into the femoral vein and 15 minutes were allowed to elapse so that the rose bengal 

concentration would remain stable218. The light was turned on for 25 minutes and body temperature 

was maintained as discussed above. The wound margins were infiltrated with bupivicaine and all 

incisions were closed using 4.0 Ethilon. If between 6 and 48 hours following surgery the animal displayed 

a severe injury phenotyping resulting in limited mobility and an impaired but not absent righting 

response, one dose of mannitol (20%, 17 ml/kg) was administered subcutaneously. 

Behavioral Training and Testing 

Prior to injury all animals underwent 1 month of training on a novel reaching and grasping 

device that allows for a modification of task difficulty based on handle distance from opening, force 

required to pull, and excursion distance of the required pull. All rats were trained to reach for a handle 

that was 20 mm from the box opening. For a success the rats had to pull the handle against a 50 gram 

resistance a distance of 10 mm. To assess the maximum force each rat was able to generate, the 

resistance on the handle was randomly set to its maximum settings, which “blocked” the rat’s ability to 

move it. For reach and grasp testing rats were given up to 15 minutes to complete approximately 35 

successful reaches. Unsuccessful attempts were quantified by the reaching device and required the rat 

to be able to move the handle 1 mm. The ratio of the successful to unsuccessful reaches determined 

each rat’s rate of reaching success. Prior to and following injury rats were tested once a week for their 

reaching and grasping capabilities. 
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Starting two weeks after injury rats were trained three times a week for 30 minutes a day in 

conjunction or absence of stimulation (depending on treatment group). For training each rat was 

provided a variety of Froot Loops™ and vermicelli to encourage them to utilize their arms and hands in a 

relaxed fashion. The above treats were selected because they are a desirable treat for the rats and they 

are generally consumed using two hands even post injury219. 

EMG Recording 

All EMG signals were filtered (band-pass; 30–1000 Hz) and amplified (1000 ×) using a 

multichannel analog amplifier (Differential AC amplifier Model 1700, AM-Systems Inc., Sequim, WA, 

USA). The amplified signals and the stimulation monitor and synchronization pulses were digitized at 10 

kHz and stored on a computer using a data acquisition card (NI PCI-6052E, National Instruments Inc., 

Austin, TX, USA) operated with a custom designed software written in LabVIEW (National Instruments 

Inc., Austin, TX, USA). 

Spinal Motor Evoked Potential Recording 

In awake behaving rats square wave stimulation pulses (200 μsec pulse width) were delivered at 

1 Hz at escalating current intensities ranging from 50 to 1000 uA using a constant current stimulator 

(Grass SIU5; Grass Instruments, Warwick, RI, USA) to produce spinal evoked potentials (EVPs) in each 

implanted forelimb muscle. Bipolar stimulation was administered using each electrode individually as a 

cathode and then using the remaining electrodes individually as anodes. In group 1 where animals had 3 

implanted epidural electrodes, there were a total of 6 different stimulation configurations. While group 

2 had only two implanted epidural electrodes which resulted in only 2 stimulation configurations. 

Evoked potentials were analyzed in each recorded muscle while it was at rest and a minimum of 

30 responses were collected for each muscle at every stimulation configuration. For analysis the evoked 

potential was broken into three phases based on similar analysis performed in previous studies for the 
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upper and lower limb. The early phase of muscle activity corresponding to a direct motor response was 

analyzed and occurred 2-4 ms following the stimulation pulse. The middle phase, corresponding to a 

monosynaptic reflex, occurred between 4 and 9 ms following the stimulation pulse and the late phase, 

corresponding to a polysynaptic response, occurred between 9 and 40 ms following the stimulation 

pulse. This has been described previously in the cervical spinal cord220. For each phase the amplitude of 

the response was analyzed using Matlab. 

Reaching and Grasping Tracing 

 To visualize reaching trajectories of rats, video analysis collected at 100 fps through two SIMI® 

cameras and subsequently analyzed on the affiliated software through the SIMI® Motion Analysis 

System. The 10 best reaches of each rat were tracked at the wrist, thumb, first finger and third finger, 

and their trajectories traced following subsequent analysis in Matlab. 

Histology 

 At 2 and 3 months post injury respectively all rats were overdosed with sodium pentobarbital 

(100 mg/kg i.p.) until unresponsive and then transcardially perfused with 0.9% saline followed by 4% 

paraformaldehyde. Collected tissues were placed in 30% sucrose at 4°C until they sunk. Brains were 

imbedded in OCT and cryosectioned at 40 um sections. Sections were mounted on glass slides and 

stained with cresyl violet to assess injury volume as previously described221. 

Stroke Volume Assessment 

 The injury volume was calculated for sections at approximately 1.2 mm increments. The injury 

volume for each section was quantified and the ventriclular volume (as assessed by the intact 

contralesional hemisphere) was subtracted from the analysis. On average injuries had an AP length of 

8.65 mm and a depth of 3 mm. For the majority of animals injury was restricted to the motor and 
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sensory cortex and the corpus callosum. In some cases injury extended into the caudate putamen and in 

rare cases to the hippocampus. 

Data Analysis and Statistics 

To account for individual variability all data was normalized within the animal prior to 

performing group analysis. All values displayed represent the mean ± the standard deviation. For 

measurements that occurred at a single time point, such as initial EVP electrode mapping, the average 

responses at each intensity was range adjusted using the other responses collected from the same 

muscle on the same day to fall between 0 and 1 using the following formula ((individual response-

minimum response)/ (maximum response-minimum response)). For measurements that occurred across 

multiple time points (evoked potentials, muscle activity, reaching success, and reaching force) all values 

were normalized to the first time point recorded which was either baseline or 2 weeks post injury (P02). 

Such that the average response of the first time point was 1 and all other responses were divided by the 

average value recorded at the first time in order to obtain the fold change. Repeated measures analysis 

of variance (ANOVA) was used for all analysis followed by a Tukey post-hoc test. Differences were 

considered statistically significant at p < 0.05 (*), very significant at p <0.01 (**), and highly significant at 

p<0.001 (***). All statistical analyses were performed using R. 
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ResultsResultsResultsResults    

Preinjury Mapping of the Cervical Spinal Cord 

While the approximate location of the forelimb motor pools has been identified through tracing 

studies in the mouse191 and rat222, epidural stimulation can be used to electrophysiologically map the 

spinal cord, accounting for individual variations and identifying the most effective stimulation sites. The 

evoked response can be broken into three phases. The early response corresponds to direct activation 

of the motoneuron through the ventral root. The middle response corresponds to indirect activation of 

the motoneuron through the dorsal afferent roots and the late response corresponds to the subsequent 

polysynaptic response resulting from the activity of spinal interneurons146,211. Early motoneuron 

activation occurred for all muscles at the C8 spinal cord and for the biceps brachii at the C6 level (Fig. 1), 

which is consistent with the predicted location of the corresponding motoneurons in the cervical spinal 

cord222. The inconsistent activation of the early response at C6 for the biceps brachii likely corresponds 

to the positioning of the anode. Stimulation at C6 was the only location which could test the 

effectiveness of placing the anode rostral or caudal to the cathode at a similar distance on the spinal 

cord. Under these conditions placing the anode rostral to the cathode is significantly more effective at 

activating the early response (C6.C4 0.6182 ± 0.3010 and C6.C8 0.29.24 ± 0.2069 p<0.001). 

Since epidural stimulation is located on the epidural surface of the dorsal spinal cord the middle 

response is more easily evoked than the early response. This was observed across all muscles recorded 

(Fig 1). At the highest intensities tested (1000 uA) the middle response could be evoked two levels 

above the most rostral location of the early response (Fig 1). As with the early response, there was some 

indication that a rostral anode was more effective than a caudal anode (Fig 1 extensor at C6.C4 

compared to C6.C8). While there was a trend in the early response for a tighter electrode configuration 

to excite a stronger response (bicep at C8.C6 compared to C8.C4 Fig 1), the tighter electrode 
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configuration of C8.C6 was significantly more effective for all muscles compared to C8.C4 for the middle 

response (extensor C8.C6 0.7197 ± 0.2405 and C8.C4 0.4550 ± 0.2302 p<0.001, flexor C8.C6 0.6979 ± 

0.2313 and C8.C4 0.5420 ± 0.2648 p<0.01, bicep C8.C6 0.7380 ± 0.2340 and C8.C4 0.5931 ±0.2150 

p<0.05, Fig 1). In conclusion epidural stimulation of C8 is highly effective at evoking both early and 

middle evoked response in the forearm muscle of the uninjured rat, while C4 is significantly less 

effective.  

Post Injury Alterations in Spinal Physiology 

Although the rostral spinal cord is least effective at engaging forelimb motor circuits in healthy 

rats, following stroke to the motor sensory cortex, the C4 spinal cord becomes increasingly excitable on 

both the injured and noninjured sides. Evoked responses were recorded bilaterally from the impaired 

and nonimpaired bicep of the rat before, 2 weeks, 4 weeks and 8 weeks post stroke injury. All responses 

were compared to those recorded prior to injury. While there is some evidence of increased activity in 

the middle response on the injured side at P04 (Fig. 2), both the noninjured and injured sides become 

have greater excitability in the early and late response phases by 4 weeks after injury and this is retained 

to 8 weeks post injury (Fig. 2). In contrast, the C8 spinal cord, which was the most effective region for 

engaging forelimb circuitry, overall remains physiologically stable with an increase in both the early and 

late response at P04 (Fig. 2). However like the C4 location the late response becomes hyperexcitable on 

the injured side after injury and was retained for up to 8 weeks post injury (Fig. 2). Thus we can conclude 

that rats like patients with severe stroke injuries exhibit an altered spinal physiology that primarily 

impacts the late response and has a more significant impact on the injured versus the noninjured late 

response. 
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Decreased Reaching Success and Muscle Activity 

In the same rats following stroke injury there was a significant decrease in reaching and grasping 

performance in a novel reaching task (Fig. 3), that without additional training or treatment, failed to 

recover (Fig 4a). Despite the hyperactivity observed during physiology testing, the decrease in reaching 

performance was accompanied by decreased muscle activity during reaching in all recorded forelimb 

muscles (Fig. 4b). While muscle activity decreased, the pattern of muscle activation required for the task 

remained consistent (Fig. 4c). These findings are consistent with those reported in patients with stroke 

injury189. 

Epidural Stimulation Enhances the Excitability of Doral Roots 

 A second cohort of rats that had undergone 1 month of reaching and grasping training received 

stroke injuries in conjunction with epidural implants at C4 and C8 and EMG implants in the injured bicep. 

At P02 all animals in the stimulated group underwent post injury baseline physiology testing. Following 

P02 these animals received hand training with stimulation in conjunction with weekly testing with the 

reaching and grasping device. From P02-P08 stimulation was delivered at 20 Hz (Fig. 5), a frequency 

demonstrated to enhance excitability in the forelimb muscles of SCI rats and enhance reaching and 

grasping. From P08-P16 stimulation was delivered at a low 1 Hz frequency which has shown promise for 

reducing spasticity (Fig. 5). Control animals underwent the same training without stimulation. 

 As observed in the previous cohort, stroke injury significantly increased the excitability of the 

late response in the bicep (Fig. 5a, b). The hyperexcitability of the late response was not chronically 

altered by either stimulation treatment. In contrast 20 Hz stimulation led to a significant increase in the 

middle response at C4 at P04 (Fig. 5a). This response was further enhanced by continued treatment at 

20 Hz and then returned to the post injury baseline when the stimulation frequency was reduced (Fig. 

4a). 
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Low Frequency Epidural Stimulation Enhances Muscle Activity and Rescues Precision Reaching 

Starting at two weeks post injury rats received either focused arm and hand training alone or 

training with stimulation for 30 minutes a day three days a week. All rats had significant changes in the 

pattern of their reaching response throughout the study (Sup. Fig. 1). Between 2 and 8 weeks post 

injury, stimulated rats received C8 stimulation at 20 Hz, which has been shown to be effective at 

improving hand function following spinal cord injury. Unlike the previous studies with SCI rats, 20 Hz 

stimulation did not result in a significant recovery of reaching success or muscle amplitude (Fig. 6A, C). 

While there was a significant recovery in the maximal strength stimulated rats generated, this 

improvement was mirrored in the rats receiving training alone and could not be attributed to the 

stimulation treatment (Fig. 6B). After 8 weeks the stimulation treatment switched to a low frequency (1 

Hz) paradigm that has shown promise at reducing spasticity. Stimulation at 1 Hz significantly increased 

muscle strength compared to the previous treatment (Fig. 6c p<0.001).  After 8 weeks of treatment, 

reaching performance significantly improved compared to the reach trained but non-stimulated animals 

at the same timepoint (Fig. 6a P16 success stim group 0.4067 ± 3.621 and no stim group 0.1251 ± 0.1509 

p<0.001). Despite the increased muscle activity and the improved performance in the reaching task, the 

maximum strength the rats were able to exert during the reaching task improved steadily for both 

groups with no difference between stim treated and no stim animals (Fig. 6b). 
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DiscussionDiscussionDiscussionDiscussion    

 This is the first study to use electrodes located on the epidural surface of the spinal cord to 

monitor physiological changes in spinal circuits post stroke injury in rats and attempt to modulate them 

through epidural stimulation. We demonstrated that there are consistent and significant changes in 

spinal physiology on the injured side post stroke injury that mirror those observed in stroke patients 

(Fig. 2)189. Despite evidence of hyperactivity in spinal circuits animals had a decrease in reaching 

performance that corresponds with a decrease in the amplitude of the forelimb muscle responses (Fig. 

3). Treatment with epidural stimulation at frequencies that normally enhance motor activity in animals 

and patients experiencing paralysis from SCI, enhanced spinal activity in afferent neurons but failed to 

enhance reaching performance or muscle activity (Fig. 6a, c). In contrast low frequency stimulation that 

is used to reduce spasticity, enhanced reaching function and increased muscle activity (Fig. 6a,c). Thus 

epidural stimulation of the spinal cord can enhance the function of paralyzed limbs as in SCI. However 

the parameters used for treatment of stroke paralysis may differ from those used for SCI due to the 

different nature of the injury. 

Stimulating the Cervical Cord 

 The vast majority of studies with spinal cord stimulation, particularly epidural stimulation, have 

been conducted in the lumbar spinal cord. So where as different stimulation paradigms of the lumbar 

spinal cord have been repeatedly described, cervical stimulation has yet to be fully characterized. 

Anatomical tracing studies would suggest that the majority of forelimb motor pools are located in the 

caudal cervical spinal cord191,222. Previous studies from our group, that only stimulated the caudal 

cervical spinal cord, demonstrated that placing a cathode over the C6 or C8 region effectively activated 

forelimb muscles220. In this study we sought to confirm our previous observations and determine 

whether stimulation of the C4 region of the spinal cord could activate forelimb muscles through 
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commissural interneurons. In both the cat223 and primate224 premotor interneurons located in the 

rostral and caudal cervical spinal cord respectively mediate coordination of forelimb muscles particularly 

in reaching and grasping. It has been theorized that similar pathways which are mediated by 

reticulospinal connections, are located in the rat cervical spinal cord around C4225. Stimulation of the C4 

segment prior to injury resulted in poor activation of forelimb muscles when compared to stimulation of 

C6 and C8, suggesting that epidural stimulation either does not activate these local interneuronal 

circuits or that these circuits are not in fact present in the rat. 

A Changing Spinal Physiology 

 Stroke injury often results in hemiplegia accompanied by muscle weakness and spasticity. While 

the resulting muscle weakness is understood to be the result of lost descending corticospinal 

connections, the origins of spasticity are still being elucidated. In stroke patients paretic muscles often 

exhibit prolonged activity in response to voluntary or external stimulus226. This has been theorized not 

to be due to intrinsic hyperexcitability of the motoneurons, as occurs following SCI, but instead to an 

existing low level depolarizing influence on the motor pools227,228 most likely originating from the brain 

stem228. Interestingly the changes in physiology observed in the spinal cord post stroke injury suggest 

that the spinal circuitry is transitioning towards a state of higher excitability as is observed in patients 

with stroke injury. Unlike spinal cord injury, this hyperexcitability is not being derived from the afferent 

roots otherwise the middle response would have been facilitated211. 

Our results corroborate previous patient studies that noted enhanced late response activity in 

patients with chronic stroke189. As was observed in patient studies, increased late response activity was 

associated with decreased motor task performance and reduced muscle amplitude, but did not alter 

that pattern of muscle activation. In rats we observed that hyperexcitability of the late response does 

not remain entirely limited to the injured side despite the unilateral injury. However the 
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hyperexcitability is worse on the side of injury. This suggests that whatever mechanisms are altering the 

excitability of the spinal cord following stroke injury, are impacting both injured and noninjured sides 

and thus making the noninjured side, which is often used in clinical studies, a less than ideal control. 

The Importance of Frequency 

 The frequency of spinal cord stimulation greatly determines the efficacy of treatment. In 

patients with cervical injuries, researchers have found that 30 Hz stimulation can reengage paralyzed 

forearm muscles and enhance voluntary control106,138,141,155. Similarly in rats with a cervical SCI, spinal 

cord stimulation at 20 Hz enhanced forelimb function and improved reaching and grasping 

performance212. Intriguingly corticospinal control of motor neurons is correlated with activity in the beta 

range (13-35 Hz)229. When peripheral stimulation is administered at 30 Hz it enhances corticospinal 

excitability230. However when peripheral stimulation is administered at a low frequency of 3 Hz it 

depresses corticospinal excitability230. Unlike the 13-35 Hz range of stimulation, stimulation at low 

frequencies has repeatedly been shown to depress neuronal excitability when it is administered to 

either the periphery230 or directly to the motor cortex231. Thus cortical214 or peripheral213 stimulation 

with low frequency stimulation <4 Hz has been shown to reduce spasticity and to be significantly more 

effective than higher frequency (25 Hz) stimulation213 

The present study consisted of two treatment phases targeted at the different impairments 

faced following a stroke injury. The first phase of treatment was intended to enhance corticospinal 

activity in order to compensate for the lost descending corticospinal connections. For this treatment rats 

received subthreshold stimulation at 20 Hz in conjunction with training. As 20 Hz stimulation had 

previously enhanced reaching and grasping in rats following spinal cord injury212, we predicted that 20 

Hz stimulation would increase excitability in spared neurons and facilitate recovery following stroke. 

However treatment with 20 Hz, while it increased activity in dorsal root afferents, resulted in no 
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significant improvement in reaching performance or muscle activity. The second phase of treatment was 

targeted at reducing spasticity theorized to result from the altered ratio of cortical to brainstem 

innervation. To reduce spasticity, the frequency of stimulation was switched to a subthreshold low 

frequency 1 Hz stimulation to decrease excitability in the spinal cord. Treatment with 1 Hz immediately 

increased reaching success and enhanced muscle activity in treated animals. This suggests that spinal 

cord stimulation can treat paralysis resulting from stroke injury but it may require alternative targeting. 

Study Limitations 

 The present study is meant as a preliminary foray into adapting the proven paralysis treatment 

of spinal cord stimulation to an alternative but similarly stable injury. We have used standard epidural 

mapping techniques to identify optimal stimulation locations and characterize a disease phenotype that 

is shared between rats and patients with chronic stroke (enhanced late response activity), and we have 

demonstrated that low frequency epidural stimulation as opposed to higher frequency stimulation at an 

optimal location enhances reaching success and muscle activity. This proof of concept study establishes 

a novel working framework from which a myriad of additional studies should follow. 

Follow up studies should include a blinded crossover model of treatment in which one group of 

stimulated animals receives first 1 Hz stimulation for 2 months followed by 20 Hz stimulation for 2 

months while the second group receives the alternative order of treatment. This would conclusively 

demonstrate whether one frequency is more effective than the other, or whether the observed 

improvements from stimulation can be attributed to a critical treatment window. Acute studies should 

overlay an array of electrodes bilaterally over the forelimb cortex of first non-injured and then injured 

rats at successive time points post injury and map MEP responses in the affected and unaffected 

forelimb in conjunction with subthreshold epidural stimulation at either 1 Hz or 30 Hz. This would 

characterize how spinal cord stimulation alters cortical control of forelimb muscles in both the injured 
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and the uninjured animal. Finally, with transcutaneous spinal cord stimulation showing similar promise 

to epidural stimulation, clinicians can utilize transcutaneous stimulation of the spinal cord in a double 

blinded crossover study to determine if 1 Hz stimulation is more effective than the currently utilized 30 

Hz stimulation techniques at treating stroke paralysis. 

Conclusions 

 This proof of concept study demonstrates that rats do have physiological changes in their spinal 

cords that mirror those observed in stroke patients. Cervical mapping in uninjured animals identified 

promising stimulation locations in the cervical spinal cord, and additional mapping post injury 

characterized aberrant muscle physiology in the injured biceps. While spinal cord stimulation did not 

eliminate the aberrant bicep activity, stimulation at 1 Hz increased reaching performance and enhanced 

muscle activity. These studies suggest that epidural stimulation of the spinal cord should be further 

explored as a potential treatment for other forms of paralysis outside of spinal cord injury. 
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Figure 1Figure 1Figure 1Figure 1    

 

Figure 1: Evoked potential mapping of different stimulation combinations along the cervical spinal cord 

of the noninjured rat. The early response represents direction motor neuron activation and is the 

earliest response recorded between 2 and 4 ms post stimulation. The middle response is the second 

response recorded and represent the activation of the monosynaptic reflex response through 

stimulation of the afferent root and is generally observed 4-9 ms after stimulation. Responses were 

recorded bilaterally in the extensor digitorum, flexor digitorum and bicep bracchias of the forelimb. 

Above evoked responses are the stimulation combinations corresponding to each cathode location 

represented in black. The possible anodes are represent in grey. The color coded bar on the right 

denotes the significance of each color as compared to the least responsive stimulation site. 
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Figure 2Figure 2Figure 2Figure 2    

 

Figure 2: Evoked potential responses recorded in the biceps at multiple timepoints post injury. Response 

amplitudes were averaged to those observed at baseline such that baseline measurements were 

equivalent to 1. The color coded bar on the right denotes the significance of each color as compared to 

baseline treatment.  
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Figure 3Figure 3Figure 3Figure 3    

 

Figure 3: A representative drawing of our reaching box. The rat was required to reach outside the box to 

pull a weighted bar toward the box. Once the bar had moved a preset distance, a food pellet reward was 

administered. B and C represent camera angles for tracked analysis while D shows the tracked elements. 
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Figure 4Figure 4Figure 4Figure 4    

 

Figure 4: A) Reaching success before and after injury. Each rats reaching success was normalized to its 

baseline performance such that baseline performance had an average score of 1. During reaching the 

pattern of muscle activation was recorded as seen in C. In B the amplitude of the muscle response 

recorded during reaching was analyzed. 
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Figure Figure Figure Figure 5555    

 

Figure 5: Evoked activity from the spinal cord of rats implanted at the time of injury who subsequently 

received stimulation treatment. Stimulation electrodes were placed at C4 and C8 along the cervical 

spinal cord and the top and bottom rows respectively show the corresponding evoked responses in the 

injured bicep. All responses were normalized to the first recorded timepoint of P02 such that responses 

at P02 averaged to 1. Above each evoked potential graph is a figure representing the treatment being 

administered at that timepoint.  
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Figure Figure Figure Figure 6666    

 

Figure 6: The forelimb functional assessments of stimulated and trained and no stimulated but trained 

controls. A) The treatment stimulated rats were receiving at the given timepoint. B) Reaching success 

normalized to baseline such that baseline average to 1. C) The maximum pull force each rat was able to 
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generate at each given timepoint during the grasping task. D) The muscle amplitude recorded during the 

10 best reaches at each timepoint which was normalized to the amplitude recorded at P04. 

Supplementary Figure 1Supplementary Figure 1Supplementary Figure 1Supplementary Figure 1    

 

Sup. Fig. 1: Representative tracing of the 10 best reaches for 2 non stimulated rats (light gray) and two 

stimulated rats (dark gray) at three different timepoints. 2 rats with scores matching the average 

recovery for each group are presented in the top two rows. The bottom two rows consist of rats who 

has some of the poorest performances in their respective treatment groups.  
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Key DevelopmentsKey DevelopmentsKey DevelopmentsKey Developments    

 While this study logically follows the preceding two in this story, it was the first project that I 

worked on and resulted in the greatest growth in both my knowledge and maturity as a scientist. When I 

joined the lab of Dr. Daniel Lu, I was the only staff member in a young lab and I was in charge of 

developing an animal stroke model with a lasting measurable injury in order to test whether epidural 

stimulation could reenable function following a cortical injury. The original plan was to induce a severe 

stroke in the hindlimb region of the rat motor cortex to impair stepping ability. This would allow me to 

utilize implantation, behavioral, and analysis techniques perfected by Dr. Ederton’s lab throughout the 

years to rapidly determine if epidural stimulation could improve paralysis following stroke. However, as 

mentioned above, clinical stroke and animal models of lower limb paralysis, do not experience the same 

loss of function observed following a spinal cord injury, which was confirmed in our preliminary animal 

studies. This shifted my entire experimental plan. 

 Instead of inducing a severe stroke to the hindlimb cortex and utilizing stepping as an outcome 

measure, I knew I had to induce a stroke in the forelimb cortex and assess dysfunction in reaching and 

grasping. After rewriting our animal protocol and acquiring the necessary controlled substances, I began 

to work on perfecting an injury protocol. Fortunately prior researchers had identified the forelimb 

cortex in the adult rat, developed the photothrombotic model of stroke injury, and utilized the model to 

create a severe paralyzing injury that persisted despite training therapy. Unlike the mouse model of 

photothrombotic stroke, the rat model requires a direct injection of rose bengal into the blood stream. 

In initial studies I attempted to perfect a tail vein injection technique but found this to be unreliable 

particularly in male rats, which were used to avoid the complications of the neuroprotective effects of 

the estrous cycle, because of the thicker skin on their tails. Instead I injected the femoral vein of the rat. 

The surgery originally progressed that I opened the skin over the skull and cauterized any bleeding 
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followed by an exposure and subsequent injection of the femoral vein. Following injection, I placed the 

rat in a stereotactic frame, focused the light over the forelimb cortex, and turned it on for between 20 

and 30 minutes. Since the resulting injury is a combined result of the time of the light exposure and the 

concentration of rose bengal, I decided to wait for 15 minutes following the injection before turning on 

the light to induce injury. This gave me ample time to perform all procedures consistently. Although 

later I developed surgical techniques that allowed for rose bengal injection, followed by immediate 

exposure to light, I did not change the surgical techniques in order to maintain the consistency of the 

injury. In the end I had developed a consistent injury that resulted in significant impairment, was non-

lethal, and rarely required any additional intervention to prevent lethal brain swelling. 

 While perfecting the surgical techniques another important stage was establishing a consistent 

behavioral task that could be used to assess impairment consistently. In early studies I investigated and 

trialed a variety of tasks to assess forelimb impairment: the fruit loop task, vermicelli task, tape task, 

cylinder task, grid walk, treadmill, staircase test, ladder walk, and reaching and grasping. Several tasks 

showed rapid recovery post injury: treadmill task, fruit loop task, vermicelli task, and tape task. Others 

were highly dependent on the energy level of the animal and with no specific goal were easily affected 

by a novel distraction such as a head plug: cylinder task and gridwalk. The staircase task was not suited 

to animals with headplugs. Both the ladder walk and reaching and grasping were effective tasks that I 

built for the lab. The ladder task was built based on the specifications of and could be disassembled and 

reassembled in a variable walking pattern with consistent features. The reaching and grasping task was 

originally built based on the original description by … but underwent several iterations before the final 

task was created. 
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While I built and worked with both tasks, there were several downsides to the ladder task: it did 

not focus on the hand, it had a long turnaround time on analysis, and it proved a more difficult task to 

manage safely with a rat connected to a headplug. The reaching and grasping task was the obvious 

standard in the field but had its own list of downsides. The first was that training time was substantial at 

1 month and then success rate was between 40 and 80% at baseline depending on the animal. The ideal 

situation would have been to train a large number of animals on reaching and grasping and to select 

only the best performers for reaching and grasping experiments while leaving the remainder for tracing 

or other studies. However the other way of compensating for this is by normalizing every animal’s 

performance to their baseline such that their baseline average is 100% which is what we did in the study 

below. Reaching and grasping can be analyzed in a variety of ways. The simplest method is quantitative 

and evaluates the percentage success versus failure. Other methods break down the reaching task into 

several stereotyped movements which can be graded qualitatively using slow motion and grading scales 

or quantitatively using motion tracking. Over the years I worked to develop a reaching and grasping task 

that could take advantage of both the rapid analysis of the quantitative aspects of the success and 

failure system and reduce analysis time for qualitative in depth analysis. Furthermore I wanted to 

develop a method of performing reaching and grasping analysis that allowed for easy synchronization of 

video, EMG, and reaching data. 

 After building several reaching boxes and perfecting training methods, I built an early prototype 

of a reach and pull box with a spring based handle that upon a successful pull would complete a circuit, 

sounding a buzzer, lighting an indicator LED, and sending a signal to the same computer analyzing our 

EMG data. This prototype had several advantages over conventional reaching boxes. The difficulty of the 

task could be altered by changing to a stiffer spring, moving the handle further away, or making the 

animal pull the handle further to accomplish a success. The importance of the light and digital signal was 
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that a successful pull would be marked on both the video and the EMG system that would allow for easy 

synchronization. The buzzer was to let both the rat and trainer know that a success had been 

accomplished and that a pellet needed to be administered into the box. With the early reaching 

prototype, I was able to demonstrate that rats could be trained to successfully reach for a handle 

instead of directly for a food reward, and that the system could be used to significantly reduce analysis 

time. 

 Following the success of my prototype, I collaborated with Dr. Reinkensmeyer’s group at the 

University of Irvine to design a more sophisticated version of my prototype reaching box by modifying a 

product they had previously designed. Their more sophisticated box was controlled by an Arduino and 

was capable of detecting reach attempts and gauging success. While the alpha and beta versions I 

worked with still had several bugs, overall the system was a significant upgrade from the standard 

reaching task. The reaching box allowed for rapid analysis of reaching success, a more efficient analysis 

of EMG data, and for the first time an assessment of the animals strength. While some labs have worked 

towards designing sophisticated matlab codes to perform similar analysis of the standard reaching task 

in a reduced time frame, I think that the development of this reaching box is a significant advancement. 

Since it is easily programmed it can in future use learning algorithms to increase or reduce the difficulty 

of the reaching task based on each rats performance. Furthermore it could be used in conjunction with 

closed loop testing of various stimulation parameters to evaluate and optimize stimulation combinations 

to enhance hand function. 

 While developing the injury model and the behavioral task, I learned to build the necessary head 

plugs, connecting cables, and additional wires for implantation and physiological analysis. I learned to 

create light weight durable cables that could withstand minor rat gnawing, and I learned to recognize 
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broken components and fix them quickly. I also designed and had manufactured custom mini headplugs 

that could be implanted prior to injury in order to study physiological changes in the spinal cord 

following stroke injury. While these headplugs were effective for physiological analysis, their size made 

it easy for them to disconnect from the stimulating cable thus making them pessimal for behavioral 

tasks. 

 The biggest advance I made in my development as a scientist was that I learned to code in both 

matlab and R. Prior to starting graduate school I had never coded, but I realized that much of the 

analysis that other researchers were taking months to do using a multitude of undergraduates, could be 

performed in a matter of minutes by a computer code so long as the experiment was designed 

appropriately. Not only was this more efficient, but it would eventually allow for the development of 

closed loop systems of treatment and analysis. My biggest hurdle was designing a code to extract 

evoked potentials from collected EMG data. Since I was stimulating in the cervical spinal cord for the 

first time, I needed to be able to identify the regions of the spinal cord that activated the underlying 

forelimb motoneurons. While many labs do this type of analysis in anesthetized animals, I wanted to 

perform this in awake behaving animals as anesthesia can depress physiological activity. In order to do 

this I designed a code capable of first assessing where each muscle was inactive. The code utilized a 

Teager transformation to amplify regions of activity and then set a threshold based on identifying the 30 

most silent seconds of muscle activity (during data collection each muscle had a minimum inactive 

period of 60 seconds). Once the inactive periods of muscle activity had been identified, the code 

identified the stimulus pulse and the corresponding muscle activity for each muscle and stimulation 

combination, individually. Recording the evoked potentials of 6 muscles, following 10 stimulation 

intensities at 6 stimulation locations, output 360 separate data outputs for a single animal that could be 

analyzed in under five minutes. After developing the code for the evoked potential analysis, I proceeded 
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to develop codes to extract and analyze EMG data during reaching analysis, and I used R to perform 

appropriate ANOVA and post hoc analysis to identify significant findings. I quickly learned that successful 

coding was a combination of controlled experimental procedures and regular synchronizing pulses to 

identify times for analysis. The codes and procedures that I developed for the stroke project were 

heavily modified but ultimately repurposed and utilized for the human studies discussed above as well 

as by other members of the lab.  
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Summary of StudiesSummary of StudiesSummary of StudiesSummary of Studies    

 In the first study I demonstrated in a double blinded crossover trial of transcutaneous 

stimulation and buspirone in isolation and combination that, while buspirone has a limited effect, 

transcutaneous stimulation can enhance residual function an increase hand control. For more functional 

patients these improvements can last and be further enhanced in the absence of additional treatment, 

for up to 5 months after the conclusion of the study. In the second study, I demonstrated that for 

patients who did not experience sustained benefits from a brief clinical treatment with transcutaneous 

stimulation, implantable epidural stimulators would improve hand function and continue to enhance 

not only hand function but overall clinical outcomes with continued treatment. In the third study I 

explored whether epidural stimulation of the spinal cord could be used to enhance outcome following a 

stable paralysis from a cortical injury. For this study, I utilized epidural spinal cord stimulation in a rat 

model of severe stroke to map the cervical spinal cord, identify physiological changes post stroke, and 

enhance reaching success and muscle activity. 

Follow Up StudiesFollow Up StudiesFollow Up StudiesFollow Up Studies    

The Pitfalls of Buspirone Learning and Moving Forward 

 Ultimately buspirone failed to produce the expected improvements in our patient outcomes. 

While this may have resulted from a failure to optimize the dosage for each patient, it may also mean 

that buspirone alone provides only a minimal benefit to motor function. It is possible that buspirone 

may have secondary effects for SCI patients that are beneficial such as improving sensation or even 

simply improving the patient’s mood. However by studying buspirone in conjunction with stimulation, 

even if treatments are alternated, it can be difficult to tease out how each treatment is benefiting the 

patient. One option is to characterize and study each treatment in isolation in order to not confound 

outcome measures. The other option would be to have more flexible time points so that patients would 

be able to have stable functional outcomes with one treatment before another treatment is 
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administered. In this second case whatever treatment was already being administered when the patient 

stabilized should be continued at the same rate while the alternative treatment is added. 

Investigating Transcutaneous Stimulation as a Screening Tool for Epidural Implantation 

 Transcutaneous stimulation shows great promise as a noninvasive standalone therapy but also 

potentially as a screening tool for identifying paralyzed patients who could respond to an invasive form 

of stimulation. In order to further test this hypothesis, additional studies should be conducted. Currently 

prior to implanting patients with epidural stimulators, extensive baseline testing is conducted to 

demonstrate that any observed improvements are not the result of training alone. Once this baseline is 

concluded, researchers should continue training with the addition of transcutaneous stimulation to 

determine if there is a significant improvement with stimulation. At this time patients can either receive 

an epidural implant since they have demonstrated a benefit from stimulation, or they could be 

withdrawn from treatment with transcutaneous stimulation for 5 months and then be retested to see if 

improvement is sustained. Especially for patients with a demonstrated improvement with stimulation 

who are unable to maintain these benefits following the withdrawal of treatment, epidural stimulation 

should be heavily considered. While these studies would not determine whether a more severely 

injured patient could improve with epidural stimulation even if they did not see a significant benefit with 

transcutaneous stimulation, this screening procedure would establish a testable standard. 

Expanding the Horizons of Spinal Cord Stimulation 

 When epidural stimulation was first used to treat patients with multiple sclerosis, researchers 

rapidly expanded into investigating its potential in lateral sclerosis, SCI, cerebral palsy, and stroke. 

However due to the random and uncontrolled nature of these studies and variable patient outcomes, it 

was difficult to tease out the benefits of epidural stimulation, though many were reported. Thus the 

field faltered and epidural stimulation became limited to the treatment of pain. In recent years epidural 
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stimulation has reemerged as a potential therapeutic for treating patients with chronic spinal cord 

injury. The success of this research lies not only in the extensive animal work that preceded it, but in the 

choice of a stable neurological condition as the causative source of paralysis. There are still many finer 

points that need to be learned regarding the mechanisms of epidural stimulation and more importantly 

controlled studies must continue in order to have the potential of this therapy acknowledged by the 

research community at large. However, we would be doing a disservice to both patients and the 

research community, by not expanding research of spinal cord stimulation into other disease realms. On 

the one hand expanding this research could help a wider variety of patients. On the other hand, by 

studying diseases or injuries with different etiologies, we may come closer to teasing out the various 

mechanisms of epidural stimulation. 

 Stroke and traumatic brain injury are promising fields of study for spinal cord stimulation. Both 

injuries results in stable neurological impairment that can include a chronic paralysis that is minimally 

responsive to therapy. As is suggested by the work I conducted in study 3 above, spinal cord stimulation 

while effective for stroke, had to be programmed in an alternative manner to facilitate improvement. If 

additional studies, as suggested in study 3 above, confirm the findings that low frequency stimulation 

improves function through the reduction of spasticity, then this research would have identified a novel 

stimulation parameter, and would further our understanding of the mechanisms of spinal cord 

stimulation. 

Future DirectionsFuture DirectionsFuture DirectionsFuture Directions    in the Fieldin the Fieldin the Fieldin the Field    

Finding the Mechanism of Epidural Stimulation 

 There have been several mechanisms proposed to explain the impacts of epidural stimulation 

(see above), but few have shown promise in further developing the clinical application. The most 

successful mechanism in adapting stimulation therapy to the clinic is the understanding that epidural 
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stimulation activates the reflex arc through afferent roots and thus enhances the underlying 

motoneuron activity. At this time the location of stimulation is primarily guided by combining estimated 

motoneuron locations derived from anatomical studies with evoked response mapping of the stimulated 

spinal cord. While this is effective for identifying sites of injury and targeting stimulation to specific 

motor pools, it does not guide the other stimulation parameters. 

 At this time the frequency of stimulation is primarily determined through trial and error in the 

given task. This has successfully identified workable frequencies for various tasks, 30 Hz for hand 

control106,138,155, 40 Hz for leg control68,73, 1 Hz for bladder control136,180. However there is little guidance 

or understanding of why these particular frequencies are effective. Recently, isolated muscle testing in 

conjunction with epidural stimulation identified stimulation frequencies that in the leg were more 

effective for stimulating extensor muscles versus flexor muscles184. Whether this same principal holds 

true for the upper limbs remains to be tested. An alternative testing strategy would be to combine 

epidural stimulation with cortical stimulation to determine what frequencies of stimulation modify MEP 

responses in the anesthetized animal. 

 Additional mechanistic studies might elucidate the time frame of effect for stimulation. Epidural 

stimulation has some properties in common with other noted stimulation treatments like deep brain 

stimulation. In patients there is often a very noticeable effect between stimulation being turned on and 

then having it turned off. Voluntary movements initially observed during stimulation are lost in its 

absence73. This on/off effect suggests that this mechanism of stimulation is not due to neuronal 

plasticity but due instead to a mechanism which temporarily enables the circuit. In contrast, after long 

term training with stimulation, patients can regain voluntary function and access it even without 

stimulation, though the addition of stimulation is always more effective77. This secondary mechanism is 
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more indicative of plasticity. Distinguishing both mechanisms may be elucidated similarly by long term 

cortical mapping studies conducted in conjunction with long term treatment with epidural stimulation. 

However the long term nature of these studies makes them more difficult to perform in rats. 

Finding a Sham Treatment 

 One of the difficulties facing ongoing spinal cord stimulation research is the difficulty of a sham 

treatment. In the above studies we performed stimulation at one tenth of the treatment intensity. 

However there are two potential problems with this. First off the patient can tell the difference between 

the stimulation intensities, and while we might explain that they may not always be able to feel the 

stimulation treatment, this may still bias subjects. Secondly as demonstrated in Study 2, low intensity 

stimulation does still have beneficial effects. An alternative sham therapy could intentionally stimulate 

the patients off target. Several studies have demonstrated that stimulating in a suboptimal configuration 

reduces the effectiveness of treatment75,86. A third alternative which will be further discussed below, is 

using a sub threshold burst stimulation for treatment and using no stimulation or tonic low intensity 

stimulation as the sham. The advantage of burst stimulation is that the patient cannot feel it and it does 

not induce any of the disruptions in proprioception that are observed with tonic stimulation183. While its 

efficacy as a method of therapy has yet to be thoroughly tested, burst stimulation has shown potential 

in pain research and in its limited application for facilitating movement in SCI subjects. 

Potentiating Stimulation Effects 

 One of the remarkable dilemmas with stimulation based treatments is the patients’ continual 

reliance on them. Stimulation can almost instantaneously reverse the symptoms of Parkinson’s and can 

help patients move previously paralyzed limbs. However when the stimulators are turned off, 

Parkinson’s symptoms rapidly reemerge, and SCI patients once again lose the ability to move their 

paralyzed limbs. While there are cases where SCI patients can regain the ability to manipulate paralyzed 
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limbs in the absence of stimulation, this only occurs after extensive therapy, and it is unclear whether 

these functional gains would persist if the patient remained completely naïve of stimulation for a long 

duration. This, more than any other phenomena, demonstrates that the primary mechanism of current 

stimulation strategies is not to induce plasticity within the spinal cord. 

 But is there a way to change that? In single synapse systems, stimulation can be used to induce 

plasticity at the synapse and potentiate or depress neuronal signals. But whereas a small synapse may 

be potentiated by high frequency stimulation and depressed by low frequency stimulation, what 

happens when complex overlapping circuits receive continual stimulation? When applied at the spinal 

level stimulation at high frequencies can be used to interrupt pain input or it can be used to activate 

afferent roots and other spinal circuits which facilitate the activation of motor neurons. In Parkinson’s 

disease it is theorized that deep brain stimulation can be used to decouple circuits in the brain. Though 

this theory, while seemingly sound, is not completely supported by mechanistic studies. But how can we 

make the effects of stimulation linger beyond the cessation of stimulation? 

 At this time the standard method of stimulation for pain, paralysis and Parkinson’s is a regular 

stimulus applied continually at a consistent pulse width, frequency, and intensity. Any neuroscientist can 

look back at their basic text books from undergraduate and predict that this will likely lead to 

habituation to the continued response. Indeed if you look closely at many of the epidural stimulation 

studies, you will note that researchers will often use several stimulation combinations or a range of 

intensities to treat the same patient. This is because patients’ responses often plateau and may begin to 

decline when exposed to the same stimulus for long periods of time and is evident in our work (show 

figure of brian epidural over time). Indeed in 1972 Dimitrijvic et al. studied the effects of applying 

regular repeated stimulation versus stochastic stimulation (varying frequency and amplitude) to various 
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reflex responses in patients232. While regular repeated stimulation led to rapid habituation, stochastic 

stimulation maintained the reflex response232. This article laid down a theory that targeted but 

moderately random stimulation is more effective than tonic invariant stimulation. While still in infancy, 

researchers studying deep brain stimulation for Parkinson’s are beginning to experiment with other 

methods of stimulation. 

 In the field of pain researchers have developed burst stimulation, which although not random, is 

delivered in small repeating concentrated bursts rather than a tonic pulse. While burst stimulation has 

proved to be more effective than tonic stimulation, it is still applied in a regular, non-randomized 

manner and for this reason still does not appear to have a lasting effect after the removal of stimulation. 

 In the field of Parkinson’s researchers are closest to creating stimulation with lasting clinical 

effects.  Coordinated reset stimulation was originally designed computationally in 2003 to extend the 

effects of stimulation so that functional benefits persisted even in the absence of stimulation233. In 

preliminary theoretical studies coordinated reset stimulation was able to counteract the effects of 

kindling on neural circuits234. Follow up experiments in hippocampal slices with epileptiform activity 

further demonstrated that coordinated reset stimulation could be used in a biological setting to inhibit 

repetitive activity in the hippocampus235. Coordinated reset stimulation uses the same basic stimulation 

parameters as standard deep brain stimulation. The pulse width is still 125 us and pulses are separated 

and pulse frequency is still around 130 Hz235. The primary difference is that pulses are delivered from 

multiple electrodes, rather than a single electrode, either in a set or random sequence, and pulses are 

delivered not in a tonic fashion but in small bursts of 5 pulses per electrode separated from the next 

stimulation by a 7 Hz frequency235. Finally each cycle of three electrodes is turned on 3 times and then 2 

cycles are left with all electrodes off235. This sequence is repeated and has been shown to result in both 
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acute and lasting changes to stimulation when utilized in either animal models236 or Parkinson’s 

patients237. Coordinated reset stimulation still requires a measure of tuning, however continued 

modelling has suggested methods to reduce the tuning time required. Currently rapidly varying the 

stimulation pattern and stimulating at weak intensities around the frequency of neuronal firing is most 

conducive to perpetuating long term desynchronization238. While this stimulation technique is still being 

developed, the principles underlying it may be extrapolated for use in spinal cord stimulation. 

 There is evidence that the spinal cord can respond to synchronizing stimulation. Kindling is used 

to induce epileptiform activity in animal239. To induce kindling researchers expose specific brain regions 

to brief trains of stimulation with at least 15 minutes of spacing between stimulation periods239,240. In 

spinal cats stimulation of the cutaneous or muscle afferents in the hindlimb resulted in an enhanced 

response to evoked mono and polysynaptic ventral root responses241. This finding demonstrates that 

there is the potential for spinal reflex circuits to be modified and retain a memory of stimulation. Future 

research should utilize the simple evoked potential model to identify stimulation combinations that can 

induce long term changes in the reflex response. By combining this model with computer simulations of 

the spinal cord, it may be possible to develop a wide range of stimulation protocols that can be 

subsequently tested in animals and patients. 

ConcConcConcConcluding Remarksluding Remarksluding Remarksluding Remarks    

 While there is still a lot of work to be done in the field spinal cord stimulation shows remarkable 

promise as a therapy for patients with chronic paralysis. The above studies are a meaningful 

contribution to the field. In Study 1, I demonstrated the efficacy of transcutaneous stimulation in a 

severely injured patient population and demonstrated the relation between baseline function and 

clinical outcome following treatment with spinal cord stimulation. This study also incorporated the first 

blinded study of buspirone in SCI patients and highlighted the reasons it showed minimal efficacy. In 
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Study 2, I compared the physiological mechanisms of transcutaneous stimulation and epidural 

stimulation in the same patients and the functional impact of both treatments. Finally in Study 3, I used 

epidural electrodes to map the cervical spinal cord of the rat, monitor physiological changes in the spinal 

cord, and to enhance reaching success and muscle activity following a severe stroke injury. Together 

these studies will advance the field of spinal cord stimulation and serve as a stepping stone to additional 

studies by both myself and other researchers. 
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